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Abstract

N-Methyl-1-(3,4-methylenedioxyphenyl)-2-aminopropane (methylenedioxymethamphetamine, MDMA, Ecstasy) and its structurally abbre-
viated congener N-methyl-1-(4-methoxyphenyl)-2-aminopropane (para-methoxymethamphetamine, PMMA) are chemically related designer
drugs, and PMMA is sometimes sold on the clandestine market as a substitute for MDMA. Prior drug discrimination studies have found that
MDMA and PMMA substitute for one another suggesting that they produce similar discriminative stimulus effects in rats. However, there also are
some indications that the two agents produce distinct stimulus effects. In this study, further comparisons were made between the stimulus effects of
these two agents. Sprague–Dawley rats were trained to discriminate either 1.25 mg/kg of PMMA or 1.5 mg/kg of MDMA from saline vehicle in a
two-lever operant paradigm. A structure–activity comparison revealed that MDMA and PMMA behave similarly upon homologation of their
terminal amine substituents. In contrast, the PMMA stimulus, unlike an MDMA stimulus, failed to generalize completely to the psychostimulant
cocaine, 8-hydroxy-2-(N,N-di-n-propylamino)tetralin (8-OH DPAT), and R(−)-1-(3-methoxyphenyl)-2-aminopropane [R(−)MMA]. In an
additional group of animals, a (+)amphetamine stimulus partially generalized to R(−)MMA. Taken together, the results argue and re-emphasize
the conclusion that the stimulus effects produced by MDMA and PMMA are similar, but non-identical, and that PMMA is the less “stimulant-like”
of the two.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

N-Methyl-1-(3,4-methylenedioxyphenyl)-2-aminopropane
(also known as methylenedioxymethamphetamine; MDMA,
Ecstasy) is a popular recreational drug (Baylen and Rosenberg,
2006; Green et al., 2003). Its structurally simpler congener N-
methyl-1-(4-methoxyphenyl)-2-aminopropane (para-methoxy-
methamphetamine, PMMA) (see Fig. 1 for structural compar-
ison) is sometimes sold as a substitute for MDMA on the
clandestine market (Dal Cason, 2001). Comparative studies in
humans have not been reported, but in drug discrimination
studies using rats, MDMA and PMMA produce what appear to
be similar discriminative stimulus effects. That is, stimulus
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generalization occurs between MDMA and PMMA regardless
of which of the two is used as training drug (Glennon and
Higgs, 1992; Glennon et al., 1997). Moreover, for both agents,
the S(+)-optical isomer is the more potent, the α-methyl group
can be homologated to an α-ethyl group with retention of
action, and the preferred side chain conformation of both agents
appears to be mimicked by an aminotetralin structure (Glennon
et al., 1997; Young et al., 1999). Despite their structural and
stimulus similarities, the two agents do not seem to produce
identical pharmacological effects. One of the salient differences
between the two agents is that MDMA seems to possess greater
central stimulant character than PMMA. For example, MDMA
produces a hyperlocomotor effect in rodents (e.g.; Glennon
et al., 1988a) whereas this effect is essentially absent following
administration of PMMA (Glennon et al., 1988b; Bustamante
et al., 2004). Furthermore, it has been demonstrated in rats that a
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Fig. 1. Chemical structures showing the structural relationships of the agents
described in this investigation.
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considerable degree of stimulus generalization occurs between
MDMA and the psychostimulant (+)amphetamine regardless of
which is used as training drug (Glennon, 1989; Nichols and
Oberlender, 1989; for further discussion, see Bondareva et al.,
2005); this is not the case with PMMA and (+)amphetamine
(Glennon and Misenheimer, 1989; Glennon et al., 1997).

Given the purported similarities, yet possible differences,
between the discriminative stimulus actions of MDMA and
PMMA, the purpose of the present investigation was to further
compare the stimulus actions of these agents in rats. The tactic
employed for this investigation was as follows. Of the two
agents, MDMA is the better investigated as a discriminative
stimulus in rats. Based on available information, several agents
were selected for specific comparison.

First, MDMA stimulus generalization occurs to the central
stimulant cocaine (Khorana et al., 2004); thus, cocaine was
selected for examination in PMMA-trained animals. Second, it
has been found that the 5-HT1A/7 receptor agent 8-hydroxy-2-
(N,N-di-n-propylamino)tetralin (8-OH DPAT) unexpectedly
substitutes in MDMA-trained rats (Glennon and Young,
2000); hence, 8-OH DPAT was selected for examination (i.e.,
both in tests of substitution and modulation) in PMMA-trained
animals.

Because homologation of the N-methyl group of MDMA to
its N-ethyl analog (i.e., MDE – also known as MDEA – see
Fig. 1) results in an agent that substitutes for an MDMA
stimulus (Glennon, 1990), a third approach was to compare the
effect of this structural modification using the N-ethyl
counterpart of PMMA (i.e., PMEA). PMEA was synthesized
and examined in PMMA-trained animals.

A final approach examined a ring-opened analog of MDMA
(i.e., MMA). Inspection of the chemical structures of MDMA
and PMMA (Fig. 1) reveals a close structural relationship, and
that both agents can be related back to, or envisioned as having
been structurally derived from, 3,4-DMA (Fig. 1). In concert
with this concept is that both an MDMA stimulus and a PMMA
stimulus generalize to S(+)- and R(−)-3,4-DMA (Rangisetty
et al., 2001). MDA (Fig. 1) represents an “intermediate step” in
the structural progression from 3,4-DMA to MDMA, as does
PMA (i.e., the 3-des-methoxy analog of 3,4-DMA) for PMMA.
An MDMA stimulus generalizes to (±)-, R(−)- and S(+)MDA
(Oberlender and Nichols, 1988; Nichols and Oberlender, 1989),
as does a PMMA stimulus generalize to R(−)PMA (Dukat et al.,
2002). Furthermore, the PMMA stimulus also generalizes to
R(−)- and S(+)MDA (Glennon and Young, 2002). Moreover,
it seems that the presence of the 4-position oxygen substituent
might account for, or at least contribute to, the stimulus
properties (similarities?) of these agents because it is a structural
feature they all have in common. The corresponding 4-des-
methoxy analog of 3,4-DMA (i.e., MMA; Fig. 1) has not yet
been examined. MMA might be viewed as an alternative
intermediate in the structural progression of 3,4-DMA to
MDMA-like agents, but not in the progression to PMMA. That
is, unlike PMA (which lacks the 3-position substituent of 3,4-
DMA), MMA lacks the 4-position substituent. Thus, MMA
might substitute in MDMA-trained animals, but not in PMMA-
trained animals. To test this hypothesis, the two optical isomers
of MMAwere synthesized and their stimulus effects examined
in MDMA- and PMMA-trained rats.

Overall, then, the stimulus actions of PMMAwere compared
with those of MDMA using four distinct strategies: evaluations
based on the stimulus effects induced by cocaine, 8-OH DPAT,
and two types of structural modifications of the PMMA/MDMA
molecules.

Finally, (+)amphetamine-trained rats have exhibited a
significant degree of (+)amphetamine-like responding follow-
ing the administration of racemic MMA (Glennon et al., 1985;
Huang and Ho, 1974). As such, the enantiomers of MMA also
were evaluated in rats trained to discriminate (+)amphetamine
from saline vehicle to determine if either MMA optical isomer
can produce (+)amphetamine-like discriminative stimulus
effects.

2. Materials and methods

2.1. Drug discrimination

Eighteen male Sprague–Dawley rats (Charles River Labo-
ratories), weighing 250–300 g at the beginning of the study,
were employed in this investigation. The animals were trained
to discriminate (15-min pre-session injection interval) doses of
either PMMA (1.25 mg/kg; n=8), MDMA (1.5 mg/kg; n=5),
or (+)amphetamine (1.0 mg/kg; n=5) from saline vehicle
(sterile 0.9% saline) under a variable interval 15-s schedule of
reinforcement (for sweetened milk reward) using standard two-
lever Coulbourn Instruments operant equipment. We have
previously employed each of these agents (and training doses)
as training drugs, and the training procedures have been
reported (Glennon and Young, 2000; Glennon et al., 1997;
Young et al., 2006). Animal studies were conducted under an
approved Institutional Animal Care and Use Committee
protocol.



Fig. 2. Results (group mean±SEM) of stimulus generalization studies with
PMMA, cocaine, and 8-OHDPAT in rats (n=8) trained to discriminate 1.25mg/kg
of PMMA from saline vehicle (upper panel), and animals' response rates (lower
panel). S=responses following administration of saline. ⁎Response rate following
administration of 8-OH DPATwas statistically ( pb0.05) different from the saline
control rate. Administration of cocaine and 8-OH DPAT doses higher than those
shown resulted in disruption of the animals' lever-pressing behavior.
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In brief, animals were food-restricted to maintain body
weights at approximately 80% of free-feeding weight but were
allowed access to water ad lib in their individual home cages.
Daily training sessions (15 min) were conducted with the
training dose of the training drugs or saline. For approximately
half the animals, the right lever was designated as the drug-
appropriate lever, whereas the situation was reversed for the
remainder of the animals. Learning was assessed every fifth day
during an initial 2.5-min non-reinforced (extinction) session
followed by a 12.5-min training session. Data collected during
the extinction session included number of responses on the
drug-appropriate lever (expressed as a percent of total
responses) and response rate (i.e., responses per minute). The
animals were not used in the subsequent stimulus generalization
studies until they consistently made≥80% of their responses on
the drug-appropriate lever after administration of training drug
and ≤20% of their responses on the same drug-appropriate
lever after administration of saline. During the testing (i.e.,
stimulus generalization) phase of the study, maintenance of the
training drug/saline discrimination was ensured by continuation
of the training sessions on a daily basis (except on a
generalization test day). On one of the two days before a
generalization test, approximately half the animals would
receive the training dose of training drug and the remainder
would receive saline; after a 2.5-min extinction session, training
was continued for 12.5 min. Animals not meeting the original
training criteria during the extinction session were excluded
from the subsequent generalization test session. During the
investigations of stimulus generalization, test sessions were
interposed among the training sessions. The animals were
allowed 2.5 min to respond under non-reinforcement condi-
tions, and were then returned to their individual home cages. An
odd number of training sessions (usually 5) separated any two
generalization test sessions. Doses of test drugs were admin-
istered to the groups of rats in a random order using a 15-min
pre-session injection interval. A determination of complete,
partial, or no generalization (or antagonism) was based on
previously described criteria (Young and Glennon, 1986). The
results of stimulus generalization (or antagonism) tests can
produce one of three possible results: 1) complete stimulus
generalization, where the animals following a given dose of
drug or drug combination make ≥80% of their responses
(group mean) on the training drug-appropriate lever, 2) partial
generalization, where a challenge drug produces an intermedi-
ate (ca. 40–70%) level of responding on the drug-appropriate
lever, and 3) no generalization (saline-like responding) where
the test drug elicits about 0–20% drug-appropriate responding.
Animals making fewer than 5 total responses during the 2.5-min
extinction session were considered to be behaviorally disrupted
because they failed to meet the testing criteria. Percent drug-
appropriate responding and response rate data refer only to
animals making ≥5 responses during the extinction session
(Young and Glennon, 1986). If N50% of the animals were
disrupted following administration of a given drug dose, data
for that dose was not plotted. Where complete stimulus
generalizations occurred, potency comparisons were made
between the training drug and the test agent via calculation of
the 50% effective dose (i.e., ED50 dose as calculated by the
method of Finney, 1952). The ED50 dose represents the drug
dose where animals would be expected to make 50% of their
responses on the drug-appropriate lever. Response rate data
were evaluated by the Dunnett's t-test ( pb0.05) for comparison
of a control group (i.e., saline or dose of training drug response
rate) versus experimental dose groups of a test compound.

2.2. Drugs

N-Methyl-1-(3,4-methylenedioxyphenyl)-2-aminopropne
hydrochloride (MDMA) was obtained as a gift from NIDA, and
N-methyl-1-(4-methoxyphenyl)-2-aminopropane hydrochloride
(PMMA) was synthesized in our laboratory as previously
described (Glennon et al., 1988b). 8-Hydroxy-2-(N,N-di-n-
propylamino)tetralin hydrobromide (8-OH DPAT) was pur-
chased from Sigma-Aldrich (St. Louis, MO). (+)Amphetamine
sulfate (Sigma-Aldrich) was available in our laboratories from
previous studies. N-Ethyl- and N-n-propyl-1-(4-methoxyphe-
nyl)-2-aminopropane hydrochloride (PMEA and PMPA, re-
spectively), and the optical isomers of 1-(3-methoxyphenyl)-2-
aminopropane hydrogen oxalate (MMA) were synthesized as
described below. All drugs were administered via the intra-
peritoneal (i.p.) route 15 min prior to testing. 8-OH DPAT, when
administered in combination with PMMA, was administered at



Fig. 4. Results (group mean±SEM) of stimulus generalization studies with the
optical isomers of MMA in rats (n=5) trained to discriminate 1.25 mg/kg of
PMMA from saline vehicle (upper panel). The animals' response rates are
shown in the lower panel. Response rate following administration of R(−)MMA
or S(+)MMAwas statistically ( pb0.05) different from response rates following
administration of the training dose of the training drug (⁎) or saline (⁎⁎).
PMMA=responses following 1.25 mg/kg of PMMA, and S=responses
following administration of saline vehicle.

Fig. 3. Results (group mean±SEM) of stimulus generalization studies with N-Et
PMA (PMEA) and N-Pr PMA (PMPA) in rats (n=5) trained to discriminate
1.25 mg/kg of PMMA from saline vehicle (upper panel). The animals' response
rates are shown in the lower panel. Response rate following administration of
PMPA was statistically ( pb0.05) different from the response rate following
administration of the training dose of the training drug (⁎) or saline (⁎⁎).
PMMA=responses following 1.25 mg/kg of PMMA, and S=responses
following administration of saline vehicle.
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the same time but by separate injection. Doses refer to the
weight of the salts. Solutions in sterile 0.9% saline were freshly
prepared each day, and administered in a constant volume of
1.0 ml/kg.

PMEA was prepared following the general procedure of
Bach et al. (1999) and its homogeneous hydrochloride salt
(mp 156–157 °C) was consistent with what has been pre-
viously reported in the literature (Woodruff et al., 1940).
PMPA hydrochloride (mp 150–154 °C) was prepared in an
analogous manner; its assigned structure is consistent with
spectral data and the product analyzed within 0.4% of theory
for C, H, and N.

Racemic MMA was synthesized by the condensation of 3-
methoxybenzaldehyde with nitroethane followed by reduction
of the resultant nitrostyrene using lithium aluminum hydride by
the general procedure of Shulgin (1968). Resolution of the
racemate was achieved using the isomers of tartaric acid to
afford the individual MMA optical isomers. The isomers were
converted to their free bases and isolated as their hydrogen
oxalate salts. The salts of both isomers were homogeneous to
thin-layer chromatography and analyzed within 0.4% of theory
for C, H, and N. Characteristics: R(−)MMA, mp=148–150 °C
following recrystallization from an absolute ethanol/anhydrous
ether mixture, [α]D=−7.3° (c=2%, MeOH, 37 °C); S(+)MMA,
mp=149–151 °C following recrystallization from an absolute
ethanol/anhydrous ether mixture, [α]D=+7.3° (c=2%, MeOH,
37 °C). Samples of the salts were converted to their free bases
and their optical rotations were found to be [α]D=−34.0°
(c=2%, CH2Cl2, 37 °C) and [α]D=+35.1° (c=2%, CH2Cl2,
37 °C) for R(−)- and S(+)MMA, respectively. The MMA
isomers were used as their water-soluble hydrogen oxalate salts
in the animal studies reported herein.

3. Results

3.1. PMMA-trained animals

In the group of eight rats trained to discriminate PMMA from
vehicle, administration of lower PMMA doses resulted in reduced
percent PMMA-appropriate responding (ED50=0.5 mg/kg; 95%
CL=0.3–1.0 mg/kg) (Fig. 2). The animals' response rates were
fairly consistent following administration of the various doses of
PMMA (Fig. 2).

Doses of cocaine were examined in the PMMA-trained
animals (Fig. 2). Cocaine produced a maximum of 46%
PMMA-appropriate responding (at 5.0 and 7.5 mg/kg). Higher
cocaine doses (i.e., 10 and 15 mg/kg) failed to elicit greater
PMMA-appropriate responding (Fig. 2), or disrupted the
animals' lever-pressing behavior (data not shown). Fig. 2



Fig. 5. Results (group mean±SEM) of stimulus generalization studies with the
optical isomers of MMA in rats (n=5) trained to discriminate 1.5 mg/kg of
MDMA from saline vehicle (upper panel). The animals' response rates are
shown in the lower panel. ⁎Response rate was statistically ( pb0.05) different
from that of the saline control response rate. S= responses following
administration of saline vehicle.

Fig. 6. Results (group mean±SEM) of stimulus generalization studies with
the optical isomers of MMA in rats (n=5) trained to discriminate 1.0 mg/kg of
(+)amphetamine from saline vehicle (upper panel). The animals' response rates
are shown in the lower panel. ⁎Response rate was significantly ( pb0.05)
different from the saline control response rate. S=responses following adminis-
tration of saline vehicle.
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shows the animals' response rates. Except at the lowest dose
evaluated, one animal failed to respond following administra-
tion of each of the higher cocaine doses shown in Fig. 2.

The administration of 8-OH DPAT doses to the PMMA-
trained animals (n=5–6) resulted in partial (i.e., in a maximum
of 43%) PMMA-appropriate responding at a dose of 0.075 mg/
kg. Higher doses (e.g. 0.1 mg/kg) either failed to produce
greater drug-appropriate responding (Fig. 2), or (at 0.15 and
0.2 mg/kg; data not shown) resulted in disruption of lever-
pressing behavior. Following administration of 0.01 mg/kg of 8-
OH DPAT the animal's response rate was statistically ( pb0.05)
different from, and nearly three times, the saline control rate
(Fig. 2); however, response rates were reduced to control
rates following administration of higher 8-OH DPAT doses.
At each dose (except for the 0.06 mg/kg dose), one animal
failed to make N5 responses during the entire 2.5-min extinc-
tion session.

Administration of the calculated ED50 dose of PMMA resulted
in the animals making 51(±10)% of their responses (response
rate=12.9±3.2 responses/min) on the PMMA-appropriate lever
(data not shown). Administered in combination with the ED50

dose of PMMA, 8-OHDPAT doses of 0.06 to 0.1 mg/kg failed to
enhanced (or antagonize) the PMMA stimulus effect. Doses of 8-
OH DPAT (followed by percent PMMA-appropriate responding
and response rate) were 0.06 mg/kg (53±16%; 12.3±2.9 resp/
min), 0.075 mg/kg (40±13%; 10.2±2.8 resp/min) and 0.1 (58±
11%; 8.1±4.5 resp/min) (data not shown). All six animals
responded following administration of 0.06 mg/kg of 8-OH
DPAT, but only 4/5 and 5/6 animals responded following
administration of 0.075 and 0.1 mg/kg, respectively. Adminis-
tration of 0.15 mg/kg of 8-OH DPAT in combination with the
ED50 dose of PMMA disrupted the lever-pressing behavior of all
six animals.

Administration of the N-ethyl homolog of PMMA (PMEA;
Fig. 3) to the PMMA-trained animals (n=5) resulted in dose-
related substitution (ED50=0.9mg/kg; 95%CL=0.4–1.8mg/kg).
Administration of theN-propyl homolog of PMMA (i.e., PMPA),
however, elicited a maximum of 52% PMMA-appropriate re-
sponding (at 6.5 mg/kg), with no further increase in percent
PMMA-appropriate responding following administration of
higher doses (Fig. 3). The animals' response rates were fairly
consistent across drug treatments following administration of
2.0 mg/kg of PMPA, however, there was a significant (pb0.05)
spike in response rate; higher drug doses resulted in response rates
that were not markedly different from control rates except that
10 mg/kg of PMPA produced a significant (pb0.05) decrease in
the animals' responding.

The optical isomers of MMA were administered to the
PMMA-trained animals, and neither isomer produced ≥80%
PMMA-appropriate responding (Fig. 4). Nine doses of R(−)
MMA were examined. The administration of R(−)MMA at
5.0 mg/kg produced a maximum of 43% PMMA-appropriate
responding. R(−)MMA doses of 5.5 and 6.0 mg/kg pro-
duced disruption of behavior (data not shown). Following
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administration of 0.3mg/kg ofR(−)MMA there was a significant
( pb0.05) increase in response rate in comparison to saline or
PMMA control rates. The administration of S(+)MMA at
2.5 mg/kg induced a maximum of 65% PMMA-appropriate
responding and at this dose 4/8 animals met criteria; animals'
response rate at this S(+)MMA dose was significantly ( pb0.05)
less than the saline or PMMA response rate. Administered S(+)
MMA doses of 2.75 and 3.0 mg/kg, a majority of the animals
failed to respond (disruption data not shown).

3.2. MDMA-trained animals

MDMA stimulus generalization occurred to R(−)MMA
(ED50=1.4 mg/kg; 95% CL=0.6–3.1 mg/kg) whereas S(+)
MMA produced saline-appropriate responding at 0.1 and
0.3 mg/kg (Fig. 5). Administration of higher S(+)MMA doses
produced behavioral disruption (data not shown); that is, at 0.6
or 1.0 mg/kg of S(+)MMA only 2/5 animals met criteria.
Following administration of 0.1 and 0.3 mg/kg of S(+)MMA,
and 0.3, 3.0, and 5.0 mg/kg of R(−)MMA, animals' response
rate was significantly ( pb0.05) less than the saline control
response rate.

3.3. (+)Amphetamine-trained animals

Fig. 6 shows thatR(−)MMAproduced amaximum of 61% (+)
amphetamine-appropriate responding (at a dose of 3.0 mg/kg)
with 4/5 animals responding; administration of higherR(−)MMA
doses failed to engender greater (+)amphetamine-appropriate
responding, whereas following administration of 5.0 mg/kg
of R(−)MMA the animals were behaviorally impaired (data
not shown). Following administration of 3.0 and 4.5 mg/kg of
R(−)MMA the animals' response rates were significantly
( pb0.05) less than the saline control response rate. Admi-
nistration of S(+)MMA produced saline-appropriate respond-
ing at all doses examined (Fig. 6). The animals' response rates
appeared depressed relative to saline control at all S(+)MMA
doses examined (Fig. 6), and only 3/5 animals met the criteria at
the two highest doses.

4. Discussion

In prior drug discrimination studies in rats, MDMA and
PMMA substituted for one another implying that the two
agents are capable of inducing similar stimulus effects.
However (see Introduction), there are indications that their
stimulus effects are not identical. To further examine this
concept, several issues were selected for closer inspection: a)
because an MDMA stimulus generalizes to cocaine, will
cocaine produce PMMA-like stimulus effects, b) because
MDMA stimulus generalization occurs to 8-OH DPAT, will
the PMMA-stimulus generalize to 8-OH DPAT, and if not,
might 8-OH DPAT modulate the stimulus effects of PMMA, c)
will N-homologation have the same effect on PMMA as it has
on MDMA, and d) will optical isomers of MMA (a positional
isomer of PMA) substitute in PMMA- and/or MDMA-trained
animals?
It has been previously shown that PMMA lacks central
stimulant-like actions associated with MDMA. For example, a
(+)amphetamine training stimulus generalizes to MDMA in rats
(Glennon et al., 1982), pigeons (Evans and Johanson, 1986),
and monkeys (Kamien et al., 1986) (see also Bondareva et al.,
2005 for additional discussion); similarly, an MDMA stimulus
generalizes (Oberlender and Nichols, 1988) or partially
generalizes (Glennon and Misenheimer, 1989) to (+)amphet-
amine. In contrast, an amphetamine stimulus failed to generalize
to PMMA (Glennon et al., 1988b) and PMMA-stimulus gene-
ralization did not occur to (+)amphetamine (i.e., the maximum
PMMA-appropriate responding occasioned following adminis-
tration of (+)amphetamine was 11%) (Glennon et al., 1997).
Because an MDMA stimulus generalizes to cocaine (Khorana
et al., 2004), cocaine was examined in PMMA-trained animals.
As shown in Fig. 2, cocaine engendered a maximum of 46%
PMMA-appropriate responding. This result is consistent with
the prior suggestion that MDMA possesses greater central sti-
mulant character than PMMA (Glennon et al., 1997) and, taken
together with the above mentioned findings with (+)amphet-
amine, represent a major difference between the stimulus effects
produced by MDMA and PMMA in rats.

Although the mechanism of action of MDMA as a
discriminative stimulus is complex, it seems to involve, at
least in part, 5-HT1A/7 serotonin receptors; that is, an MDMA
stimulus has been shown to generalize to 8-OH DPAT (Glennon
and Young, 2000). Unlike what was found with MDMA-trained
animals, the PMMA stimulus did not generalize to the 5-HT1A/7

agent 8-OH DPAT (Fig. 2). Furthermore, although 8-OH DPAT
does not substitute for a (+)amphetamine stimulus, pretreatment
of (+)amphetamine-trained rats with 8-OH DPAT enhanced its
stimulus actions (Young et al., 2006). In the present
investigation, 8-OH DPAT failed to enhance (or attenuate) the
actions of PMMA in PMMA-trained animals.

The structure–activity relationships for agents to produce
MDMA-like stimulus effects have been explored to some extent,
and it is known that homologation of the terminal amine
substituent from a methyl group to an ethyl group (i.e., MDE)
results in an agent with stimulus properties similar to those
of MDMA (Glennon, 1989; Nichols and Oberlender, 1989).
As with MDMA, the PMMA stimulus generalized to its simple
N-ethyl homolog (i.e., PMEA; ED50=0.9 mg/kg) (Fig. 3).
Evidently, MDMA and PMMA behave similarly with regard to
homologation of the terminal amine substituent from a methyl
group to an ethyl group. The N-propyl homolog of MDMA (i.e.,
MDP) has not been examined as a discriminative stimulus, but
seems to lack MDMA-like actions in humans (Shulgin and
Shulgin, 1991). It was of interest, then, to determine whether or
not further homologation of PMMA to its propyl homolog,
PMPA, would retain PMMA-like stimulus character. If so, this
might represent a potential difference in structure–activity
relationships between MDMA and PMMA. As shown in Fig. 3,
however, administration of PMPA resulted only in partial
substitution (i.e., PMPA produced amaximum of 52% PMMA-
appropriate responding) in PMMA-trained animals. Thus, it
was found that although homologation of the N-methyl group
of PMMA to an N-ethyl group results in retention of its
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stimulus actions, the N-propyl homolog, PMPA, does not
substitute in PMMA-trained animals. With regard to one-
carbon homologation, both MDMA and PMMA behaved in a
similar manner.

Because 3,4-DMA seems to be the structural parent both of
MDMA and PMMA (i.e., conversion of the 3,4-dimethoxy to a
3,4-methylenedioxy group ultimately leads to MDMAwhereas
elimination of the 3-methoxy group of 3,4-DMA ultimately
leads to PMMA), and because both optical isomers of 3,4-DMA
substitute in MDMA- and PMMA-trained animals, it was im-
portant to determine the role of the 4-oxygen substituent common
to each of these agents. Consequently, the 4-methoxy group
of 3,4-DMA was eliminated to afford MMA. The PMMA sti-
mulus only partially generalized either to R(−)- or S(+)MMA
(Fig. 4). In contrast, the MDMA stimulus generalized completely
to R(−)MMA (ED50=1.4 mg/kg) but not to S(+)MMA (Fig. 5).
It would seem that the presence of the 3-oxygen function of
MDMA is what makes MDMA behave somewhat differently
than PMMA as a discriminative stimulus.

Perhaps the most significant quality differentiating the
actions of MDMA and PMMA is that the former are more
“stimulant-like”. This raises the question of whether R(−)MMA
substituted in the MDMA-trained, but not in PMMA-trained,
animals because of its amphetamine-like stimulus character. As
a consequence, both MMA isomers were evaluated in (+)
amphetamine-trained rats (Fig. 6). Interestingly neither MMA
isomer substituted completely for the (+)amphetamine stimulus,
but R(−)MMA resulted in partial generalization (i.e., 61% (+)
amphetamine-appropriate responding). Although R(−)-MMA
cannot be considered a simple amphetamine-like agent, it seems
to possess some amphetamine-like stimulus character. But, it is
unlikely that the partial amphetamine-like character of R(−)
MMA, by itself, can account for the difference seen upon its
administration to the PMMA- and MDMA-trained animals.

Overall, the results of the present investigation support the
contention that similarities and differences exist between the
stimulus properties of MDMA and PMMA. Adding to the list of
similarities is that homologation of the terminal amine substituent
of MDMA and PMMA from a methyl to an ethyl group result in
agents that substitute in MDMA- and PMMA-trained animals,
respectively. In contrast, whereas MDMA seems to exert amphe-
tamine-like and cocaine-like actions in animals (Glennon, 1989;
Nichols and Oberlender, 1989), a PMMA stimulus, as shown here,
did not substitute fully for cocaine. Also, whereas R(−)MMA
substituted in MDMA-trained animals the MMA optical isomers
failed to substitute in the PMMA-trained animals. In summary,
then, the results of this investigation show that although MDMA
and PMMA might share some stimulus similarities, they produce
stimulus effects in rats that are clearly distinguishable from one
another. Moreover, a 3-position oxygen substituent (common to
MDMA, MDA, and 3,4-DMA, but absent in PMMA), might
structurally account for differences observed between the stimulus
actions of MDMA and PMMA, whereas any similarities in their
effects might be more related to the presence of an oxygen
substituent at the aromatic ring 4-position. An interesting study to
further investigate the stimulus effects of MDMA and PMMA
would be to train animals to discriminate these agents from one
another; such studies are currently under consideration in our
laboratories.
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