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In both rats and mice a single large dose of methylenedioxymethylamphetamine (MDMA; 25 mg/kg i.p.) caused a

fall 3 h after injection in the content of 5-hydroxytryptamine (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) in

cortex, a fall in noradrenaline in hippocampus and cerebellum, and a rise in dopamine (DA) but fall in dihydroxy-

phenylacetic acid (DOPAC) in striatum. These effects were transient, levels being essentially back to normal by 24 h

after injection. Repeated large doses (3 × 25 rog/kg in 24 h) of MDMA caused a large long-lasting fall in the content

of 5-HT and 5-HIAA in cortex in rats but had only a slight effect in mice. Increasing the dose to 3 x 50 rog/kg in

mice produced a large long-lasting fall in striatal DA. The analogue MDEA(3,4-methylenedioxyethylamphetamine)

caused a similar slight fall in 5-HT but in contrast to MDMA caused a slight rise in DA content in mice. The nature

and degree of neurotoxicity with methylenedioxyamphetamines appears to be drug and species-specific.

Methylenedioxyamphetamines: Catecholamines; 5-Hydroxyt_ptamine: (Neurotoxicity, Species and strain differences)

1. Introduction (Logan and Laverty, 1987) even though obvious
behavioural effects were observed in both species.

The designer drug MDMA (3,4-methylen- In this paper we extend these studies by showing
edioxymethylamphetamine) has already had a brief that higher and repeated doses of MDMA were
but chequered career. A period of use as a psycho- required to reproduce the neurotoxic effects in our

therapeutic adjunct and as a street euphoriant rats. and that, in mice, very high and repeated
(Shulgin, 1986) has been followed by its withdrawal doses caused a neurotoxic effect involving the
from legal use through Schedule 1 classification in dopamine rather than the 5-hydroxytryptamine
the United States. Its apparently beneficial affects (5-HT)-containing neuronal system· Thus these
are not well documented (Greer and Tolbert, 1986) neurotoxic effects of MDMA are species- and
so that the suggestion of permanent neurotoxicity strain-dependent. The effect of MDMA in mice in
(Schmidt et al., 1986) as a consequence of its use reducing dopamine (DA) levels was not seen with

was sufficient to cause its classification, the ethyl analogue, MDEA (3,4-methylen-
In our earlier animal studies on rats and mice edioxyethylamphetamine).

using MDMA we had difficulty in reproducing
the reported neurotoxic effects of MDMA in rats

2. Materials and methods

* To whom all correspondence should be addressed: Depart-

ment of Pharmacology, University of Otago Medical School, Animals used were male random-bred albino
p.o· Box913, Dunedin. NewZealand. rats (200-300 g) and random bred mice (30-45 g)
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supplied by the University of Otago Animal the HPLC. The mobile phase consisted of 100 mM
Breeding Station. In experiments with rats each phosphate, 0.16% sodium acetate, 0.011% EDTA,
dose or time point is the result of the mean of at 0.02% heptane sulphonic acid, and 10% methanol,

least seven brain samples, and with mice the mean pH 4.4. For 5-hydroxytryptamine (5-HT) and 5- _
of at least nine brain samples. Normally eight rats hydroxyindoleacetic acid (5-HIAA) the super- w
or 10 mice were used for each time point, natant with isoprenaline as the internal standard

The MDMA and MDEA were synthesized in was filtered and injected directly onto the HPLC.
the Pharmacy Department, University of Otago; The mobile phase was 100 mM phosphate, 0.04%
purity was established by IR spectra, elemental octyl sulphonic acid and 11% acetonitrile, pH 4.
analysis and melting point (MDMA hydrochloride For all methods contents were estimated from

150-153 ° C, MDEA hydrochloride 200-203°C). peak heights and against internal standard, using
Drug was injected J.p. in saline solution, pure samples carried through the extraction pro-

Animals were killed by decapitation; the brains cess as reference standard curves.
were removed, separated into regions by blunt Results were analysed using one-way analysis

dissection, and the tissue samples frozen over dry of variance and are expressed as the mean

ice and stored at -80°C until assayed. Each rat (+S.E.M.) of the treated group expressed as a _
brain was separated into frontal, parietal, occipital percentage of the mean of the control group, w_
andcingulatecortex,hippocampus,striatum,hv-
pothalamus and cerebellum. In some experiments
right and left sides were stored and analysed sep- 3. Results
arately. With mice the brain was dissected into

cortex, hippocampus (sometimes analysed as a 3.1. Single dose of MDMA
combined sample) striatum and cerebellum.

Tissues were analysed for amines and metabo~ A single dose of MDMA (10 or 25 rog/kg i.p.)
lites by reverse phase HPLC with electrochemical into rats caused a large fall 3 h after injection in

detection. The system included a 15 cm (i.d. 4.6 the contents of both 5-HT and 5-HIAA in cortex
mm) column packed with Hypersil ODS 2, 5 ttm samples, a rise in striatal DA accompanied by a
packing, and an ESA Coulochem detector using fall in DOPAC, and a slight fall in NA accompa-
the analytical cell 5010, detector 1 + 0.05 V, and nied by larger falls in DHPG in cerebellum, hip-

detector 2 at +0.35 V. Preweighed tissues were pocampus and hypothalamus. Representative re-
sonicated in 0.2 M perchloric acid with the ap- sults following 25 rog/kg are shown in fig. 1;
propriate internal standard and centrifuged. The other tissues at 25 mg/kg and all tissues at 10
supernatant was used for the analysis of one amine mg/kg showed similar results. In mice the pattern

and metabolite pair only. was similar. The fall in cortical 5-HT was much
Noradrenaline (NA) and dihydroxyphenylgly- less pronounced; the fall in NA appeared to be

col (DHPG) in rat tissues were prepared following larger (fig. 1) than in rats.
the method of Ehrenstrom and Johansson (1985), By 24 h after injection all values had returned
with dihydroxybenzylamine (DHBA) as the inter- to the control range and remained at control levels

nal standard. Samples were incubated with at 3 days after injection. The raised value of

sulphatase to cleave the conjugates and extracted cortical 5-HT 3 days after injection of 25 mg/kg
with alumina. For mouse samples the sulphatase in mice was not seen with 10 mg/kg and is not
step was omitted. The mobile phase used for NA thought to be biologically significant.
and DHPG contained 100 mM phosphate, 0.0115[
EDTA, 0.16% sodium acetate, 0.015% heptane 3.2. Repeated doses of MDMA

sulphonic acid, 2.5% methanol, at pH 6.4. Dopa-
mine (DA) and dihydroxyphenylacetic acid In view of the absence of any permanent effect
(DOPAC) were extracted with alumina with of a single dose of MDMA on brain amine sys- Fig. 1. Comparis(
DHBA as the internal standard and injected onto tems, the treatment was increased by giving three t

......... :........... _2..L2 ..... ;......... _L........ .L_ ................................ "'. .'' _i
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Fig. 2. Comparison between rats and mice of the effects of repeated doses of MDMA (3 doses of 25 mg/kg in 24 h) on brain amine {
and metabolite levels of rat and mouse brain regions. 4

doses of MDMA within a 24 h period, i.e. at but persisting fall in 5-HIAA in cortex/hippo- o so

approximately 12 h intervals, campus and falls in DOPAC and DHPG, but no _

In rats 3 × 25 ag/kg MDMA caused for at changes in the content of the catecholamines i_

least 7 days after the last injection a large and themselves(fig. 2). | 0
prolonged fall in 5 HT and 5 HIAA in all cortical Increasing the dose in mice to 3 x 50 mg/kg

samples but had no significant effect on the DA again produced for up to 14 days a persisting fall Fig.3. Effects,
or NA systems (fig. 2). In mice there was a small in 5-HIAA with a slight but non-significant fall in mg//kg in 2
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)CAMPUS 5-HT, a profound and persisting fall in both DA were analysed 1, 3 and 7 days after injection (table
and DOPAC, but no significant change in NA 1). The results with MDMA were similar to those

(fig. 3). This dose is comparable with that used in shown in fig. 3 though in this experiment the small
--4 rats, with respect to their relative toxicities (Hard- fall in 5-HT and 5-HIAA was statistically signifi-

-4. man et al., 1973). cant. MDEA, while causing a similar small fall in
cortical 5-HT and 5-HIAA, failed to produce the

3.3. Comparison of effects of MDEA with MDMA fall in DA and DOPAC caused by MDMA, but
instead caused a rise in striatal DA and DOPAC.

In a further experiment mice were treated with There was no change in cerebellar NA.
, injections (3 × 50 mg/kg i.p.) of either MDMA or
a MDEA, and the brain amines and metabolites

_g) 4. Discussion

Jq_ MOUSE:CORTEX/HIPPOCAMPUS The results of these experiments are consistent
Is0 with earlier reports in the literature on the effects

of MDMA and other amphetamine analogues on

_ 10oi_ brainaminelevelsintherat, thoughtheremaybe- differences in the sensitivity of different rat strains
to thedrugs.Singledosesof MDMA(fig.1)cause

50 a fall in 5-HT and a rise in DA at 3 h after

.-e- 514T

-.- mi^^ injection (Schmidt et al., 1986; 1987; Schmidt,
t',

0 1987a,b);inourexperimentsin bothratsandmice
, , s l0 is theselevelsrecoveredby24 h afterthe injection,

8 DAYS after MDMA (3x50 mr/kg)
. whereasin the reportedexperiments,rats treated

kg) { MOUSE: STRIATUM with smaller doses (10 or 20 mg/kg) showed levels
_1 Is0 of 5-HTremaininglowat 7 or 14 days after

injection (Commins et al., 1987; Ricaurte et al.,

10o! --- DA 1987). Thus our rats appear to be more resistant
_ --- DOPAC to these long-term effects of MDMA (Logan and

.._ _ _._ Lavertv,1987).In mice,the acuteeffectsof aso _- _----'_i' single dose of MDMA are similar to those in rats,

'_ ' " though the effects of 5-HT appear less dramatic
0 . while the effects of NA are more obvious.Thus
0 s to is even in these acute effectsthere could be species

DAYS after MDMA (3x50 rog/kg)
differences.

' ' The rise in DA contentfollowingan acute
$ MOUSE

_g) Is0 injectionof MDMAsuggeststhat the mechanism

h)onbrainamine of actionof MDMAdiffersfrom that of other
amphetamines. In most species amphetamine does

_ ,0o ___-----_ not cause a large increase in brain DA (Moore

: _. and Lariviere, 1963; Laverty and Sharman, 1965)
cortex/hippo- ° so though increases in DA due to amphetamines
)HPG,but no
_atecholamines _ N^(C.r,_U_..) have been reported in mice (Smith, 1965).NA_ipp4xImpvLs) Amphetamines cause a release of DA (Kuczenski,

o ' 1986) and since the DA metabolite, homovardllic'S 10 15

3 × 50 mg/kg OAYSafterMDMA(3xS0mg/kg) acid, is increased by MDMA (Schmidt et al.,

persisting fall Fig. 3. Effects of repeated large doses of MDMA (3 doses of 50 1986) it is probable that MDMA is also causing
nificant fall in rog/kg in 24 h) on mousebrain aminesand metabolites. DA release (Johnson et al., 1986). Why release



232

TABLE1 MDEA,
Comparisonof effectsof MDMAand MDEA on the contentsof mousebrain regionamines and metabolites.Miceweretreated with caused in rr
three doses of 50 rog/kg of either agent in a 24 h period, and killed at the respectivetimes after the last injection.Results are the 5-HIAA of

mean tissue contents in _g/g (+ S.E.M.)from 10mice. a p < 0.05 b p < 0.01 MDM. A (ia
Cortex/hippocampus Striatum Cerebellum effects in r;
5-HT 5-HIAA DA DOPAC NA 1987;Schrc

0.63+0.04" 0.175-0.01' 10.3_-0.5a 0.885-0.07a 0.235-0.01' _ than one qu
MDMA MDEA MDMA MDEA MDMA MDEA MDMA MDEA MDMA MDEA tOXiCagent

Daysafterinjection appeared to
1 0.51 b 0.49 b 0.16 0.16 9.2 11.7 0.9 1.60 b 0.23 0.24 rats. In mic

_*0.02 +0.02 _0.01 5-0.01 +0.6 _*0.4 _*0.11 _-0.16 _*0.01 _*0.02 rather than
3 0.56 a 0.54b 0.15" 0.15 ' 9.6 9.7 0.82 0.97 0.24 0.25 The effect (

_*0.03 _+0.02 _*0.01 5-0.01 _+1.0 _*0.4 +0.08 5-0.08 -+0.01 _*0.01 is lesspoten7 0.55a 0.55b 0.14b 0.14b 6.3b 12.1a 0.59a 1.00 0.23 0.22
_*0.03 -+0.02 _*0.01 5-0.01 -+0.9 _+0.4 _+03 _+0.07 _*0.01 5-0.02 than MDM

It appea_,
Controlvalue, methylened;

ferent strai:

should be accompanied by such a large increase in pathways are the more susceptible. In mice, valid to ass
stored DA remains to be explained. The fall in chronic amphetamine treatment (Steranka and animals will

DOPAC accompanying increased DA release and Sanders-Bush, 1980) caused a large fall in brain ,.

storage suggests that MDMA may, like other DA with less effect on brain 5-HT, again suggest- [

amphetamines, impair the re-uptake of released lng there may be a species difference in suscep- I Acknowledg,
DA (Moore, 1978). The falls in NA, 5-HT and tibility.
their metabolites following acute MDMA injec- Possible explanations of these species or strain This work ,

tion are consistent with an increased release, differences require elucidation. In rats ampheta- i dation and tht{ Thanks are alst
reduced re-uptake or inhibition of intraneuronal mines are predominantly metabolized by ring · initial synthesL,
monoamine oxidase caused by MDMA, and paral- hydroxylation; in mice (and man) a greater pro-
lei the effects of other amphetamines, portion of unchanged amines and aliphatic

Long-lasting effects on brain amine content deaminated metabolites are excreted (Smith and References
was only seen in our rats after intensive treatment Dring, 1970). Thus the production of neurotoxic
with MDMA given as three doses in a 24 h period metabolites (Commins et al., 1987) from MDMA Commins, D.L

(fig. 2). Using 3 × 25 mg/kg doses, the content of may differ between strains or species; MDMA, C.R. Schus
brain 5-HT and 5-HIAA remained loTM for at least being resistant to ring hydroxylation, may persist histologicalmine (MD_
7 days; this is consistent with earlier reports using longer in an unchanged form in rats. However Pharrnacol.
multiple doses (Stone et al., 1986; 1987; Commins guinea-pigs also metabolize amphetamines pre- Ehrenstrom, F.

et al., 1987; Mokler et al., 1987). This dose regime dominantly by side-chain oxidation, yet MDMA rapid dete
produced falls in metabolite contents in mice, but has a similar neurotoxic profile in guinea-pigs as reverse-pha_
no significant effect on the amines. However, in- in rats (Commms et al., 1987). It is also likely that of l-dopa trbrain struct_
creasing the dose to 3 x 50 mg/kg in mice pro- the neurotoxic effects of amphetamines arise not Greer, G. and

duced a small prolonged fall in 5-HT and 5-HIAA solely from actions on single neurons but may also effects of

(fig. 3, table 1) but marked falls in striatal DA and involve trans-synaptic events. Blockade of DA Drugs 18, 3-

DOPAC. The doses used of 25 mg/kg in rats and synthesis with a-methyl-p-tyrosine or blockade of Hardman, H.F

50 mg/kg in mice represent about half the LDs0s, DA receptors with haloperidol (Schmidt et al., tionship of:toxicity and
respectively (Hardman et al., 1973). Chronic 1985) reduce the toxic effects of methampheta- Toxicol.Ap'
high-dose methamphetamine treatment causes mine on 5-HT systems, as also do inhibitors of Johnson,M.P.,
large falls in 5-HT and lesser falls in DA content DA uptake or release. Hence there are a number of enantiom

in rats (Ricaurte et al., 1980; Schmidt et al., 1985) of possible sites for neurotoxic effects that may [3H]ser°t°n:

suggesting that in the rat the 5-HT-containing differ between strains and species, ratbrainsli,
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MDEA, the N-ethyl analogue of MDMA, also Kuczenski, R., 1986, Dose response for amphetamine-induced

me were treated with ,, caused in mice a small persisting fall in 5-HT and changes in dopamine levels in push-pull perfusates of rat

tion. Results are the 5-HIAA of similar magnitude to that produced by striatum, J. Neurochem. 46, 1605.
Laverty, R. and D.F. Sharman, 1965, Modification by drugs of

MDMA (table 1). This differs from the reported the metabolism of 3,4-dihydroxyphenylethylamine,
helium effects in rats (Stone et a1.,1987; Ricaurte et al., noradrenaline and 5-hydroxytryptamine in the brain, Br. J.

1987; Schmidt, 1987b) in which MDEA is less Pharmacol. 24, 759.

_0.01 a than one quarter as potent as MDMA as a neuro- Logan, B.J. and R. Laverty. 1987, Absence of prolonged neuro-

MA MDEA toxic agent on the 5-HT system. MDEA also toxic effects of MDMA on brain amine metabolism(6th

Int.CatecholamineSymp..Jerusalem,Abstracts)p.59.

appeared to have no effect on the DA system in Mokler, D.J., S.E. Robinson and J.A. Rosecrans, 1987, 3,4-
0.24 rats. In mice MDEA increased DA and DOPAC Methylenedioxymethamphetamine (MDMA) produces

)1 +0.02 rather than the decrease produced by MDMA. long-term reductions in brain 5-hydroxytryptamine in rats,

0.25 : The effect on DOPAC may indicate that MDEA European, J. Pharmacol. 138, 265.
I1 +0.Ol

I is less potent as an inhibitor of monoamine oxidase
Moore, K.E., 1978, Amphetamines; biochemical and behaviou-

0.22 ralactionsin animals,in: HandbookofPsychopharmacol-
Jl +0.02 than MDMA. ogy, Vol. ll, eds. L.L. Iversen, S.D. Iversen and S.H.

It appears then that the neurotoxic effects of Snyder (Plenum, New York,)p. 41.

methylenedioxyamphetamines may differ in dif- Moore, K.E. and E.W. Lariviere, 1963. Effects of D-

ferent strains and species. It is not necessarily amphetamine and restraint on the content of norepineph-
line and dopamine in rat brain, Biochem. Pharmacol. 12,tible. In mice, valid to assume that toxic effects found in some 1283.

(Steranka and animals will also be found in man. Ricaurte,G.A., K.F. Finnegan.D.E. Nichols,L.E. DeLanney,
'ge fall in brain 41 I. Irwin and J.W. Langston, 1987, 3,4-Methylenedioxyethy-
?, again suggest- I lamphetamine (MDE), a novel analogue of MDMA, pro-

_ence in suscep- I Acknowledgements duces long-lasting depletion of serotonin in the rat brain,

European J. Pharmacol. 137. 265.
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