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1 This study investigated whether the immediate and long-term effects of 3,4-methylenedioxy-
methamphetamine (MDMA) on monoamines in mouse brain are due to the parent compound and
the possible contribution of a major reactive metabolite, 3,4-dihydroxymethamphetamine (HHMA),
to these changes. The acute effect of each compound on rectal temperature was also determined.

2 MDMA given i.p. (30mgkg�1, three times at 3-h intervals), but not into the striatum (1, 10 and
100 mg, three times at 3-h intervals), produced a reduction in striatal dopamine content and modest
5-HT reduction 1 h after the last dose. MDMA does not therefore appear to be responsible for the
acute monoamine release that follows its peripheral injection.

3 HHMA does not contribute to the acute MDMA-induced dopamine depletion as the acute central
effects of MDMA and HHMA differed following i.p. injection. Both compounds induced
hyperthermia, confirming that the acute dopamine depletion is not responsible for the temperature
changes.

4 Peripheral administration of MDMA produced dopamine depletion 7 days later. Intrastriatal
MDMA administration only produced a long-term loss of dopamine at much higher concentrations
than those reached after the i.p. dose and therefore bears little relevance to the neurotoxicity. This
indicates that the long-term effect is not attributable to the parent compound. HHMA also appeared not
to be responsible as i.p. administration failed to alter the striatal dopamine concentration 7 days later.

5 HHMA was detected in plasma, but not in brain, following MDMA (i.p.), but it can cross the
blood–brain barrier as it was detected in the brain following its peripheral injection.

6 The fact that the acute changes induced by i.p. or intrastriatal HHMA administration differed
indicates that HHMA is metabolised to other compounds which are responsible for changes observed
after i.p. administration.
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Introduction

3,4-Methylenedioxymethamphetamine (MDMA, ‘ecstasy’) is

widely used as a recreational drug by young people, despite

having been shown to be a potent neurotoxin in the brain of

rodents and non-human primates (Green et al., 2003). MDMA

administration produces two distinct actions in the brains of

rats and mice: acute effects, which are reversible and consist of

a major release of 5-HT and dopamine, and long-term effects

which are persistent and are considered to reflect neurodegen-

erative changes. The long-lasting effects induced by MDMA

are species-specific, in the sense that there are marked

differences between the changes induced in rats and mice.

When MDMA is administered to rats, it produces a

pronounced selective long-term loss of 5-HT nerve terminals

(Sharkey et al., 1991; Hewitt & Green, 1994; Colado et al.,

1997; Sanchez et al., 2001; Schmued, 2003). In contrast, its

administration to mice results in a marked long-term decrease

of dopamine nerve terminals but little or no effect on

5-HT-containing neurones (Stone et al., 1987; Logan et al., 1988;
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O’Callaghan & Miller, 1994; Mann et al., 1997; Colado et al.,

2001; O’Shea et al., 2001).

The acute effects of MDMA in rats appear to be produced

by the action of the parent compound. However, there is good

evidence to suggest that the long-term neurotoxicity results

from the action of a metabolite, since MDMA administration

directly into the brain at a similar or greater concentration

than achieved by a neurotoxic dose given peripherally fails to

induce damage (Esteban et al., 2001). This indicates that

MDMA must be metabolised peripherally in order to produce

compounds that induce free radical formation and neurotoxi-

city in the brain (Esteban et al., 2001).

The identity of the neurotoxic metabolite or metabolites

remains uncertain despite considerable research (see O’Shea

et al., 2002; Green et al., 2003). Two major pathways seem

to be involved in MDMA metabolism in humans and

rats, O-demethylenation and N-demethylation (Figure 1).

O-Demethylenation is catalysed by the cytochrome P450

mono-oxygenase system and leads to the formation of 3,4-

dihydroxymethamphetamine (HHMA), an unstable reactive

catechol derivative in both humans (Segura et al., 2001) and

rats (Lim & Foltz, 1988; Cho et al., 1990; Tucker et al., 1994).

The N-demethylation pathway gives rise to 3,4-methylene-

dioxyamphetamine (MDA), which is a more potent serotonin

neurotoxin than MDMA in rat brain. MDA is then further

metabolised to compounds that are structurally similar to

those formed by the O-demethylenation pathway of MDMA

(Figure 1).

Since HHMA is an unstable, reactive compound (Segura

et al., 2001), it seemed possible that it is either neurotoxic or a

precursor of other neurotoxic metabolites in both rodents and

humans.
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Figure 1 Postulated pathways of MDMA metabolism (adapted from Green et al., 2003). Only structures considered in this paper
are shown. MDMA: 3,4-methylenedioxymethamphetamine; HHMA: 3,4-dihydroxymethamphetamine; MDA: 3,4-methylenedioxy-
amphetamine; HMMA: 4-hydroxy-3-methoxymethamphetamine; HMA: 4-hydroxy-3-methoxyamphetamine.
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In spite of the metabolism of MDMA in rats and humans

being rather well documented, studies on the metabolic

pathways of MDMA in mice are scarce, and to our knowledge

there has been no study focused on determining whether either

the acute or long-lasting changes in cerebral monoamine

content following peripheral administration of MDMA are

due to MDMA or a metabolite. This is particularly important

given the fact that the neurotoxic action of MDMA appears to

be different in mice to all other species examined, including

rats (Sanchez et al., 2001; Schmued, 2003), guinea-pigs (Saadat

et al., 2004) and possibly humans (McCann et al., 1998;

Reneman et al., 2001; Buchert et al., 2003; Thomasius et al.,

2003). We have, therefore, examined both the acute and long-

term effects of MDMA on dopamine and 5-HT concentrations

when injected either peripherally (i.p.) or into the striatum, and

also examined the consequences of administering the major

metabolite HHMA when given by either of these two routes.

The acute effect of each compound on rectal temperature

was also determined because MDMA administration produces

an acute hyperthermic effect in both rats and mice (Colado

et al., 2001; Camarero et al., 2002; Orio et al., 2004), and while

this action appears to be primarily due to cerebral dopamine

release in the rat (Mechan et al., 2002) the mechanisms

involved have never been examined in the mouse.

Methods

All experimental procedures were performed in accordance

with the guidelines of the Animal Welfare Committee of the

Universidad Complutense (following DC86/609/EU).

Animals, drug administration and experimental protocol

Adult male C57BL/6J mice (Harlan Iberica, Barcelona, Spain)

weighing 25–30 g were used. They were housed in groups of 10,

in conditions of constant temperature (21721C) and a 12 h

light/dark cycle (lights on at 07:00 h) and given free access to

food and water.

The following drugs were used: (7) MDMA HCl (Ultrafine

Chemicals Ltd, Manchester, U.K.) and (7) HHMA (Pizarro

et al., 2002a). Mice were injected with MDMA or HHMA

either intrastriatally (1, 10 and 100mg) or i.p. (30mg kg�1) at

3 h intervals for a total of three injections. Animals were killed

1 h (acute effect) or 7 days (long-term effect) after the last dose.

The i.p. dose and the time course for killing the animals were

based on previous studies where it was shown that MDMA

induces acute and long-term changes in brain monoamine

content at these times (O’Shea et al., 2001; Camarero et al.,

2002). The same dose of HHMA was chosen since this is the

maximum amount of HHMA that could be formed from

MDMA. MDMA and HHMA were dissolved in 0.9% wv�1

NaCl (saline) and injected i.p. in a volume of 10ml kg�1. When

administered into the striatum, both MDMA and HHMA

were dissolved in phosphate buffer saline (PBS). HHMA was

provided dissolved in ethanol. An aliquot of this was

evaporated to dryness under nitrogen and reconstituted in

PBS. Control animals were injected with saline (i.p.) or PBS

(intrastriatal). Doses are always quoted in terms of the base.

Measurement of rectal temperature

Temperature was measured using a digital readout thermo-

couple (Type K thermometer, Portec, U.K.) with a resolution

of 70.11C and accuracy of 70.21C, which was attached to a

CAC-005 Rodent Sensor inserted 2 cm into the rectum of the

mouse, the animal being lightly restrained by holding in the

hand. A steady readout was obtained within 10 s of probe

insertion.

Implantation of a guide cannula in the striatum

Four days before the experiment, mice were anaesthetised

with pentobarbitone (Euta-Lender, 40mg kg�1) and secured in

a Kopf stereotaxic frame with the tooth bar at 3.3mm below

the interaural zero. A guide cannula was implanted in the right

side of the brain according to the following co-ordinates:

þ 0.7mm from the interaural line, �2.0mm lateral to the

midline and �2.3mm below the skull for the striatum (König

& Klippel, 1963). The cannula was secured to the skull as

described by Baldwin et al. (1994). On the day of the

experiment, a 28G injector (Plastics One, U.S.A.) was inserted

into the guide cannulae such that the tip of the injector

protruded 1mm from the end of the guide cannula.

Measurement of monoamines and their metabolites
in cerebral tissue

Mice were killed by cervical dislocation and decapitation,

the brains rapidly removed, and cortex, hippocampus and

striatum dissected out on ice. Tissue was homogenised and

5-HT, 5-hydroxyindoleacetic acid (5-HIAA), dopamine,

homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid

(DOPAC) measured by HPLC. Dopamine and metabolite

concentrations were only determined in the striatum. Briefly,

the mobile phase consisted of KH2PO4 (0.05M), octanesul-

phonic acid (0.16mM), EDTA (0.1mM) and methanol (16%),

and was adjusted to pH 3 with phosphoric acid, filtered and

degassed. The flow rate was 1mlmin�1 and the working

electrode potential was set at þ 0.4V.

The HPLC system consisted of a pump (Waters 510) linked

to an automatic sample injector (Loop 200ml, Waters 717 plus

Autosampler), a stainless steel reversed-phase column (Spher-

isorb ODS2, 5 mm, 150� 4.6mm2) fitted with a precolumn,

and a coulometric detector (Coulochem II, Esa, U.S.A.). The

current produced was monitored by using an integration

software package (Unipoint, Gilson).

Measurement of MDMA and HHMA in plasma
and striatum

Plasma samples (100ml) and striatal homogenate samples

(200ml) were analysed using gas chromatography-mass spec-

trometry (GC-MS) and HPLC with electrochemical detection.

MDMA, MDA, HHMA, HMMA and HMA concentrations

in plasma and striatal homogenate samples were determined

following a previously described method based on an

enzymatic hydrolysis of samples and a solid–liquid extraction

with Bond Elut Certifys columns and analysis using GC-MS

(Pizarro et al., 2002b).

The presence of HHMA in plasma and striatal homogenate

was determined by using a standardised previously published
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method (Segura et al., 2001). An acidic hydrolysis was

performed before a solid–liquid extraction using strong cation

exchange (SCXs) columns followed by HPLC with electro-

chemical detection.

Statistics

Data from the monoamine studies were analysed using an

unpaired Student’s t-test and a one-way ANOVA, followed by

the Tukey multiple comparison test when a significant F-value

was obtained. Statistical analyses of the temperature measure-

ments were performed using the statistical computer package

BMDP/386 Dynamic (BMDP Statistical Solutions, Cork,

Eire). Data were analysed by analysis of variance (ANOVA)

with repeated measures (program 2V) or, where missing values

occurred, an unbalanced repeated-measure model (program

5V) was used. Both used treatment as the between-subjects

factor and time as the repeated measure. ANOVA were

performed on both pre- and post-treatment data.

Results

Acute effect of MDMA on dopamine and 5-HT content
after i.p. or intrastriatal administration

Administration of MDMA (30mgkg�1 i.p.) three times, every

3 h, produced an acute reduction of dopamine (Figure 2a) and

DOPAC (Figure 2b) content and an increase in the HVA

(Figure 2b) concentration in the striatum 1h after the final

injection. There was also a modest reduction in 5-HT levels in

the hippocampus and cortex (Figure 2c), but the 5-HIAA

concentration was unaltered (data not shown).

In contrast, intrastriatal administration of MDMA (1, 10

and 100 mg) three times, every 3 h, produced no change in

either the striatal dopamine (Figure 2d) or 5-HT content of the

striatum (Figure 2f), hippocampus or cortex (data not shown)

in either the ipsi- or contralateral side to the injection. This

lack of effect was also observed on the brain concentration of

5-HIAA and HVA (data not shown), the only change seen

being a decrease in DOPAC (Figure 2e) content in the ipsi- and

contralateral striatum 1h after the last administration of

100 mg MDMA.

Long-term effect of MDMA on dopamine and 5-HT
content after i.p. or intrastriatal administration

Administration of MDMA (30mgkg�1 i.p.) three times, every

3 h, produced a long-term depletion of striatal concentration of

dopamine (Figure 3a), DOPAC and HVA (Figure 3b). There

was no change in 5-HT (Figure 3c) or 5-HIAA (data not

shown) concentration in any of the areas studied.

Intrastriatal administration of MDMA (1, 10 and 100 mg)
three times, every 3 h, produced no long-term effects in the

5-HT content in the striatum (Figure 3f), hippocampus or cortex

(data not shown) in either the ipsi- or contralateral side to the

injection. A lack of effect was also observed in the brain

concentrations of 5-HIAA (data not shown), DOPAC

(Figure 3e) and HVA (data not shown). The dopamine

concentration was only reduced in the ipsilateral striatum 7

days after administration of the highest dose of MDMA

(100mg) (Figure 3d).

Acute effect of HHMA on dopamine and 5-HT content
after i.p. or intrastriatal administration

Intraperitoneal administration of HHMA (30mgkg�1) three

times, every 3 h, produced no change in the striatal concentra-

tion of dopamine (Figure 4a) and DOPAC (Figure 4b) 1 h

after the final dose, but did produce a rise in the content of

HVA (Figure 4b). In addition, there was an increase in the

content of 5-HT (Figure 4c) and 5-HIAA (data not shown) in

both hippocampus and striatum.

In contrast, intrastriatal administration of HHMA (1, 10

and 100 mg) three times, every 3 h, resulted in a dose-dependent

reduction in the striatal concentration of dopamine (Figure 4d)

and its metabolites, DOPAC (Figure 4e) and HVA (data not

shown). HHMA also decreased the 5-HT content in the

striatum (Figure 4f) and cortex (data not shown) at the highest

doses, but did not alter the 5-HIAA concentration in any of

the regions examined (data not shown).

Long-term effect of HHMA after i.p. or intrastriatal
administration

Intraperitoneal administration of HHMA (30mgkg�1) three

times, every 3 h, produced no change in the striatal content of

dopamine (Figure 5a) or its metabolites (Figure 5b). The

concentration of 5-HT (Figure 5c) and 5-HIAA (data not

shown) in the striatum, hippocampus and cortex was also

unchanged. However, when HHMA was injected into the

striatum, it caused a reduction in dopamine (Figure 5d) and

DOPAC (Figure 5e) concentration at the highest dose tested.

Neither the striatal concentration of HVA (data not shown)

nor the indole content of the striatum (Figure 5f), hippocam-

pus and cortex (data not shown) were modified.

Effect of MDMA and HHMA on rectal temperature

Peripheral MDMA administration produced a modest hyper-

thermic response after the first dose, the effect being more

pronounced after the second and third injections (Figure 6a).

In contrast, MDMA administration into the striatum did not

cause any change in rectal temperature (Figure 6b).

HHMA also produced hyperthermia after i.p. administra-

tion, the effect being more pronounced after the first dose

(Figure 6c). No effect was observed when the compound was

given intrastriatally (Figure 6d).

Plasma and striatal concentrations of MDMA
and metabolites following i.p. injection of MDMA
and HHMA

Mice were injected three times every 3 h with MDMA or

HHMA and blood collected 60min after the last injection for

measurement of MDMA, HHMA, HMMA, MDA and HMA.

After i.p. injection of MDMA, the plasma levels of the

parent compound were 450% higher than MDA and 1900%

higher than those of HMMA. The levels of HHMA and HMA

were very similar and represent 1 and 5% of MDMA and

MDA, respectively (Figure 7a). In the striatum, only MDMA

and MDA were detected, the levels of MDMA being 940%

higher than those of MDA (Figure 7b).

After i.p. injection of HHMA, the plasma levels of the

parent compound were approximately half those of HMMA.
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HMA was also detected but levels were only a small

proportion of HMMA (Figure 7c). In the striatum, both

HHMA and HMMA were detected, the levels of the former

being substantially higher than the latter (Figure 7d).

Discussion

Acute and long-term effects of MDMA

This study is the first to suggest that the rapid release in

dopamine and 5-HT, which has been found to occur in several

areas of the mouse brain following the peripheral administra-

tion of MDMA (O’Shea et al., 2001; Camarero et al., 2002),

may not to be due to the parent compound. No effect on either

dopamine or 5-HT content was seen when MDMA was

injected directly into the striatum, even at a high concentra-

tion. This lack of effect contrasts strongly with the action of

MDMA in rat brain since its effects on monoamine release

were qualitatively similar after both i.p. and intrahippocampal

administration (Esteban et al., 2001; Mechan et al., 2002).

Thus, when MDMA was given to rats by the intraperitoneal

route, there is an increase in 5-HT release (Mechan et al., 2002)
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and, similarly, when given directly through a microdialysis

probe, an increase in the extracellular content of 5-HT was

observed (Esteban et al., 2001). In mice, i.p. MDMA produced

an acute increase in extracellular dopamine (Camarero et al.,

2002), which is presumably reflected by a reduction in tissue

dopamine content (this paper); however, when given into the

striatum, the tissue content of dopamine 1 h after the last

MDMA injection was unaltered. These results appear to

reflect a lack of effect on dopamine release, but further

microdialysis studies should allow us to determine if short-

lived release of dopamine is occurring after each of the three

MDMA administrations.

Our study indicates that the long-term effects on brain

monoamine concentrations observed in mice after repeated

administration of MDMA are also unlikely to be due to the

parent compound. This conclusion is based on the observation
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that the long-lasting depletion in the striatal dopamine

concentration induced by repeated i.p. administration was

not observed when the drug was injected into the striatum at a

dose which produced a striatal MDMA concentration much

higher than that reached after repeated i.p. administration of

MDMA at 30mgkg�1. The striatal concentration of MDMA

1h after the last i.p. administration is 0.057 mgmg�1 tissue.

Since the striatum weighs approximately 15mg (and assuming

that there is no distribution of the drug), the intrastriatal dose

regimens of 3, 30 and 300mg would have produced MDMA

concentrations of, respectively, 0.2, 2 and 20 mgmg�1 tissue,

concentrations that are 3.5, 35 and 350 times higher than that

induced by an i.p. neurotoxic dose of MDMA. At 7 days after

this dose regime, only the highest dose produced a small

decrease in the striatal dopamine concentration, and this dose

is much higher than that following i.p. administration. These

results are similar to those previously observed in rats when it

was also shown that the long-term loss of 5-HT nerve
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terminals induced by MDMA in the rat brain was not due to

the original compound (Esteban et al., 2001), and indicate that

in both species MDMA must be transformed peripherally to a

metabolic compound which then crosses the blood–brain

barrier and produces the neurotoxic damage.

Acute and long-term effects of HHMA

In an attempt to identify this neurotoxic metabolite, we

examined the effects of injecting HHMA, a reactive metabolite

formed by O-demethylenation. However, it appears unlikely

that this compound is responsible for either the immediate or

the long-term effects on brain monoamines in mice. Firstly, the

i.p. administration of MDMA did not give rise to detectable

levels of HHMA in the striatum 1h after the last MDMA

dose. However, since the compound is very reactive, but short

lived (Segura et al., 2001), this observation does not preclude it

having a crucial role in producing neurotoxic damage.

Secondly, and significantly, the acute effects of MDMA and

HHMA were different when the compounds were given i.p.

Thus, 1 h after the last i.p. injection of HHMA, there was an

increase in the striatal HVA content and indole concentration

in the striatum and hippocampus, while the immediate effects

produced by repeated MDMA injection consisted of a marked

depletion of dopamine and DOPAC concentration in the

striatum and a reduction in 5-HT content in hippocampus and

cortex. The long-term effects of MDMA and HHMA also

differed. HHMA given i.p. did not produce any change in the

striatal dopamine concentration 7 days later, while MDMA

produced substantial dopamine loss. There is some evidence in
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rats that this compound may also not be neurotoxic in that

species (Johnson et al., 1992).

HHMA is formed in the periphery after MDMA adminis-

tration, but the plasma concentrations are very low, possibly

due to its rapid transformation to HMMA since plasma levels

of HMMA are substantially higher than those of HHMA.

Nevertheless, neither of these metabolites reached detectable

levels in brain after i.p. administration of MDMA. Interest-

ingly, HHMA does produce a long-lasting depletion of

dopamine and DOPAC, but only when injected directly into

the striatum at the highest tested concentration (300 mg total

dose).

The immediate effects induced by HHMA also differed

depending on the route of administration. After i.p. injection,

HHMA produced no change in striatal dopamine concentra-

tion 1 h later, but it increased striatal and hippocampal 5-HT

levels. However, when injected into the striatum, it caused an

immediate, dose-dependent depletion of both striatal dopa-

mine and 5-HT. Although HHMA is a highly polar

compound, it crossed the blood–brain barrier and appeared

in striatal tissue 1 h after the final injection. The fact that the

acute changes induced by i.p. or intrastriatal HHMA

administration are different indicates that HHMA when given

peripherally is metabolised to another compound which may

be responsible for both the acute changes in 5-HT and

dopamine concentrations and probably for the changes in

body temperature. The main metabolic pathway of HHMA in

the periphery is O-methylation to form HMMA, whose levels

exceeded 125% those of the parent compound 1 h after last

HHMA i.p. injection. A similar observation has been made in

rats, where HHMA appears to be totally converted to HMMA

(Lim & Foltz, 1988). However, HMMA does not cross the

blood–brain barrier as readily as HHMA, since the amount of

this compound present in the striatum after HHMA i.p.

administration is only 4% of HHMA.

Our data also reveal that a main metabolic pathway of

MDMA in mice seems to be demethylation to form MDA, not

demethylenation to form HHMA. After i.p. MDMA admin-

istration, the levels of MDA are 200% higher than those of

HHMAþHMMA. As MDA crosses the blood–brain barrier,

further studies are required to study the involvement of MDA

in the acute and long-term changes induced byMDMA in mice.

Effect of MDMA and HHMA on rectal temperature

Both MDMA and HHMA induced a hyperthermic response

immediately after each of the three doses. This effect was not

observed when the drugs were given into the brain, which

might indicate that the rise in rectal temperature is not due to

the parent (original) compound. However, this may not be so,

since MDMA and HHMA were administered into the striatum

and, therefore, were unlikely to diffuse to the preoptic region

of the hypothalamus, which is the major site of thermoregula-

tion (Kluger, 1991) to cause hyperthermia. It is worthwhile

mentioning that peripheral MDMA administration induces the

activation of the hypothalamic axis reflected by increased c-fos

expression in the supraoptic and median preoptic nucleus of

the hypothalamus (Stephenson et al., 1999).

In rats, it has been proposed that the hyperthermia induced

by MDMA could be due to the massive and acute dopamine

release and subsequent activation of D1 receptors (Mechan

et al., 2002). In mice, MDMA also induces an increase in

dopamine release, but this change appears to be unconnected to

the acute hyperthermia since pretreatment with the dopamine

transporter blocker, GBR12909, enhanced the MDMA-in-

duced extracellular dopamine concentration but did not alter

the hyperthermic response (Camarero et al., 2002). In addition,

HHMA also increased rectal temperature but did not alter

brain dopamine concentration. These data indicate that

MDMA induces an increase in the rectal temperature of the

rats and mice through different mechanisms.

To our knowledge, mice do not provide a good model of the

probable human neurotoxicity induced by MDMA as the

primary mouse toxicity involves dopamine not 5-HT deple-

tion. Therefore, this study of HHMA does not have any direct

implications for our understanding of human MDMA

neurotoxicity. However, they contribute to a greater under-

standing of why neurones are affected differently by the same

amphetamines in different species.
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