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ZACNY, J. P., R. M. VIRUS AND W. L. WOOLVERTON. Tolerance and cross-tolerance to 3.4-methylenedioxymethamphetamine

(MDMA), methamphemmine and methylenedio.[vamphetamine, PHARMACOL BIOCHEM BEHAV 35(3) 637-642. 199t).--The

effects of ( = )-3,4-methylenedioxymethamphetamine (MDMA) (0.62-20.0 mg/kg/, _ + I-methamphetamine (MA) (0.62-5.0 rog/kg)

and ( ± )-3.4-methylenedioxyamphetamine (MDA) (0.62-5.0 rog/kg) on milk intake in rats were determined before and during a period

of repeated daily administration of MDMA. Experimental sessions consisted of 15-rain access to a sweetened milk solution each day,

5 days a week. After initial determination of the effects of MDMA. MA and MDA on milk intake, rats were injected daily with either
MDMA (2.5-5.0 rog/kg) or saline. Two groups of rats were injected with MDMA. one group 15 rain before, and the other group 15

rain atier the milk-drinking sessions. Two more groups of rats were injected with saline, one group 15 rain before, and the other group

15 rain after the sessions. During this repeated administration period the effects of MDMA, MA and MDA (injected 15 min prior to

the session} were redetermined. In rats that had been injected with MDMA on a daily basis either betbre or after the milk-drinking

sessions, the dose-response function of MDMA was shifted to the right, indicating that tolerance had developed. Cross-tolerance to

MA appeared to develop only in the group of rats that had been injected with MDMA on a daily basis before the milk-drinking sessions.
Cross-tolerance to MDA did not develop in any of the o_groups of rats.

Tolerance Cross-tolerance Milk-drinking Rat Methylenedioxymethamphetamine Methamphetamine

Methytenedioxyamphetamine

(-/-3.4-*letiayieneoioxymethamphetamme tMDMA. "ecstasy"_ humans 119). In animal self-administration studies, intravenous
' is an amphetamine derivative recently listed by the Drug Enforce- MDMA functions as a positive reinforcer in both rhesus monkeys

ii_ ment Agency as a Schedule I drag. Currently, there is a great deal and baboons (1,9). In addition. MDMA, like many other drags ofof interest in characterizing the behavioral effects of this drug abuse, lowers the threshold for rewarding intracranial self-stimu-
; because of its abuse potential and neurotoxicity. Several recent lation 17_. MDMA has also been found to reduce response rate

studies have examined the acute effects of MDMA on behavior in under both simple and complex operant schedules of reinforce-

laboratory animals, tn drug discrimination studies using monkeys, ment (4,21).
rats, and pigeons. MDMA has been shown to substitute for The effects of repeated administration of MDMA on behavior
psychomotor stimulants such as d-amphetamine and/-cathinone as have not been examined. Accordingly, we examined the effects of
well as for several other drugs that are not psychomotor stimu- a range of doses of MDMA on milk drinking in rats before and
lams, i.e., fenfluramine and tetrahydro-13-carboline (3, 5, 8, 14). during repeated administration of MDMA. A shift to the right or
Interestingly, MDIVlA does not substitute for the hallucinogens, left in the dose-response curves of MDMA would be indicative of
1-(2,5-dimethoxy-4-methyl-phenyl)-2-aminopropane (DOM) and tolerance or sensitization, respectively. In order to determine if
lysergic acid diethylamide (LSD) (6,12), which is consistent with environmental variables play a role in whether or how much
the observation that MDMA does not produce hallucinations in tolerance or sensitization developed to MDMA (2,18), we repeat-
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FIG. l. Milk intake (mean ± SE) as a function of dose of MDMA for the dose-response functions determined before (open symbols) and during

(solid symbols) the repeated administration period. Milk intake is expressed as a percentage of milk intake during test sessions in which saline
was injected 15 min before the milk-drinking sessions. Mean absolute milk intake averaged across the two test sessions was 113.0= 3.3 mi/kg
before, and 113.0 ± 4.9 mi/kg during the repeated administration periods, respectively. Two groups of rats were injected with saline during the
repeated administration period, one group before (top left frame; N = 5) and the other group after (top right frame: N = 5'_. the milk-drinking
session. Two groups of rats were injected with MDMA during the repeated administration period, one group 15 minutes before (bottom left frame,
N = 6) and the other group 15 minutes after (bottom right frame; N = 5), the milk-drinking session. Doses of MDMA in the dose-response
functions were injected 15 min before the milk-drinking session.

edly administered MDMA to one group of rats before the milk 12 g of rat chow (4% Mouse and Rat Diet, Teklad Incorporated,

drinking session, and to another group of rats after /he milk Winfield, IA) were given approximately 4-5 hours after the

drinking session. Environmental variables (e.g., reinforcement sessions to maintain the rats throughout the experiment at 280 g

loss) would be implicated in the development of tolerance if a (_ 20 g). A 0700-2000 hr light-dark cycle was maintained in the

greater degree of tolerance developed in the group of rats admin- colony room with a constant temperature of 22°C.

istered MDMA prior to, rather than after the milk-drinking

session. In addition, dose-response functions were completed for Procedure

two other structurally related amphetamine derivatives, metham- Dose-response determinations. Experimental sessions con-
phetamine (MA)and methylenedioxyamphetamine (MDA)before sisted of a single 15-min presentation of 50 ml of milk at

and during repeated MDMA administration to determine if there is approximately the same time of day (1215 hr), Monday through

cross-tolerance between MDMA, MA and MDA. Friday. After 19 sessions, at which point milk intake had stabili.zed
(less than 10% variation in mean intake for three consecuttve

METHOD sessions), dose-response functions were determined for MDMA

(0.62-20.0 mg/kg), MDA (0,62-5.0 mg/kg), and MA (0.62-5.0

Subjects and Apparatus mg/kg). Test doses were administered IP 15 min before the

Twenty-one male Sprague-Dawley rats (Holtzman Co.; Madi- milk-drinking sessions on Tuesdays and Fridays. Order of drug

son, Wl) weighing between 240 and 280 g prior to administration and dose presentation was randomized (i.e., 1.25 mg/kg MA,

of test drugs were individually housed in stainless steel cages with mg/kg MDMA, 1.25 mg/kg MDMA, 5.0 rog/kg MDA...),

water available ad lib except during the experimental sessions, all rats receiving the same drug treatment in a given test session.
Sweetened condensed milk (Borden's Co., Columbus, OH; 1:2, In two test sessions, rats were given injections of physiological

milk/tap water) was presented in 100-ml calibrated tubes attached saline. Milk intake data collected from these sessions served

centrally to the front of the cages. Supplemental feedings of 8 to control values to compare milk intake during test days in
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FIG. 2. Milk intake (mean -- SE) as a function of dose of MA for the dose-response functions determined before (open symbols) and during (solid
symbols} the repeated administration period. Doses of MA in the dose-response functions were injected 15 rain betore the milk-drinking session.
Other details as described in Fig. I.

drug was injected. These saline test days occurred at the beginning MDMA injections either pre- or postsession were given 5.0 mg/kg
and the middle of the series of dose-response function determina- of MDMA approximately four hours after the milk-drinking
tions, sessionin order to maintainthe repeatedMDMAadministration

Repeated administration re,,imen..After the initial dose-re- regimen.
sponse determinations were completed for the three drugs, the rats

were randomly assigned to one of four groups. Two groups of Drugs
animals received daily IMonday-Frida.v) injections of physiolog-
ical saline: one of the groups (N =5) received saline 15 min before ( + )-Methamphetamine HCl (MA). ( -- )-methylenedioxyam-
the milk-drinking sessions and the other group (N=5) received phetamine HC1 (MDA), and (z)-methylenedioxymethamphet-
saline 15 min after the sessions. The other two groups received amine HCI (MDMA) were provided by the National Institute on
daily (Monday-Friday) injections of MDMA; one of the groups Drug Abuse. All drugs were dissolved in physiological saline and
(N = 6) received MDMA 15 min before the sessions and the other given in a volume of 1.0 mi/kg. Doses are expressed as the weight
group (N = 5) received MDMA 15 min after the sessions. [nitially of the salt.
the daily dose of MDMA was 2.5 mg/kg, a close that decreased

mean milk intake in the rats to less than 50% of control levels, but Data Analysis
did not entirely eliminate intake during the initial MDMA dose-
response determination. After 13 sessions, at which time tolerance Effects of the three drugs on milk intake are expressed as a
had developed to 2.5 mg/kg MDMA in the group of rats injected percentage of milk intake from test sessions in which physiological
with the drug prior to the session, the dose of MDMA which was saline was given prior to the session. EDso values with 95%
administered on a daily basis was increased to 5.0 mg/kg, confidence limits were determined for the visibly linear portion of

Following 30 sessions of repeated administration of either each dose-response function in each of the four groups by the
MDMA or saline, dose-response functions for the three phenyl- method of least squares linear regression. Initial and redetermined
isopropylamines were redetermined exactly as they were initially close-response functions were considered significantly different if
determined. On test days in which drug was given, rats did not the EDso for each function was not within the 95% confidence
receive their normal injections of either saline or MDMA. On test interval of the other. In each group, milk intake during the
days in which saline was given, the rats that normally received repeated administration period was expressed as a percentage of
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TABLE 1 administration (Fig. 2). Initial and redetermined dose-response

EDsoVALUESAND95%CONFIDENCEINTERVALSOF MDMA.MDA, functions differed significantly from each other only in the
AND MA FOR DOSE-RESPONSEFUNCTIONS DETERMINEDBEFORE AND MDMA Presession group: the 95% confidence limits around the

DURINGA PERIODOF REPEATEDADMINISTRATIONOF EITHER EDso of the initial dose-response function and the redetermined
SALINEORMDMA dose-response function did not overlap in the MDMA-Presession

group, but did overlap in the other three groups (Table 1). When
Before During the effects of MA were redetermined during the repeated admin-
(rog/kg) (rog/kg) istration period, dose-response functions shifted to the right in the

MDMA-Presession group (bottom left panel). Although it appears
MDMA that there also was a shift to the fight in the redetermined

Saline-Presession 2.82 2.69 dose-response function in the MDMA Postsession group (bottom
(2.24-3.47) (2.46-2.95) ¥ight panel), this group function is not representative of individual

Saline-Postsession 3.39 4.17 subject milk-drinking. Four of the five rats in this group did not
(2.63-4.37) (3.39-5.37) exhibit tolerance to MA upon redetermination of the dose-response

MDMA-Presession 3.63 7.24* function, i.e., they did not drink after administration of the 2.5
(3.09-4.27) (5.62-10.23) rog/kg MA dose.

MDMA-Postsession 2.51 4.27* MDA (0.62-5.0 mg/kg) decreased milk intake in a dose-
(2.04-3.09) (3.39-5.37) dependent fashion both before and during the repeated adminstra-

tion of MDMA (Fig. 3). Initial and redetermined dose-response
MA functionsin eachof the four groupsdid not differsignificantly

Saline-Presession 1.82 2.09 from each other: the 95% confidence limits around the EDsoof the
(1.38-2.40) (1.55-2.63) initial dose-response function and the redetermined dose-response

Saline-Postsession 1,86 2.29 function overlapped in all four groups (Table l). It is also apparent
(1.32-2.69) (1.82-2.75) from Fig. 3 that when the effects of MDA were redetermined

MDMA-Presession 2.04 3.63* during repeated administration, dose-response functions did not
(1.26-2.75) (2.81-5.62) shift in any of the four groups.

MDMA-Postsession 1.20 1.91

(0.98-I .40) (0.14-3.39) Milk Intake During Repeated Administration

MDA The two groups of rats that were injected with saline prior to orSaline-Presession 2.46 2.63
after the milk drinking session generally maintained milk drinking(2.00-3.09) (2.40--2.95)
levels observed during baseline throughout the experiment. MilkSaline-Postsession 2.40 2.29
intake in the MDMA-Presession group was initially decreased by(2.00-2.88) (1.91-2.82)
2.5 rog/kg MDMA to about 65% of baseline levels. By the 13thMDMA-Presession 2.88 3.24
session of repeated injections, milk intake had recovered to within

(2.34-3.55) (2.69-4.27) 90% of baseline levels. After initiating the higher dose injectionMDMA-Postsession 2.00 2.24
(1.62-2.57) (1.74-3.02) regimen, i.e., 5.0 mg/kg, milk intake levels were reduced to

below 70% of baseline levels and remained there until the end of

*Ninety-five percent confidence intervals of the two dose-response the repeated administration period. The MDMA-Postsession group
functionsdonotoverlap, was not affected initially by injections of MDMA, but four

sessions ',tiler the dose of MDMA was increased to 5.0 mg/kg,
milk intake began to decline, and bv the 13th session of the higher

milk intake measured during the 3 sessions with no pretreatment dose regimen, was at 70% of baseline levels. Milk intake remained
immediately prior to the repeated administration period, at this revel for approximately 21 additional sessions and then

increased again to 90% of baseline levels by the end of the
RESULTS repeatedadministrationperiod.

Dose-Response Determinations
DISCUSSION

MDMA (0.62-10.0 mg/kg) decreased milk intake in all four
groups in a dose-dependent fashion both during the initial and The purpose of the present study was to determine whether

_: redetermined dose-response functions (Fig. I). The 20.0 mg/kg repeated administration of MDMA produced subsequent tolerance
dose of MDMA suppressed milk intake in all rats. Initial and to MDMA and cross-tolerance to two structurally related phenyl-
redetermined dose-response functions differed significantly from isopropylamines, MA and MDA, using a milk-drinking proce-

!_ each other in the drug groups, but not in the saline groups: the 95% dure. Tolerance to MDMA was observed in those rats injected
,_ confidence limits around the EDso of the initial dose-response with MDMA daily either before or after the milk-drinking session.
i! function and the redetermined dose-response function did not Cross-tolerance to MA appeared to have developed only in those

I overlap in the MDMA-Presession and MDMA-Postsession group, rats who were injected with MDMA daily before the milk-drinking
but did overlap in the groups that received repeated administration session. No cross-tolerance to MDA was noted.

! of saline (Table 1). Figure 1 reveals that when the effects of The fact that tolerance to MDMA occurred not only in those

i MDMA were redetermined during repeated administration, dose- rats which were injected with MDMA on a dally basis before
, response functions were shifted to the fight in the drug groups milk-drinking sessions, but also in those rats which were injected
'_ (bottom panels) but not in the saline groups (top panels), with MDMA after the milk-drinking sessions suggests that toler-

MA (0.62-5.0 mg/kg) decreased milk intake in a dose- ance to MDMA includes a pharmacological component. It should
dependent fashion both before and during repeated MDMA be acknowledged that an even greater degree of pharmacological

q
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FIG. 3. Milk intake (mean_* SE) as a function of dose of MDA for the dose-response functions determined before (open symbols) and during
(solid symbols) the repeated administration period. Doses of MDA in the dose-response functions were injected 15 min before the milk-drinking
session. Other details as described in Fig. 1.

tolerance to MDMA might have developed had a 7-day/week MDMA appear to involve both serotonin and catecholamines
chronic MDMA regimen rather than the 5-day/week chronic (15-17). Further research is needed to determine the mechanismls)
regimen been used. It is also conceivable that the weekly two-day of action responsible for mediating cross-tolerance between MDMA
drug holidays tSaturday and Sunday_ during the chronic MDMA and MA.
regimen may have reduced the amount of tolerance to MDMA in Cross-tolerance was not observed between MDMA and MDA.

the early part of the week in the MDMA-Presession and Postses- This is surprising, given that MDA is reportedly one of the
sion groups. To investigate whether there was a within-week metabolites of MDMA in rats (10). In addition, both drugs are
pattern of tolerance to MDMA, mean milk intake from the first equipment releasers of 5-HT, DA and NE (17,20). There are
control day of the week (Monday) was compared to mean milk differences between the behavioral effects of the two compounds,
intake from the last control day of the week (Thursday) in the though, which suggests that the mechanisms of action of MDMA
MDMA-Presession group during the chronic MDMA regimen: and MDA may not be identical. Firstly, MDA, but not MDMA,
there were no significant differences in milk intake between these substitutes for the hallucinogens, DOM and LSD, in drug discrim-
two timepoints, t(5) = 1.5, ns. The fact that there did not appear to ination studies (6,12). In addition, DOM substitutes for MDA, but

_:' be a within-week pattern of tolerance to MDMA suggests that milk not MDMA (5,13). Secondly, the rate-reducing effects of MDMA
intake from the two test clays (Tuesday and Friday) were not and MDA are antagonized by different monoamine antagonists
confounded by differential degrees of tolerance to MDMA pre- (1 I). In a multiple schedule of food reinforcement, metergoline

i cedingthe test days. and ketanserin,two 5-HT antagonists,blockedthe rate-reducing

It is difficult to explain why cross-tolerance between MDMA effects of MDA, but not of MDMA. Prazosin, a NE antagonist,
and MA was observed only in the group of rats who were injected blocked the rate-reducing effects of MDMA, but not of MDA.
with MDMA before the milk-drinking sessions. Lack of cross- In summary, tolerance to the disruptive effects of MDMA on
tolerance in the MDMA-Postsession group suggests that behav- milk drinking occurred in rats that were given daily injections of

,: ioral factors are involved in mediating cross-tolerance to MA, yet 2.5 and 5.0 mg/kg of MDMA, regardless of whether the drug was

i_ behavioral factors did not appear to be a major factor in the injected before or after the milk-drinking session. Cross-tolerance

development of tolerance to MDMA in this group. Certainly the to MA occurred in the MDMA-Presession group, but surprisingly
two compounds are related pharmacologically: MA and MDMA not in the MDMA-Postsession group. .Also surprising was the fact
are structurally related and the mechanisms of action for MA and that cross-tolerance to MDA did not occur in any of the four

!
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groups of rats. More studies need to be conducted with MDMA, ACKNOWLEDGEMENTS

MA and MDA which utilize other tolerance assessment procedures

before any firm conclusions can be drawn regarding the extent to This research was supported by National Institute on Drug Abuse
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