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ABSTRACT
1-(3,4-Methylenedioxyphenyl)-2-aminopropane (MDA) pro-
duces an effect in humans that is somewhat similar to both a
hallucinogen and a central stimulant. We have previously
shown that R( - )-MDA but not S( + )-MDA produces a stimulus
effect in animals similar to that of the hallucinogen 1-(2,5-
dimethoxy-4-methylphenyl)-2-aminopropane (DOM), whereas
S(+)-MDA but not R(-)-MDA produces a stimulus effect similar
to that of the stimulant amphetamine. Others have suggested
that the stimulus effects of the two MDA isomers may be much
more similar than our results would indicate. To help clarify this
issue, we have shown that rats (n = 8) can be trained to
discriminate 1.25 mg/kg of R( - )-MDA (EDso = 0.99 mg/kg)
from 1.25 mg/kg of S(+)-MDA (ED5o = 0.80 mg/kg) versus
0.9% saline with use of a three-lever operant procedure. To
accomplish this task it was necessary to institute a separation
of 4 days between injections of the isomers. In tests of stimulus

substitution, the administration of various doses of DOM (ED50
= 0.47 mg/kg), S(+)-DOM (EDso = 2.23 mg/kg) and mescaline
(ED5o = 16.04 mg/kg) produced dose-related responding on
the R( - )-MDA-appropriate lever. In contrast, the injection of
various doses of S(+)-amphetamine (ED50 = 0.46 mg/kg) and
cocaine (EDso = 6.40 mg/kg) produced dose-related respond-
ing on the S(+)-MDA-appropriate lever. The administration of
racemic MDA, at twice the isomer training dose, resulted in the
animals dividing their responses closely between the R( -)-
MDA- and S( + )-MDA-designated levers. In antagonism tests,
the serotonin-2 antagonist pirenperone blocked the stimulus
effect of 1.25 mg/kg of R( - )-M DA but had no effect on the
stimulus effect of 1.25 mg/kg of S(+)-MDA. Taken together,
these data support the contention that each optical isomer of
MDA can produce a markedly different stimulus effect.

Phenylalkylamines, depending on what substituents are
present in the molecule, are capable of producing a wide
variety of pharmacological effects. Prominent among these
are their central stimulant and hallucinogenic effects. For
example, AMPH is a prototypical phenylalkylamine stimu-
lant, whereas its chemically related derivative DOM is a
prototypical phenylalkylamine hallucinogen. As closely
structurally related as they are, there is no compelling evi-
dence that AMPH and DOM produce similar central effects
in humans. Likewise, the stimulus properties of these two
agents also differ in rats. For example, S( + )-AMPH-stimulus
substitution fails to occur with DOM, and DOM-stimulus
substitution fails to occur with S( + )-AMPH (Glennon and
Young, 1984a; Silverman and Ho, 1980). Moreover, the struc-
ture-activity relationships for producing an S( + )-AMPH-like
or DOM-like stimulus effect are also different, as are their
proposed stimulus mechanisms of action (Glennon et al.,
1983a; Young and Glennon, 1986). Dopamine antagonists
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attenuate the S( + )-AMPH stimulus, whereas they have little
to no effect on the DOM stimulus (e.g., Glennon, 1989; Young
and Glennon, 1986). In contrast, 5-HT2A (or mixed 5-HT2.J
5-HT2c) antagonists block the DOM stimulus but have no
effect on the S( +)-AMPH stimulus (e.g., Glennon and Hauck,
1985; Glennon et al., 1983a; Glennon et al., 1983b; Young et
al., 1980). Thus, S( +)-AMPH and DOM represent prototypi-
cal centrally active phenylalkylamines capable of producing
distinct pharmacological effects.

MDA is the methylenedioxy analog of AMPH; MDA also
bears some structural similarity to DOM (fig. 1). Thus, it is
probably not altogether surprising that MDA produces a
stimulus effect similar to each of the two prototypical pheny-
lalkylamines. That is, both the S( +)-AMPH stimulus and the
DOM stimulus substitute to racemic MDA in a dose-related
fashion (Glennon et al., 1982; Glennon and Young, 1984a).
Interestingly, the S( + )-AMPH stimulus and the DOM stim-
ulus each substitute only to one of the optical isomers of
MDA;the "active" isomer depends on the particular stimulus.
The S( + )-AMPH-like stimulus effect of MDA appears to re-
side primarily with its S( + )-isomer, whereas the R( - )-isomer
seems primarily responsible for the DOM-like stimulus effect

ABBREVIATIONS: DOM, 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane; 5-HT, serotonin; MDA, 1-(3,4-methylenedioxyphenyl)-2-aminopro-
pane; AMPH, amphetamine; LSD, (+)-Iysergic acid diethylamide.

594



1996

R(-)MDA S(+)MDA S( +)AMPHETAMINE

MESCALINE S(+)DOM

Fig. 1. Chemical structures of some of the agents used in this study.

(Glennon et al., 1982; Glennon and Young, 1984c). Indeed, for
the >200 phenylalkylamines we have examined to date,
MDA is the only example that produces both types of stimu-
lus effects.

Animals also have been trained to discriminate MDA from
vehicle. Consistent with the findings above the MDA stimu-
lus substituted both to B( +)-AMPH and DOM; furthermore,
it also substituted to other central stimulants and hallucino-
gens, such as cocaine and LSD, respectively (Glennon and
Young, 1984a, b). These results confirm the unique pharma-
cology of MDA and further suggest that it produces dual
stimulus effects consisting of a stimulant (i.e., AMPH-like)
component and a hallucinogenic (i.e., DOM-like) component.
Several other investigators have since confirmed many of
these observations. For example, Kamien et al. (1986) dem-
onstrated that MDA produces an B( +)-AMPH-like stimulus
effect in monkeys trained to discriminate B( +)-AMPH from
vehicle, and Evans and Johanson (1986) reported similar
results with pigeons. Moreover, in rats trained to discrimi-
nate cocaine from vehicle, stimulus substitution occurs with
B(+)-MDA(Broadbent et al., 1989), whereas in LSD-trained
rats, stimulus substitution occurs to racemic MDA, R( - )-
MDA,but not to B( +)-MDA(Callahan and Appel, 1988; Ober-
lender and Nichols, 1988). In contrast, there are some reports
that appear inconsistent with these observations. For exam-
ple, there is one report that both optical isomers produce
complete mescaline-like appropriate responding in mesca-
line-trained rats (Callahan and Appel, 1988). More recently,
Broadbent et al. (1992) trained rats to discriminate either
R( - )-MDA, B( + )-MDA, LSD or B( + )-AMPH from vehicle.
They concluded that in R( - )-MDA-trained animals, stimulus
substitution occurred with B( + )-MDA, DOM and LSD, but
not with mescaline, B( + )-AMPH and cocaine. In comparison,
B( + )-MDA-trained rats reportedly recognized R( - )-MDA
and LSD, but not DOM, mescaline, B( + )-AMPH and cocaine.
Furthermore, they reported that neither MDAisomer substi-
tuted completely in either LSD- or B( + )-AMPH-trained rats.
Taken together, these latter findings would argue that B( +)-
and R( - )-MDA produce similar stimulus effects, or at least
that their stimulus properties share greater similarity than
difference. Possible explanations for these apparent discrep-
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ancies might be found in variations in training drug dose,
test drug dose and schedules of reinforcement; experimental
factors that are thought to control generalization results
(e.g., Terry et al., 1994; White and Appel, 1982). Neverthe-
less, this issue remains unresolved and requires further
study.

In general, animals cannot be trained to discriminate be-
tween two agents that produce similar stimulus effects.
Thus, to determine whether or not the stimulus effect of
R( - )-MDAis similar to the stimulus effect of B( +)-MDA,we
attempted to train a group of rats to discriminate R( - )-MDA
from B( + )-MDA from saline in a three-lever drug discrimi-
nation paradigm. If animals could be trained successfully,
tests of stimulus substitution with a central stimulant, such
as B( + )-AMPH or cocaine, and a hallucinogenic agent, such
as DOM or mescaline, would further aid in defining the
stimulus properties of the two MDA optical isomers.

Materials and Methods
Subjects. Eight experimentally naive, male albino Sprague-

Dawley rats (Charles River Labs.) weighing 350 to 375 g at the
beginning of the experiment were used. Rats were housed individu-
ally and had free access to water, but were gradually food deprived to
approximately SO%of their free-feeding weights before training was
begun. The colony in which the animals were housed was kept at a
constant temperature (21-23°C) and humidity (40-50%); lights were
on from 6:00 A.M. to 6:00 P.M ..

Apparatus. Behavioral testing was conducted in three operant
chambers (BRSILVE, Model RTC-025), housed within light- and
sound-attenuating outer chambers. One wall of each operant cham-
ber was fitted with two levers (BRSILVE, Model CRL-005) and a
dipper device (BRSILVE, Model SLD-002), centered equidistant be-
tween the levers for delivery of reinforcement (0.01 ml of sweetened
milk). A third lever (BRSILVE, Model CRL-005) was mounted 5 em
above the top of each dipper aperture. Illumination of each chamber
was provided by an overhead 2S-V houselight. Solid-state and elec-
tromechanical programming and recording equipment were used
and these were housed in the same room as the operant chambers.

Initial training. The illumination of the house light signaled the
beginning of an experimental session. The rats were. trained to
respond on each lever for sweetened milk under a fixed ratio 1 (FRl)
schedule of reinforcement. The FRI requirement was increased grad-
ually until all rats were responding reliably under a variable interval
15 see (VI 15 s) schedule of reinforcement. After lever responding
was established, each daily session was preceded by an i.p. injection
of either R(- )-MDA Cl.25 rug/kg), S(+)-MDA (1.25 mg/kg) or saline
(0.9% NaCl) with only the stimulus-appropriate lever present (i.e.,
left, center or right lever). A pre session injection interval of 15 min
was used; during this interval the animals were in their home cages.
Training sessions were of 15 min duration, 5 days per week. Animals
received four consecutive R( - )-MDAsessions, a single saline session,
followed by four consecutive S( +)-MDA sessions. To establish reli-
able responding, each treatment condition [S( +)-MDA, R( - )-MDA
and saline] was presented in random order for four additional ses-
sions. For three of the rats, responding on the right-side, center and
left-side lever was reinforced after the administration ofR( - )-MDA,
S( +)-MDAand saline, respectively. For three other rats, responding
on the right-side, center and left-side lever was reinforced after the
administration of saline, R( - )-MDAand S( +)-MDArespectively. For
the remaining two rats, responding on the right-side, center and
left-side lever was reinforced after the administration of S( +)-MDA,
saline and R( - )-MDA, respectively.

Discrimination learning. The three levers were then presented
simultaneously. Rats were required to respond on the stimulus-
appropriate (correct) lever for reinforcement after each of the three
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conditions. Incorrect responses had no programmed consequences.
At least once per 2 weeks, discrimination learning was assessed
under each condition during an initial 2.5-roin nonreinforced (z.e.,
extinction) session followed by a 12.5-min training session. Data
collected during the extinction session included total responses (ex-
pressed as mean responses per minute) and percent drug-lever re-
sponding (z.e., number of responses on the treatment-designated
lever as a percent of the total number of responses). Initially, the two
MDA isomers and saline were administered in a random order with
the restriction that no treatment be presented for more than three
consecutive sessions. During 5 months of training, animals did not
learn to make their responses consistently on the appropriate lever
after administration of the MDA isomers and saline. It was then
decided that a time lapse of several days might be beneficial in
establishing the discrimination. The final separation time for injec-
tions of MDA's isomers was 4 days; saline training sessions were
conducted on intervening days. After 5 to 6 months of training
sessions, rats consistently made ;;::80%of their total responses on the
drug-appropriate lever after administration of R( - )-MDA (84 :!: 3),
S( +)-MDA(90 :!:4) or saline (94 :!:2) and $20% of their responses on
the incorrect levers.

Stimulus substitution and antagonism studies. Maintenance
of the R( - )-MDAlS( +)-MDAIsaline discrimination was ensured by
continuation of training sessions throughout this portion of the
study. The separation of 4 days between injections of the isomers
remained in effect. Training sessions were conducted on the 9 to 12
days before a stimulus substitution or antagonism test session. On at
least two of these days, half the animals received 1.25 rng/kg S( +)-
MDA and the other half received 1.25 mglkg R( - )-MDA(the animals'
injections were counterbalanced); after a 2.5-min extinction period,
training was continued for an additional 12.5 min as described
above. Saline training sessions were conducted on intervening days;
at least two tests with the saline training stimulus were conducted
before a substitution test. Animals not meeting the above criteria
(z.e., ;;::80%)under all injection treatments were not used in that
week's stimulus substitution or antagonism test. Stimulus substitu-
tion test sessions were conducted every 10th to 13th day by admin-
istration of a dose ofR( - )-MDA(0.25,0.75, 1.0, 1.25 and 1.40 mg/kg),
S( + )-MDA (0.25, 0.75, 1.0 and 1.25 mglkg) or a challenge drug;
animals were allowed 2.5 min to respond under nonreinforced con-
ditions and were then returned to their individual home cages. Test
compounds included: DaM (0.25, 0.50 and 1.0 mglkg) , S( +)-DOM
(1.0, 2.0, 3.0 and 4.0 rug/kg), S( + )-AMPH (0.25, 0.50, 0.75 and 1.0
mg/kg), cocaine (2.0, 6.0, 8.0 10.0 and 13.0 mg/kg), (:!:)-MDA(0.25,
0.75, 1.25, 2.0 and 2.5 rug/kg) and mescaline (10.0, 15.0, 20.0 and
22.5 mg/kg). Doses of these agents were administered in a random
sequence 15 min before testing. Stimulus substitution was said to
have occurred when the animals made ;;::80%oftheir responses on a
drug-appropriate lever. Where stimulus substitution or antagonism
(see below) occurred, effective dose 50 (EDso) or antagonism dose 50
(AD50) values, respectively, were calculated by the method of Finney
(1964) and reflect the dose at which the animals would be expected
to make 50% of their responses on a drug-appropriate lever. Stimu-.
Ius antagonism studies were conducted as described for the stimulus
substitution studies except that doses of the 5-HT2 antagonist piren-
perone were administered 45 min before an injection of 1.25 mg/kg of
S( + )-MDA, 1.25 mg/kg ofR( - )-MDAor saline; 15 min later, animals
were placed in an operant chamber for a 2.5-min extinction session.

Drugs. DaM HCI, S( + )-DOM HCI, (:!::)-MDAHCI, S( +)-MDAHCI
and R( - )-MDA HCI were obtained from the National Institute on
Drug Abuse. Pirenperone tartrate was a gift from Janssen Pharma-
ceutica (Beerse, Belgium). S( +)-AMPH sulfate, cocaine HCI and
mescaline HCI were purchased from Sigma Chemical Co. (St. Louis,
MO). All solutions were prepared fresh daily in sterile saline and
administered via the i.p. route in a 1 mllkg injection volume. Doses
of each compound are based on the weight of the salt.
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Results
Discrimination training. The investigation began with

the isomers of MDA and saline being administered in a
random order with the restriction that no treatment be pre-
sented for more than three consecutive sessions. That proce-
dure proved unsuccessful in establishing the three-lever dis-
crimination (data not presented). A separation time, of2 days
and then 3 days, was then initiated between the administra-
tion of the isomers. This, too, did not result in the rats
learning the discrimination (data not shown). The animals
did learn the task, however, with a 4-day separation between
injections of the isomers. Thus, the animals were trained to
discriminate 1.25 mg/kg of S( +)-MDA from R( - )-MDA and
saline such that they made ;;::80% of their responses on the
S( + )-MDA-designated lever and <20% of their responses on
the other two levers when administered the training dose of
S( + )-MDA (fig. 2). Similarly, rats were able to differentiate
1.25 mg/kg of R( - )-MDA from S( + )-MDA and saline in that
they made ~80% of their responses on the R( - )-MDA-desig-
nated lever and ~20% of their responses on the other two
levers when administered the training dose of R( - )-MDA
(fig. 2). Finally, rats were able to discriminate 1.0 ml/kg of
saline from S( + )-MDA and R( - )-MDA such that they made
>95% of their responses on the saline-designated lever and
<5% oftheir responses on the other two levers when admin-
istered saline (fig. 2). Response rates (mean responses per
minute) were not substantially different under drug and
saline conditions: S( + )-MDA = 12 :±:3, R( - )-MDA = 13 :±:3,
saline = 14 :±:2.

Stimulus substitution tests. Administration of S( +)-
MDA (EDso = 0.80 mg/kg) or R( - )-MDA (EDso = 0.99 mg/kg)
doses lower than that of the training dose produced de-
creased percent responding on the drug-appropriate lever
(figs. 3 and 4). The dose-response study with R( - )-MDA also
included the administration of a dose of R( - )-MDA higher
than that of the training dose: at a dose of 1.4 mg/kg, R( - )-
MDA produced 84% R( - )-MDA-designated lever responding.
Tests of stimulus substitution were conducted with S( +)-
AMPH, cocaine, DOM, S( + )-DOM, mescaline and (:±:)-MDA
(figs. 5-10). Figures 5 and 6 show that S( + )-MDA-stimulus
substitution occurs to S( +)-AMPH (EDso = 0.46 mg/kg) and
cocaine (EDso = 6.40 mg/kg). Response rates were not sub-
stantially different under S( + )-AMPH, S( + )-MDA and saline
treatments; a depressed response rate (~50%) was produced,
however, by the cocaine dose (13.0 mg/kg) that produced
>80% S( +)-MDA-like responding. Both figures also show
that S( + )-AMPH and cocaine, under all doses tested, pro-
duced no more than 18% R( - )-MDA-appropriate lever re-
sponding. Figures 7 to 9 reveal that R( - )-MDA-like respond-
ing occurred after administration of DOM (EDso = 0.47 mg!
kg), S( + )-DOM (ED50 = 2.23 mg/kg) and mescaline (EDso =
16.04 mg/kg). Response rates were not appreciably altered
under DOM, R( - )-MDA and saline conditions; decreased re-
sponse rates (~40-60%) were observed, however, with doses
of S( + )-DOM (3.0 and 4.0 mg/kg) and mescaline (20.0 and
22.5 mg/kg) that produced substantial (>60%) R( - )-MDA-
like responding. Maximal S( + )-MDA-designated lever re-
sponding of approximately 40% was observed at doses of 0.5
mg/kg of DOM, 2.0 mg/kg of S( + )-DOM and 15.0 of mg/kg
mescaline; one rat responded 82% on the S( + )-MDA-desig-
nated lever after the administration of 15 mg/kg of mesca-
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Fig. 2. Learning curves for the acquisition of the S(+ )-MDA vs. R( ~)-
MDA vs. saline three-lever discrimination. Ordinate: Mean (n = 8)
percentage of responses made on each of the treatment-designated
levers after the administration of 1.25 mg/kg of S(+ )-MDA (top), 1.25
mg/kg of R(~)-MDA (bottom) and 1 ml/kg of saline (middle). Data were
collected during 2.5-min extinction periods initiated at the beginning of
a training session. Abscissa: each number represents a successive
block of 10 sessions for a total of 150 sessions.

line. Higher doses of these agents produced decreased per-
cent S( + )-MDA-appropriate lever responding in all rats. The
last stimulus substitution test studied the effects of racemic
MDA doses up to 2.5 mg/kg, i.e., twice the training dose of
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2

each MDA isomer. The results in figure 10 show that 0.25 to
1.25 mglkg of (±)-MDA produced predominantly saline-ap-
propriate responding. At higher doses, percent drug-lever
responding shifted to the levers designated for the MDA
isomers: doses of 2.0 and 2.5 mglkg of (::t::)-MDA produced
35% and 44% R( - )-MDA-like responding, respectively, and
41 % and 54% S( +)-MDA-like responding, respectively. Re-
sponse rates were not substantially different under drug and
saline conditions. A summary of ED50 values or maximal
percent isomer-appropriate responding is presented in table
1.

Sthnulus antagonism tests. Tests of stimulus antago-
nism were conducted by administration of doses of pirenper-
one in combination with the training dose of R( - )-MDA,
S( + )-MDA and 1 mllkg of saline. Figure 11 shows that piren-
perone is an antagonist (AD50 = 15 fLglkg) oftheR(-)-MDA
stimulus; as percent R( - )-MDA-appropriate responding de-



598 Young and Glennon

100~------------------------------------------~
CJz
isz
~ 80
Ul
W
II:

W

!;( 60
ii:0..
o
II:
0..

~ 40
CJ=>
II:
C

!Z 20wo
II:
w
0..

I·······....
.......

...........

..I

oL- ~ ~ ~==~L_~
0.2

Saline--R(-)MDA----.----
S(+)MDA......

r
··················....

......
...........

0.3 0.5
S(+)AMPHETAMINE DOSE (mg/kg)

Fig_ 5_ Results of stimulus substitution tests withS(+)-AMPH in rats (n
= 5 or 6 at each dose) trained to discriminate S(+ )-MDA (1.25 mg/kg)
fromR( - )-MDA (1.25mg/kg)fromsaline. See figure3 for other details.

............

.........

1.... --1----- -------1~.~----------------------- """"""

100~--------------------------------------__;
Clz
isz~ 80
Ulw
II:

w
~ 60
II:
0..
o
II:0..

~ 40
CJ
:J
II:o
!Z 20
wo
II:
ill
0..

Salina--R(-)MDA----.----
S(+)MDA........•.... ....1·.....

l·········· -------------------!------I----- ------1
0L---~2~~~~3--------5~----------1~0---4~----~20

COCAINE DOSE (mg/kg)

Fig. 6. Results of stimulus substitution tests with cocaine in rats (n =
5 at each dose) trained to discriminate S(+)-MDA (1.25 mg/kg) from
R(-)-MDA (1.25 mg/kg) from saline. See figure 3 for other details.

,,_ ..,

100r-------------------------------------------,
CJz
isz
~ 80
ffl
II:

~ 60
II:
0..
o
II:
0..

~ 40
Cl=>
II:
C

!Z 20
wo
II:
w0..

Saline--R(-)MDA----.----
S(+)MDA....•..

OL-------~------------~----------~=-----~0_2

....•
.L

.....
......

0_3 0.5
RACEMIC DOM DOSE (mg/kg)

Fig_ 7. Results of stimulus substitution tests with racemic DOM in rats
(n = 6 at each dose) trained to discriminate S(+)-MDA (1.25 mg/kg)
from R( - )-MDA (1.25mg/kg)fromsaline. See figure3 for other details.

creased, percent saline-appropriate responding increased.
S( +)-MDA-appropriate responding was below 20%. The rats
response rates were not appreciably altered after each dose of
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pirenperone and subsequent injections of 1.25 mg/kg of R( - )-
MDA. Figure 12 shows that administration of 5 to 200 J-Lg/kg
of pirenperone in combination with 1.25 mg/kg of S( +)-MDA
had no effect on S( + )-MDA-appropriate responding: respond-
ing was 88% to 94% on the S( + )-MDA-appropriate lever.
Responding on the R( - )-MDA-designated lever or the saline-
appropriate lever was below 20% at each pirenperone dose in
combination with 1.25 mg/kg of S( +)-MDA. Although high
percentages of S( + )-MDA-appropriate responding were gen-
erated after the administration of 100 or 200 J-Lg/kgof piren-
perone in combination with 1.5 mg/kg of S( + )-MDA, the
animals' response rates were greatly decreased; because re-
sponse rates were severely depressed at the combination of
200 J-Lg/kgof pirenperone and 1.25 mg/kg of S( + )-MDA, ad-
ditional doses of pirenperone were not examined. Lastly,
administration of various doses of pirenperone (10-200 J-Lgi
kg) in combination with saline resulted in saline-like re-
sponding. Response rates were depressed (~30-60%), how-
ever, following injections of 100 or 200 J-Lglkgof pirenperone
and saline (percent responding and response rate data not
presented).
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Discussion
Although racemic, S( +)- and R( - )-MDA have been used as

training drugs in previous drug discrimination studies, this
is the first time that a group of animals has been trained to
discriminate R( - )-MDA from S( + )-MDA from saline by use
of a three-lever drug discrimination task. Indeed, to our
knowledge, this is the first demonstration that optical iso-
mers of the same compound can be differentiated with a
three-lever procedure. To establish the discrimination, how-
ever, it was necessary to institute a time lapse of 4 days
between injections of the isomers; rats did not learn the task
with shorter (i.e., 1-3 days) injection intervals. Unfortu-
nately, we are unable to provide an explanation for the need
of such a treatment factor. Perhaps a future investigation(s)
of the isomers' distribution and/or metabolism under condi-
tions similar to the present study may provide a clue(s). The
occurrence of stimulus substitution suggests that a challenge
drug is capable of producing a stimulus effect similar to that
produced by a particular training drug. Based on previous
drug discrimination studies we, and others, have contended
that S( + )-MDA produces primarily, but not necessarily ex-
clusively, a stimulant ii.e., AMPH-like) stimulus effect and
that R( - )-MDA produces primarily, but not necessarily ex-
clusively, a hallucinogenic (i.e., DOM-like) stimulus effect
(Glennon et al., 1982; Glennon and Young, 1984c; Callahan
and Appel, 1988; Oberlender and Nichols, 1988; Broadbent et
al., 1989). Other investigations have concluded that S( +)-
and R( - )-MDA share greater similarity than difference in
their discriminative stimulus effects (Callahan and Appel,
1988; Broadbent et al., 1992). Especially relevant is the re-
cent study by Broadbent et al. (1992) that used two groups of
rats trained to discriminate 1.25 mg/kg of either R( - )-MDA
or S( + )-MDA from saline. In tests of stimulus substitution,
complete (>80%) R( - )-MDA-like responding occurred with
S( +)-MDA and DOM whereas considerable substitution (i_e.,
-70% R(- )-MDA-appropriate responding) occurred with
mescaline. In comparison, no more than 40% R( - )-MDA-like
responding occurred with S( + )-AMPH and cocaine. In the
present three-lever study, complete (>80%) R( - )-MDA-like
responding occurred with DOM and mescaline (figs. 7 and 9
and table 1), whereas no more than 20% R( - )-MDA-appro-
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TABLE 1
A summary of ED50values or maximal percent isomer-
appropriate responding in rats trained to discriminate 1.25 mg/
kg of R(-)-MDAfrom 1.25 mg/kg of S(+)-MDAfrom saline"

Maximal% R( - )-MDA- Maximal% S( +)-MDA-
TestDrug appropriateResponding,or appropriateResponding,or

ED50Value EDsoValue
MDAisomers

S(+)-MDA 24% 0.80 mg/kg
R(-)-MDA 0.99 mg/kg 22%

Stimulants
S(+)-AMPH 18% 0.46 mg/kg
Cocaine 15% 6.40 mg/kg

Hallucinogens
DOM 0.47 mg/kg 38%
S(+)-DOM 2.23 mg/kg 40%

3 Mescaline 16.04 mg/kg 40%

a Where stimulus generalization occurred, an EDsovalue in milligrams per
kilogram is provided. Where generalization failed to occur, maximal percent
isomer-appropriate responding is shown.

priate responding was generated by S( +)-AMPH and cocaine
(figs. 5 and 6, and table 1). In Broadbent's second group of
rats trained to discriminate S( + )-MDA from saline, full S( +)-
MDA-like responding occurred with R( - )-MDA whereas sub-
stantial substitution (z.e., 75% S( + )-MDA-appropriate re-
sponding) occurred with cocaine. Partial substitution was
observed with DOM and S( + )-A...1V1PH(i.e., 65% and 60%
S( + )-MDA-like responding, respectively), whereas no more
than 40% S( + )-MDA-like responding occurred with mesca-
line. In the present study, complete S( +)-MDA-like respond-
ing occurred with cocaine and S( + )-AMPH (figs. 5 and 6 and
table 1) whereas approximately 40% S( + )-MDA-like respond-
ing was generated both by DOM and mescaline (figs. 7 and 9
and table 1). Thus, an overall comparison of the actual test
drug results by Broadbent et al. (1992) and the present re-
sults (including antagonism tests in both studies; see below)
reveals fairly good agreement between the two studies. The
notable exception is the Broadbent et al. (1992) finding that
cross-substitution occurs between R( - )-MDA and S( +)-MDA
regardless of which is used as the training drug. In their
study, test sessions with R( - )-MDA in S( +)-MDA-trained
rats and S( +)-MDA in R( - )-MDA-trained rats were con-
ducted once or twice per week in addition to training sessions
with the particular MDA isomer that was being used as
training drug. In light of the present finding that a time lapse
of 4 days was needed to establish the discrimination between
the isomers, perhaps the shorter intervals between isomer
injections in the Broadbent study may have affected their
cross-substitution results. Obviously, further research will be
needed to evaluate that explanation.

On the other hand, it seems difficult to reconcile Callahan
and Appel's (1988) finding that mescaline-trained rats com-
pletely recognized S( +)-MDA with the present finding, and
the Broadbent et al. (1992) result that significant S( + )-MDA-
like responding does not occur with mescaline. However, an
examination of training drug dose and test drug dose may be
helpful in resolving these differences. In the Callahan and
Appel study, rats were trained to discriminate 10 mg/kg of
mescaline from saline, and complete stimulus substitution
was generated both by S( + )-MDA and R( - )-MDA. In the
present three-lever task, 10 mg/kg of mescaline produced
approximately 15 to 20% responding on each ofthe drug [i.e.,
R( - )-MDA and S( + )-MDA] appropriate levers. Likewise, in

---_ .. --- ._-_._---_._--
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the Broadbent et al. (1992) study, 10 mg/kg of mescaline
occasioned approximately 40% to 50% drug appropriate re-
sponding in each group of rats trained to discriminate either
R( - )-MDA or S( + )-MDAfrom saline. Thus, in the latter two
studies animals were unable to differentiate 10 mg/kg of
mescaline as being primarily either S( + )-MDA-like or R( -)-
MDA-like; higher doses of mescaline were needed to estab-
lish it as being R( - )-MDA-like. Consequently, a future in-
vestigation(s) that might use a three-lever task in rats, or
separate groups of rats, trained to discriminate a "low" te.g.,
10 mg/kg) and a "high" (e.g., >20 mg/kg) dose of mescaline
from saline might be able to determine more precisely if
mescaline's training dose is a critical factor in determining
substitution results with MDA's optical isomers.

An early discrimination study by Tilson and co-workers
(1975) suggested that DOM might possess an AMPH-like
discriminative stimulus effect, Although other investigators
have failed to obtain supporting evidence for this [e,g., see
review by Glennon et al. (1983a) for further discussion], the
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design of the present study is uniquely constructed to re-
address this issue. Because S( + )-DOM is four times less
potent than racemic DOM in drug discrimination studies
with rats trained to discriminate DOM from saline (Glennon
et al., 1983a), and because an optimal AMPH-like stimulus
effect is associated with the S( +)-isomer of AMPH-like
agents, we examined the stimulus activity of S( + )-DOM in
the MDA-isomer trained animals, with the expectation that
the DOM-like stimulus effect should be minimized, and any
AMPH-like stimulus effect should be maximized, in S( +)-
DOM. As shown in figure 8 and table 1, S( +)-DOM results in
R( - )-MDA-stimulus substitution, and fails to produce
greater S( +)-MDA-appropriate responding than racemic
DOM. Interestingly, the greater potency of DOM relative to
S(+)-DOM in the present study (4.7-fold) is similar to that
found in DOM-trained rats (Glennon et al., 1983a).

When (±)-MDA has been used as the training agent in
drug discrimination studies, stimulus substitution occurs
with amphetamine, cocaine, LSD and DOM (Glennon and
Young, 1984a, b). Likewise, in humans, (±)-MDA produces
effects that are similar both to hallucinogenic agents, such as
LSD, and central stimulants, such as amphetamine (Shulgin,
1978). Therefore, if the isomers of MDA are exerting mark-
edly different stimulus effects in the present three-lever dis-
crimination task, then the administration of (±)-MDA to the
rats, at twice the training dose of each MDA isomer, should
result in percent responding that does not substantially favor
either isomer-designated lever. Such was found to be the
case. Specifically, 2.5 mg/kg of (±)-MDA produced 44% and
54% R( - )-MDA and S( +)-MDA lever appropriate respond-
ing, respectively (fig. 10 and table 1). Thus, these data fur-
ther indicate the differences in the stimulus effects of MDA's
isomers and, to a lesser extent, the dual stimulus nature of
racemic MDA.

Finally, evidence that the stimulus effect produced by cer-
tain hallucinogenic agents is mediated by serotonergic mech-
anisms is derived from the finding that these stimuli can be
blocked by the administration of serotonin 5-HT2A/5-HT2c

(formerly 5-HT Ie; see Hartig, 1989) receptor antagonists,
such as pirenerone and ketanserin. The stimulus effects of
DOM and LSD have been blocked in such a manner (Colpaert
et al., 1982; Glennon et al., 1983b). To further differentiate
the stimulus effects of MDA's isomers in the present three-
lever task, pirenperone was administered before the rats
received their injection of the training dose of R( - )-MDA or
S( +)-MDA. As shown in figures 11 and 12, pirenperone is a
potent antagonist (AD50 = 15 i-tg/kg)of the R( - )-MDA stim-
ulus but had no effect on S( +)-MDA lever appropriate re-
sponding. These results are consistent with those reported by
Broadbent et al. (1992), with separate groups of rats trained
to discriminate 1.25 mg/kg of either R( - )-MDAor S( +)-MDA
from saline, and suggest a 5-HT2A/2c component in the
mechanism of action of R( - )-MDA. In this regard, it
should be noted that recent studies (Ism aiel et al., 1993;
Schrieber et al., 1994) have reported on the selective
5-HT2A agents AMI-I93 (8-(3-(4-fluorophenoxy)propyO-l-
phenyl-1,3,8-triazaspiro[ 4.5]decan-4-one) and MDL 100,907
(R-( +)-a-(2,3-dimethoxyphenyl)-I-[2-( 4-tluorophenylethyl)-4-
piperidinernethanol], respectively. AMI-193 and MDL
100,907 display a 2000-fold and a 200-fold selectivity for
5-HT

2A
versus 5-HT2c receptors, respectively. These investi-

gators also reported that AMI-193 is a very potent antagonist
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(AD50 = 3 J.Lglkg)of a 1.0 mg/kg DOM stimulus in rats and
MDL 100,907 is an extremely potent antagonist (AD50 = 0.6
J.Lg/kg) of a 0.63 mglkg DOl (1-(2,5-dimethoxy-4-iodophenyl)-
2-aminopropane) stimulus in rats. Their data seem to indi-
cate that the DOM and DOl discriminative stimuli are me-
diated primarily by 5-HT2A receptors. Thus, it might be
speculated that R( - )-MDA's discriminative stimulus effect
could be mediated, at least in part, by agonist action at
5-HT2A receptors and that these new antagonists would be
very effective in blocking R( - )-MDA's stimulus effect.

In summary, this study is the first demonstration that
optical isomers of the same compound can be differentiated
using a three-lever drug discrimination task. Moreover, the
following points support the contention that each enantiomer
of MDA can produce a markedly different stereoselective
stimulus effect: 1) rats can be trained to discriminate the two
isomers of MDA, 2) the animals respond primarily on the
R( - )-MDA-appropriate lever after DOM, S( + )-DOM and
mescaline injection, and respond primarily on the S( +)-
MDA-appropriate lever after S( + )-AMPH and cocaine ad-
ministration and 3) the animals respond on the saline-desig-
nated lever after the combination injection of pirenperone
and R( - )-MDA, but respond on the S( +)-MDA-designated
lever after the combination injection of pirenperone and
S(+ )-MDA.
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