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GLENNON, R. A. AND R. HIGGS. Investigation of MDMA-related agents in rats trained to discriminate MDMA from 
saline. PHARMACOL BIOCHEM BEHAV 43(3) 759-763, 1992.-To determine whether metabolite-related analogs of 
N-methyl-l-(3,4-methylenedioxyphenyl)-2-aminopropane (MDMA) produce stimulus effects similar to those of the parent 
compound, and to determine the structural requirements associated with the MDMA stimulus, several MDMA analogs were 
examined in tests of stimulus generalization using rats trained to discriminate 1.5 mg/kg MDMA from saline. Although 
several of the analogs produced up to 50-60°7o MDMA-appropriate responding, none [with the exception of N-methyl-l-(4- 
methoxyphenyl)-2-aminopropane (PMMA)] resulted in stimulus generalization. The partial generalization, coupled with the 
possible reduced ability of certain of the agents to penetrate the blood-brain barrier relative to MDMA, suggests that these 
agents are not behaviorally inactive. PMMA, although not a metabolite of MDMA, is closely related in chemical structure to 
MDMA and its metabolites; PMMA produces > 80% MDMA-appropriate responding and is approximately three times more 
potent (EDs0 = 0.2 mg/kg) than MDMA itself (EDs0 = 0.76 mg/kg). PMMA is a newer scheduled substance with an as yet 
unknown mechanism of action; however, on the basis of the stimulus generalization observed PMMA may share some 
behavioral and mechanistic similarity with MDMA. These results also indicate that an intact methylenedioxy ring, such as 
that found in MDMA but absent in PMMA, is not a prerequisite for MDMA-like activity and further support the notion that 
ring-opened MDMA metabolites may produce effects that contribute to the actions of MDMA. 
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N-METHYL-l-(3,4-methylenedioxyphenyl)-2-aminopropane 
(MDMA) is a Schedule I substance with potential, although 
controversial, therapeutic application in psychotherapy (16); 
it is also associated with widespread abuse and is available on 
the clandestine market under a variety of  names, of  which 
"Ecstasy" is perhaps the most common. As part of  our investi- 
gations of the mechanisms of  action and structure-activity 
relationships of  phenylisopropylamines, we first examined 
MDMA and MDMA-related agents in the late 1970s and early 
1980s (12). Subsequently, using a drug discrimination para- 
digm we trained rats to discriminate MDMA from saline to 
further investigate the stimulus effects of  these agents (6). 
Considerable progress has been made in the past decade [see 
Glennon (6) and Nichols and Oberlender (17) for recent re- 
views], but the mechanism of action of  MDMA as a discrimi- 
native stimulus has yet to be elucidated. 

Although MDMA is an analog of  the phenylisopropylam- 
ine amphetamine or, more accurately, N-monomethylamphet- 
amine (i.e., methamphetamine), it is evident that MDMA is 
not a simple amphetamine-like agent. In tests of  stimulus 

generalization, racemic MDMA and S(+)MDMA, but not 
R ( - ) M D M A ,  produce amphetamine-like stimulus effects 
(i.e., >80°7o amphetamine-appropriate responding) (6). How- 
ever, unlike the amphetamine stimulus the MDMA stimulus 
cannot be completely antagonized by the dopamine antagonist 
haloperidol (8,19), and in animals trained to discriminate 
MDMA from saline, administration of (+)amphetamine typi- 
cally results only in partial (50-650/o generalization (6,19). 
Furthermore, the MDMA stimulus generalizes to other agents 
(e.g., MDE or the N-ethyl homolog of MDMA) that do not 
produce amphetamine-like stimulus effects (10). Thus, 
MDMA and amphetamine may share some behavioral similar- 
ity, but MDMA is clearly capable of producing an additional 
non-amphetamine-like effect. 

It has been suggested that certain effects of  MDMA 
may be related to the formation of an active metabolite. We, 
and others, previously identified several metabolites of 
MDMA in the rat (1,2,4,5,14,15,21); these include ct-methyl- 
dopamine, N-monomethyl- 1-(3-hydroxy-4-methoxyphenyl)-2- 
aminopropane (3-OH-PMMA), N-monomethyl-1-(4-hydroxy- 

i To whom requests for reprints should be addressed. 
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3-methoxyphenyl)-2-aminopropane (4-OH-MMMA), and its 
N-desmethyl analog l-(4-hydroxy-3-methyoxyphenyl)-2-amino- 
propane (4-OH-MMA). See Fig. 1 for the structures of these 
metabolites and other agents described in this study. These 
metabolites may be formed from a common intermediate: N- 
monomethyl c~-methyldopamine (21). To determine if they 
might produce any MDMA-Iike effects, we proposed to exam- 
ine the stimulus effects of several of these metabolites in MD- 
MA-trained animals. In as much as ct-methyldopamine and 
N-monomethyl c~-methyldopamine are catechol derivatives 
that will not likely penetrate the blood-brain barrier, we were 
not surprised to find, in a preliminary study, that N- =CH,  H-CH, 
AMPIIETAMINE N-Me AMPH 

MDMA 

NH 2 NH-CH 3 NH-CH3 

OH 

PMA PMMA 3-OH PMMA 

NH-R NH-R NH-R 

 OooH 
N-Me a-MethyiDA 4-OH MMMA N-Me 3A-DMA 

a-Methyl DA 4-OH MMA 3,4-DMA 

FIG. 1. Chemical structures of MDMA, MDMA metabolites, and 
related agents described in this study: amphetamine, methamphet- 
amine (N-Me AMPH), MDMA, PMA, PMMA, and 3-OH-PMMA. 
For the bottom three agents, the R group can be either methyl of 
hydrogen. Where R = CH3, the agents are N-monomethyl a-methyl- 
dopamine (N-Me a-methyl DA), 4-OH MMMA, and N-monomethyl 
3,4-DMA (N-Me 3,4-DMA); where R = H, the agents are a-methyl- 
dopamine (a-methyl DA), 4-OH-MMA, and 3,4-DMA, respectively. 

monomethyl a-methyldopamine produces only saline-like ef- 
fects. Likewise, N-monomethyl a-methyldopamine and ct- 
methyldopamine also fail to produce amphetamine-like effects 
in rats trained to discriminate (+)amphetamine from saline 
(6). While this article was in preparation, Yeh and Hsu (20) 
reported that several catechol metabolites of MDMA, unlike 
MDMA itself, are ineffective as locomotor stimulants in rats; 
they, too, attributed this inactivity to the inability of these 
agents to penetrate the blood-brain barrier. Consequently, we 
opted to evaluate several of the MDMA metabolites as their 
more lipophilic O-methyl ethers; 1-(3,4-dimethoxyphenyl)-2- 
aminopropane (3,4-DMA) is the O-methyl ether of 4-OH 
MMA, and N-Me 3,4-DMA may be viewed as the common 
O-methyl ether of both 3-OH PMMA and 4-OH MMMA. 
Although there is no reason to believe that the ethers them- 
selves are metabolites of MDMA, they could be formed in 
vivo via a process of O-methylation. Furthermore, there is no 
evidence to suggest that O-alkyl derivatives should be inher- 
ently inactive (i.e., MDMA itself is an O-alkylated com- 
pound). These O-methyl ethers, then, represent derivatives of 
actual metabolites that should more readily penetrate the 
blood-brain barrier than the metabolites themselves. In the 
present study, we also examine 3-OH-PMMA and several ad- 
ditional structurally related agents. Thus, the purpose of this 
investigation was to examine the structural requirements asso- 
ciated with the MDMA stimulus by examining MDMA-related 
analogs that bear a close structural resemblance to some of 
the metabolites of MDMA. 

METHOD 

Drug Discrimination Studies 

Six male Sprague-Dawley rats, weighing approximately 
250-300 g at the beginning of the study, were trained to dis- 
criminate 1.5 mg/kg MDMA from 1.0 ml/kg sterile 0.9°70 
saline exactly as we previously reported (10). During the 
course of the study, animals' body weights were maintained 
at approximately 80070 of their free-feeding body weights by 
carefully monitoring their diets. In brief, using standard two- 
lever operant chambers (Coulbourn Instruments Model El0- 
10) animals were first trained to lever press for sweetened milk 
reward and were then trained to respond on one lever after 
administration of MDMA and on the opposite lever after ad- 
ministration of saline using a variable-interval 15-s schedule 
of reinforcement. For three animals, the right lever was rein- 
forced for MDMA and the left lever for saline; the situation 
was reversed for the remaining three animals. All injections 
were via the intraperitoneal route 15 min prior to testing. 
Training sessions of 15 min duration were conducted 5 days 
per week. Animals' discrimination learning was assessed 
weekly under each condition during a 2.5-min nonreinforced 
(i.e., extinction) session, followed by a 12.5-min training ses- 
sion. Data collected during the extinction sessions included 
percent of total responses on the MDMA-appropriate lever 
and response rate (responses per min). Once animals consis- 
tently made >8007o of their responses on the MDMA- 
appropriate lever after administration of 1.5 mg/kg MDMA, 
and <20070 of their responses on the same lever following 
administration of 1.0 ml/kg 0.907o saline, stimulus generaliza- 
tion studies were initiated. For greater detail regarding this 
protocol, see Glennon and Misenheimer (10). 

Stimulus generalization studies were conducted to deter- 
mine if the MDMA stimulus would generalize (transfer) to 
doses of several MDMA-related agents. Discrimination train- 
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ing continued, as described above, except test sessions were 
interposed among the training sessions. That is, once per week 
animals were administered a dose of  drug and allowed to re- 
spond under extinction conditions for 2.5 rain, whereupon 
they were immediately returned to their individual home 
cages. Where stimulus generalization occurred, EDs0 values 
were calculated by the method of Finney (3). In these studies, 
the EDs0 dose represents the dose of  an agent at which animals 
would be expected to make 5007o of  their responses on the 
MDMA-appropriate  lever. Animals making <5  total re- 
sponses during the entire 2.5-min extinction session were re- 
ported as being disrupted. 

Drugs 

MDMA HC1 was obtained from NIDA. 3-OH-PMMA, 
3,4-DMA, N-Me 3,4-DMA, PMA, and PMMA were exam- 
ined as their HCI salts; we previously reported their synthesis 
(9,13,21). (+)N-Monomethylamphetamine (i.e., metham- 
phetamine) HCI ( (+)Me AMPH) was previously synthesized 
in our laboratories. 

RESULTS 

Administration of  ( + ) M e  A M P H  resulted in partial gener- 
alization (maximum 6007o MDMA-appropriate  responding) in 
MDMA-trained rats (Table 1). 3,4-DMA produced what ap- 
pears to be a biphasic effect; accordingly, very small dose 
increments were subsequently examined. At 1.9 mg/kg,  3,4- 
DMA produced 6707o MDMA-appropriate  responding; 
slightly higher doses (2.1 and 2.3 mg/kg) elicited a saline-like 
effect, and still higher doses (3.0 and 3.2 mg/kg) again re- 
suited in 57-5907o drug-appropriate responding. Because of 
the disruption of  behavior and the decrease in response rates 
at 4 mg/kg,  higher doses were not investigated. N-Me 3,4- 
DMA elicited a maximum of  6007o MDMA-appropriate  re- 
sponding, with disruption of  behavior at slightly higher doses 
(Table 1). PMA also produced a maximum response of ap- 
proximately 50-6007o MDMA-appropriate  responding; higher 
doses resulted in disruption of  behavior (Table 1). It might be 
noted that at 0.5 mg/kg PMA two of five animals that re- 
sponded made >8007o of  their responses on the MDMA- 
appropriate lever and the one that responded at 0.6 mg/kg 
made 8007o of  its responses on the same lever. Because there is 
some evidence that PMA may have a rapid onset of  action 
(11), the 0.3-mg/kg dose of PMA was also examined using a 
shorter (5 rather than 15 min) presession injection interval; 
however, the results were not different than those obtained 
with the 15-min interval. The MDMA metabolite 3-OH- 
PMMA elicited a maximum 52070 MDMA-appropriate  
responding (at 0.2 mg/kg).  At 0.4 mg/kg,  3-OH- PMMA 
produced 33070 drug-appropriate responding; one of  four 
animals responding made 100070 of  its responses on the 
MDMA-appropriate  lever. PMMA produced 86070 MDMA- 
appropriate responding at 0.3 mg/kg (EDs0 = 0.2 mg/kg) and 
disruption of  behavior at 0.5 mg/kg.  

DISCUSSION 

We and others previously demonstrated that MDMA pro- 
duces amphetamine-like effects in (+)amphetamine-trained 
rats (6). We also argued that MDMA is not a simple amphet- 
amine-like agent because administration of  (+)amphetamine 
to MDMA-trained animals typically results only in partial gen- 
eralization [i.e., 4907o MDMA-appropriate  responding (6)]. 

Schechter reported as much as 62.507o MDMA-appropriate 
responding (19). In one study, however, it was shown that an 
MDMA stimulus generalizes to (+)amphetamine (18). The 
N-monomethyl analog of (+)amphetamine,  N-Me AMPH,  
also produces partial generalization (Table 1). The MDMA 
metabolite 3-OH-PMMA likewise produces partial (maximum 
5207o) generalization. These results suggest that 3-OH-PMMA 
and MDMA share some aspects of their stimulus effects but 
that 3-OH-PMMA, like amphetamine and N-Me AMPH,  may 
produce other effects that disrupt animals' behavior. At this 
time, it is impossible to discount the possibility that the disrup- 
tive effects are peripherally mediated. Alternatively, it is also 
possible that 3-OH-PMMA is more MDMA like than amphet- 
amine and N-Me AMPH but, due to its polar hydroxyl group, 
it does not penetrate the blood-brain barrier as readily (or 
completely) as do the two amphetamine analogs. Conse- 
quently, we examined 3,4-DMA and its N-monomethyl deriv- 
ative N-Me 3,4-DMA where the polar hydroxyl group has 
been O-methylated to decrease polarity. Both compounds con- 
tinue to produce partial (_> 6007o) generalization. Finally, we 
examined two analogs where the polar hydroxyl group has 
been removed. The deshydroxy analog of  3-OH-PMMA (i.e., 
the 3-desmethoxy analog of N-Me 3,4-DMA) is PMMA, and 
the 3-desmethoxy analog of 3,4-DMA is PMA. PMA is a 
Schedule I substance that has been previously shown to pro- 
duce (+)amphetamine-like stimulus effects (11). PMMA, a 
more recently scheduled agent [see Glennon et al. (19) for 
additional information], does not produce (+)amphetamine- 
like stimulus effects (9). In MDMA-trained rats, PMA pro- 
duces partial (50-5507o) stimulus generalization: however, 
several animals made > 8007o of their responses on the MD- 
MA-appropriate lever. PMMA, the N-monomethyl analog of 
PMA, results in complete stimulus generalization and is three 
times more potent than MDMA. 

The present results are difficult to interpret and several 
explanations are possible; these will be discussed. 

1. MDMA metabolites do not readily penetrate the b lood-  
brain barrier and consequently produce erratic effects. It is 
conceded that certain metabolites may not readily pene- 
trate the blood-brain harder when administered systemi- 
cally; this is especially likely for catechols and, to a lesser 
extent, for the monophenolic derivative 3-OH-PMMA. 
However, this is not true for the nonhydroxylated analogs, 
and is also inconsistent with the partial generalization ob- 
tained even with 3-OH-PMMA. 

2. MDMA metabolites and related derivatives behave like am- 
phetamine and N-Me AMPH to disrupt animals' behavior. 
Although we previously demonstrated that N-Me AMPH 
and PMA produce amphetamine-like stimulus effects (11), 
administration of 3,4-DMA (11), N-methyl 3,4-DMA (13), 
and PMMA (9) (at doses higher than those used in the 
present study) to amphetamine-trained animals produces a 
maximum of only 10% amphetamine-appropriate respond- 
ing. Thus, it is unlikely that the stimulus effects observed, 
at least for the latter three agents, can be considered am- 
phetamine like. 

3. The metabolite/metabolite analogs are incapable of  pro- 
ducing MDMA-like effects because they lack an intact 
methylenedioxy ring. The MDMA stimulus generalizes to 
PMMA, which lacks the intact methylenedioxy ring, and 
PMMA is approximately three times more potent than 
MDMA. The presence of  a methylenedioxy ring does not 
appear necessary for an agent to produce MDMA-like 
stimulus effects. 
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T A B L E  l 

RESULTS OF STIMULUS GENERALIZATION STUDIES 

% Drug-Appropriate Response Rate 
Agent Dose (mg/kg) n* Respondingt (Responses per min)t 

MDMA 1.5 6/6 90 (3) 9.9 (2.1) 
EDs0 = 0.76 mg/kg~t 

Saline (1 ml/kg) 6/6 8 (3) 10.4 (1.6) 

(+)Me AMPH 0.2 5/5 22 (10) 20.6 (1.4) 
0.5 3/4 50 (16) 7.8 (2.0) 
0.8 4/5 60 (10) 6.4 (1.7) 
0.9 4/5 34 (16) 3.6 (1.3) 
1.0 2/5 - 8 

3,4-DMA 0.1 3/3 39 (11) 14.8 (2.4) 
0.7 3/3 49 (10) 9.6 (2.8) 
1.5 6/6 52 (12) 8.4 (2.2) 
1.7 4 /5  65 (14) 6.4 (1.2) 
1.9 4/5 67 (12) 6.0 (1.6) 
2.1 4/4 25 (6) 12.2 (1.6) 
2.3 4/4 19 (3) 8.0 (0.4) 
2.6 4/4 48 (10) 7.1 (2.2) 
3.0 2/4 57 (1 l) 7.6 (2.4) 
3.2 2/4 59 (9) 8.6 (1.4) 
3.6 3/4 38 (8) 6.6(2.1) 
4.0 2/4 44 (10) 3.1 (0.4) 

N-Me 3,4-DMA 0.01 3/6 34 (12) 4.1 (1.5) 
0.03 4/6 60 (23) 5.7 (2.4) 
0.05 0/3 - § 
0.1 0/3 - 8  
0.3 0/3 - 8 

PMA 0.05 3/3 34 (14) 13.4 (4.6) 
0.2 3/3 47 (18) 8.6 (2.1) 
0.3 3/3 55 (13) 4.3 (1.3) 
0.5 5/6 50 (20) 5.1 (1.2) 
0.6 1/6 - 8  
0.7 0/3 - 8 

PMA (5 min) 0.3 5/6 56 (10) 5.5 (1.6) 

3-OH-PMMA 0.02 4/4 20 (5) 8.8 (3.1) 
0.05 3/4 45 (13) 2.6 (0.2) 
0.1 2/3 48 (33) 2.8 (0.1) 
0.2 3/4 52 (25) 6.7 (4.1) 
0.4 4/6 33 (28) 5.2 (1.7) 
0.5 0/4 -- § 

PMMA 0.05 3/4 4 (2) 8.0 (1.0) 
0.2 3/3 40 (10) 8.8 (1.9) 
0.3 3/3 86 (10) 8.7 
0.5 1/3 - 8  

EDs0 = 0.2 (0.10-0.36) mg/kg# 

*Number of animals responding/number of animals receiving drug. 
l'Data collected during the 2.5-rain extinction session. Numbers in parentheses are SEM. 
~EDs0 value previously reported (6). 
8Disruption of behavior (i.e., majority of animals failed to make >5 responses during 

the entire 2.5-min extinction session). 
#EDs0 value followed by 950/0 confidence limits. 

The  results o f  the  present  s tudy suggest tha t  the  M D M A  me- 
tabol i te  3 - O H - P M M A ,  and  cer ta in  s t ructural ly  related agents ,  
may  be capable  o f  p roduc ing  M D M A - l i k e  effects bu t  may  
simply have  diff icul ty pene t ra t ing  the  b l o o d - b r a i n  barr ier  
when adminis te red  systemically. On the basis o f  the  observed 

part ia l  general izat ion,  it is also possible tha t  3 - O H - P M M A  
may  con t r ibu te  to some o f  the behaviora l  effects seen upon  
admin i s t ra t ion  o f  M D M A ;  al ternatively,  the  par t ia l  general-  
iza t ion may  reflect a similarity in the  per ipheral  componen t s  
o f  these agents with  the per ipheral  effects of  M D M A .  To  
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further investigate these possibilities, it will be necessary to 
conduct additional studies using routes o f  administrat ion that 
bypass the b lood-bra in  barrier.  Another  significant finding 
originating f rom these studies is that  the presence o f  an intact 
methylenedioxy ring is not  a requirement  for the product ion 
of  MDMA-l ike  stimulus effects. In fact, it was these prelimi- 
nary results with P M M A  (7) that prompted  the present exami- 
nation of  the r ing-opened M D M A  metabolites.  P M M A  itself 
is a scheduled substance about  which relatively little is known; 
al though it is the 4-methoxy analog of  N-Me A M P H ,  it does 

not  produce amphetamine-l ike stimulus effects in rats (9). The 
present results suggest it may behave more like M D M A  than 
amphetamine.  It is evident f rom this investigation that the 
methylenedioxy group can no longer be viewed as a prerequi- 
site for MDMA-l ike  effects and that ring-opened M D M A  me- 
tabolites and ring-opened analogs of  M D M A  deserve addi- 
t ional investigation. 
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