
The clinical utility of amphetamine and amphet-
amine analogues has been jeopardized by a number 
of side effects and toxicity, partly due to complex 
mechanisms of action. While some of the analogues 
have been individually characterised, there is still 
need for comparative studies, in particular, on their 
efficacy to release dopamine and 5-hydroxytryp-
tamine, further enlightening some of the synaptic 
mechanisms conveying their actions. Thus, we have 
compared four alkoxyamphetamine derivatives, i.e., 
p-methoxyamphetamine; p-methoxymethamphet-
amine; methylenedioxyamphetamine, methylene-
dioxymethamphetamine, using methamphetamine, 
and D-amphetamine, as reference substances, on 
rotational behaviour and releasing mechanisms 
studied with in vivo microdialysis in rats.
   All alkoxylated-derivatives produced a long-last-
ing rotational behaviour at 10 mg/kg s.c., but the 
reference substances produced a strong rotation 
already at 2 mg/kg s.c. in 6-hydroxydopamine-
lesioned rats. At the concentration of 100 µM, the 
alkoxylated-derivatives were equipotent to evoke 
dopamine and 5-hydroxytryptamine release in rat 
neostriatum, while D-amphetamine and metham-
phetamine were more efficient on dopamine release. 
Pre-treatment with methamphetamine or the alkox-
ylated-derivatives produced a remarkable decrease 
of the effect of K+-depolarisation on both dopamine 
and 5-hydroxytryptamine release.
   The insertion of a methoxy or a methylenedioxy 
group on the benzene ring of D-amphetamine or 
methamphetamine, or N-methylation of the D-
amphetamine molecule alters the selectivity of the 
compounds. The efficacy of the alkoxylated-deriva-
tives on dopamine and 5-hydroxytryptamine release 
was similar, but stimulated less dopamine release 

and produced less rotational behaviour than D-
amphetamine and methamphetamine. The lower 
efficacy of K+-depolarisation following pre-treat-
ments with the derivatives suggests an impairment 
of releasable monoamine stores. The present obser-
vations can enlighten the mechanisms of action of 
drugs showing a high risk for abuse among young 
populations. 
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INTRODUCTION

Since they were rediscovered in the 1960s and 1970s 
and classified as "designer drugs", several alkoxy-
amphetamine derivatives have been widely used for 
recreational purposes (Buchanan and Brown, 1988), 
expanding gradually to an illicit market, and becoming 
today the most popular substances of abuse among the 
young population, principally associated with "techno" 
parties and the "rave" culture (see Green et al., 2003).
   These alkoxylated-derivatives include methylene-
dioxymethamphetamine (MDMA), popularly known 
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and sold as "Ecstasy"; methylenedioxyamphetamine 
(MDA); p-methoxyamphetamine (PMA); and p-
methoxymethamphetamine (PMMA), among others 
(see FIG. 1 for structures). With some differences in 
their action profile, all of them produce psychomotor 
stimulation, but also may exhibit some hallucinogenic 
properties (Kalant, 2001). For instance MDA and PMA 
are considered to be mainly hallucinogenic, while 
MDMA and PMMA have been classified as entacto-
gens (Nichols, 1986). 
   Methamphetamine (METH) itself and other deriva-
tives, such as PMA and PMMA, show greater toxicity 
than MDMA, the most popular and widely used amphet-
amine analogue (Kleven and Seiden, 1992). However, 
due to incomplete/faulty synthesis some more toxic 
derivatives may be present as impurities in the ecstasy 
tablets, and other compounds and/or mixtures may be 
sold as ecstasy (Byard et al., 1998; Pentney, 2001). For 
this reason, reports on fatalities due to the ingestion of 
ecstasy tablets that have occurred in the USA, Australia 
and Europe (Felgate et al., 1998; de la Torre et al., 
1999; Kraner et al., 2001), must consider the possibil-
ity that the tablets might have been contaminated with 
PMA and/or PMMA (see Kraner et al., 2001; Martin, 
2001; Johansen et al., 2003) or other substances, 
revealing the real risk of these illegal amphetamines 
associated with the absolute lack of quality control 
stemming from their illicit nature.
   While the drugs, to some extent, have been charac-
terised individually, we have considered it interesting 
to compare them regarding neurotransmitter release 
and rotational behaviour, enlightening on the synaptic 
mechanisms conveying the action of these drugs. In 
particular, it was interesting to investigate them on their 
efficacy to release dopamine (DA) and 5-hydroxytryp-
tamine (5-HT) and on a behaviour supposed to be elic-
ited in the basal ganglia. Therefore, we investigated the 
drugs with two experimental models in rats: (i) in vivo 
microdialysis (Ungerstedt et al., 1982), and (ii) rota-
tional behaviour in unilaterally 6-hydroxydopamine (6-
OHDA) -lesioned animals (Ungerstedt and Arbuthnott, 
1970; Herrera-Marschitz and Ungerstedt, 1984a,b). 

MATERIALS AND METHODS

6-OHDA Lesion
Male Wistar-UChA rats, weighing 150-170 g, were 
anaesthetised with a mixture of air and isoflurane 
and placed in a Kopf stereotaxic frame with the skull 
oriented according to the atlas of Paxinos and Watson 
(1982). Similarly to the original description (Herrera-
Marschitz and Ungerstedt, 1984a,b), and using a 10 µl 
Hamilton syringe, 4 µl of 2 µg/ µl of 6-OHDA in sterile 

0.9% NaCl solution containing 0.2 mg/ml ascorbate 
were injected into the ventral tegmental area contain-
ing the bundle of axons leaving the mesencephalic 
DA cell bodies (Ungerstedt, 1971), according to the 
following coordinates: A -4.4, L -1.3, V -7.8 (Paxinos 
and Watson, 1982). In all cases, the skin was puffed 
with a lidocaine solution (Xylocaine, 10 mg/ml; Astra, 
Södertälje, Sweden) before any surgery wound.
   After recovery from anaesthesia the rats were 
transferred to a local animal department for housing, 
remaining in Plexiglass cases with food and water ad 
libitum, under a controlled temperature (21ºC) and with 
a 12:12 h light:dark cycle.

Rotational Behaviour
Two weeks after producing the lesion, the rats were 
transferred to the laboratory and placed in rotometers 
equipped with an integration system (Multicounter® 
model LE3806 by Letica Sci. Instruments), where 
turns to the left or to the right were recorded at 10 
min intervals for a total period of at least 300 min. 
The device also estimated stereotypes, by counting 
un-biased motor activity, which was further manu-
ally recorded. After a stabilisation period of 20 min, 
the rotational behaviour was evoked by administer-
ing the dopaminergic receptor agonist apomorphine 
at a dose of 0.05 mg/kg s.c (Herrera-Marschitz and 
Ungerstedt, 1984a,b). Only rats showing contralat-
eral rotation (at least a maximum of 10 turns/min) 
following the apomorphine challenge were used for 
further evaluations with D-amphetamine (D-AMPH), 
METH, and the (±)-methoxy (PMA, PMMA) or 
(±)-methylenedioxy (MDA, MDMA) derivatives, 
allowing at least two week of wash-out between 
doses. The rats were kept in the housing station 
before and after pharmacological treatments. 
   At the end of the experiments, the effect of the lesion 
was evaluated by implanting two microdialysis probes 
(see below), one into the left-deafferented neostriatum 
and the other into the right neostriatum. In the left neo-
striatum, DA, dihydroxyphenylacetic acid (DOPAC) 
and homovanillic acid (HVA) basal levels decreased 
by ~60%, ~90% and ~95%, respectively, compared 
to that observed in the right neostriatum. 5-HT and 5-
hydroxyindoleacetic acid (5-HIAA) basal levels were, 
however, similar in both hemispheres (see Table I).

In vivo Microdialysis
Naïve or 6-OHDA-lesioned male Wistar-UChA rats, 
weighing 300-350 g, were anaesthetised with a mixture 
of air and isoflurane, and placed in a Kopf stereotaxic 
frame. The rats were maintained under anaesthesia 
throughout the experiment by allowing them to breathe 
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freely into a mask fitted over the nose (1.5-2.0% of 
isoflurane at an airflow rate of 1.5 l/min). Two CMA 
12 microdialysis probes (dialysis membrane length, 
4 mm; diameter, 0.5 mm; CMA/Microdialysis AB, 
Stockholm, Sweden) were implanted vertically into the 
right and left lateral neostriata with the following coor-
dinates: A 0.7, L ± 3.5, V -7.2 (Paxinos and Watson, 
1982) at a 90 degree angle from the coronal plane. 
   The microdialysis probes were perfused with a 
Ringer solution at a flow rate of 2 µl/min with a CMA 
100 microinjection pump (CMA/Microdialysis AB), 
collecting 30 min samples with a CMA 140 microfrac-
tion collector (CMA/Microdialysis AB). At 180 min 
after implantation of the microdialysis probes, the 
drugs were administered locally into the neostriatum 
via one of the microdialysis probes for 30 min (D-
AMPH, METH or their alkoxylated derivatives, diluted 
in the Ringer solution at 100 µM) (180-210 min). At 
the end of the experiment a 30 min depolarising pulse 
of K+ was given by adding 100 mM KCl to the perfu-
sion medium (270-300 min after the beginning of the 
microdialysis experiment) through the corresponding 
microdialysis probe. In other experimental series, K+-
depolarisation was induced without any pre-treatment, 
but always added at the period 270-300 min. Changes 
in the perfusion medium were made with a CMA 111 
syringe selector (CMA/Microdialysis AB). Body tem-
perature was maintained at 37ºC by using a CMA 150 
temperature control system (CMA/Microdialysis AB). 
Breathing, heart rate and motility were permanently 
recorded. Dialysates were collected every 30 min (60 
µl) and assayed for DA, 5-HT and monoamine metabo-
lites as described below.

Determination of Monoamines
DA and 5-HT and their metabolites (DOPAC, HVA, 
and 5-HIAA) were assayed by high-performance liquid 
chromatography (HPLC) coupled to electrochemical 
detection as previously described (Herrera-Marschitz 
et al., 1996; Bustamante et al., 2002), using a CMA 
250 liquid chromatography pump (CMA/Microdialysis 
AB), a CMA 200 autoinjector (CMA/Microdialysis 
AB), a synergy 4-Hydro-RP column (Phenomenex, 
Torrance, CA), a carbon electrode held at 700 mV 
and a LC-4C amperometric detector (BAS, Tokyo). 
Quantification of the substances was achieved by 
comparison with standard solutions prepared freshly, 
and integration performed with a PC equipped with 
an ad hoc analogue-digital card and CSW® software 
(Pronexus, Stockholm). The detection limit was 0.2 
nM for DA, DOPAC and 5-HIAA, and 1 nM for HVA. 
Microdialysis probes showed an in vitro recovery of 
~15% for each substance.

Drugs and Drug Treatment
The (±)-p-methoxy (PMA, PMMA) and (±)-methylene-
dioxy (MDA, MDMA) derivatives were synthesised by 
standard procedures as follows: PMA was prepared by 
lithium aluminium hydride reduction of 1-(4-methoxy-
phenyl)-2-nitropropene; PMA was converted to its 
N-ethoxycarbonyl derivative by reaction with ethyl 
chloroformate, and the resulting amide was reduced 
to PMMA with lithium aluminium hydride. MDA was 
prepared by reduction of 1-(3,4-methylenedioxyphe-
nyl)-2-nitropropene with lithium aluminium hydride, 
and MDMA was prepared by reductive amination 
of 1-(3,4-methylenedioxyphenyl)-2-propanone with 
methylamine and aluminium amalgam. Finally, the 
compounds were converted into their hydrochlorides to 
allow easy dissolution in saline solutions. METH HCl 
and D-AMPH sulphate (Sigma-Aldrich, St. Louis, MO) 
were used as reference substances. Standard substances 
for the analytical determinations (DA, DOPAC, HVA, 
5-HT and 5-HIAA), and 6-OHDA HCl, and apomor-
phine HCl were purchased from Sigma-Aldrich.
   For rotational behaviour studies, drugs were dis-
solved in 0.9% NaCl solution and administered sub-
cutaneously (s.c.) in a volume of 1 ml/kg at the neck 
level after 20 min habituation in a rotometer. The 
drugs were administered in the following doses: apo-
morphine, 0.05 mg/kg s.c. (0.19 µmol/kg); D-AMPH, 
METH, para-methoxy- and methylenedioxy-amphet-
amine derivatives, 2 and 10 mg/kg s.c. (14.8 and 
74 µmol/kg for D-AMPH; 13.4 and 67 µmol/kg for 
METH; 12.1 and 61 µmol/kg for PMA; 11.2 and 56 
µmol/kg for PMMA; 11.2 and 56 µmol/kg for MDA 
and 10.4 and 52 µmol/kg for MDMA). For the microdi-
alysis experiments, the drugs were dissolved in pH~7.0 
Ringer solution to achieve a 100 µM concentration and 
perfused for 30 min after a 3 h stabilisation period as 
previously reported (Bustamante et al., 2002). 

Statistics
The rotational behaviour is expressed as the means ± 
the standard error of the means (SEM) of the number of 
turns/10 min during a total period of at least 180 min. 
In the microdialysis model, the levels of the assayed 
substances are expressed as the concentration found 
in the perfusates (means ± SEM). Basal values refer 
to the values obtained before drug (150-180 min) or 
before 100 mM KCl (240-270 min) administration, and 
set as 100%. 
   The effects of individual experimental interventions 
were analysed with F-ANOVA with replication fol-
lowed by a post hoc test (Tukey's) when required. A 
level of p <0.05 for the one-tailed test was considered 
to be statistically significant.
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   The protocols were approved by a Local Ethics 
Committee for Experimentation with Laboratory 
Animals at the Faculty level and by an ad hoc 
commission of the Chilean Council for Science and 
Technology Research (CONICYT), in accordance with 
the European Communities Council Directive of 24 
November (86/609/EEC).

RESULTS

The Alkoxyamphetamine Derivatives
Figure 1 shows the chemical structures of the stud-
ied alkoxylated derivatives PMA, PMMA, MDA and 
MDMA, including D-AMPH and METH. PMA and 
PMMA are the para-methoxy derivatives of AMPH and 
METH, respectively. MDA and MDMA are the corre-
sponding 3,4-methylenedioxy derivatives. 

Behavioural Evaluation of Lesioned Rats
In the selected rats, D-AMPH (2 and 10 mg/kg, s.c.) 
produced ipsilateral rotation, with a maximum rate 
of ~50 turns/10 min, lasting ~150 min after 2 mg/kg, 
s.c. and ~100 turns/10 min after 10 mg/kg, s.c., lasting 
>200 min (see FIG. 2A). METH (2 and 10 mg/kg, s.c.) 
produced a strong ipsilateral rotation, with a maximum 
rate of ~130 turns/10 min; lasting >200 min after 2 
mg/kg, s.c. and ~130 turns/10 min; lasting >240 min 
after 10 mg/kg, s.c. (see FIG. 2B; Table II). 
   At 2 mg/kg s.c., the AMPH (PMA and MDA) and 
METH (PMMA and MDMA) derivatives produced a 
very short-lasting, low-intensity ipsilateral rotation, 
followed by hypokinesia, exophthalmus, decreased 
exploratory activity, rigidity of the anterior limbs and 
resistance to handling by the experimenters. At 10 mg/
kg, s.c., however, all compounds elicited long-lasting 
ipsilateral rotation. The strongest effect was elicited by 
the (±)-methylenedioxy derivatives MDA and MDMA, 
and the weakest by the (±)-p-methoxy derivatives PMA 

and PMMA, considering each analysed parameter 
(FIGs. 2C-2F; Table II).

In vivo Microdialysis
FIG. 3 shows the time course of DA and 5-HT levels 
assayed by in vivo microdialysis. Each profile com-
prises: (i) the first six fractions (0-180 min), perfused 
with Ringer solution only; (ii) the seventh fraction 
(180-210 min) with drug (100 µM) in Ringer solution; 
(iii) two further fractions (210-270 min) with Ringer 
solution only. The effect of K+-depolarisation induced 
by including 100 mM KCl into the Ringer solution 
(270-300 min) is shown in Table IV, compared to the 
corresponding control estimated at the fraction 240-
270 min. 
   The first column in Table III shows basal levels of 
striatal DA, 5-HT and metabolites, measured during 
the 150-180 min period after probe implantation, per-
fused with Ringer solution only, in non-lesioned rats. 
DA and 5-HT were detected in the 5-9 and 2-3 nM 
ranges, respectively. The metabolites DOPAC, HVA 
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FIGURE 1   Chemical structures of D-amphetamine (D-
AMPH), methamphetamine (METH), p-methoxyamphet-
amine (PMA), p-methoxymethamphetamine (PMMA), 
methylenedioxyamphetamine (MDA) and methylene-
dioxy-methamphetamine (MDMA). Note that D-AMPH is 
homochiral, whereas all the other compounds are racemic.



and 5-HIAA were detected in the 200-800 nM range. 
   The effect of 100 µM of the drugs administered 
locally via the microdialysis probe (180-210 min) is 
shown in the second column of Table III. All drugs pro-
duced a significant increase of DA and 5-HT levels, but 
the effect of D-AMPH and METH was stronger on DA 
than on 5-HT release (20- vs 3-fold for D-AMPH and 
7- vs 3-fold for METH respectively). On the contrary, 

MDA, MDMA PMA and PMMA, showed the same 
efficacy to increase DA and 5-HT levels (see Table III 
and FIG. 3A-3F).
   The levels of the DA metabolites DOPAC and HVA 
were decreased by D-AMPH, METH or the alkoxy-
amphetamines, but that effect was delayed, and only 
observed at the 210-240 min sample (~25% and 
20%, respectively; p <0.05). No significant effect was 
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FIGURE 2A-F   Ipsilateral rotational behaviour (turns/10 min) elicited by amphetamine derivatives injected s.c. (2 mg/kg 
[filled circles] and 10 mg/kg [open circles]) at the time marked by the arrows in unilaterally 6-hydroxydopamine-lesioned rats 
(see Methods). (A) D-Amphetamine (D-AMPH); (B) methamphetamine (METH); (C) p-methoxyamphetamine (PMA); (D) 
p-methoxymethamphetamine (PMMA); (E) methylenedioxyamphetamine (MDA) and (F) methylenedioxymethamphetamine 
(MDMA).



observed on 5-HIAA levels.
   The effect of K+-depolarisation was compared to 
the perfusion fraction immediately previous (240-270 
min) to the fraction when 100 mM KCl was added to 
the perfusion medium (270-300 min) (Table IV). It was 
found that K+-depolarisation produced a significant 
increase of DA and 5-HT levels (~18-fold and ~3-fold, 
respectively) when performed without any pre-treat-
ment (Table IVA). After D-AMPH (Table IVB), the 
effect of K+ depolarisation on DA levels was decreased 
(~40%), but not that on 5-HT levels (~100%). Thus, 
we examined in detail the effect of pre-treatment with 
the amphetamine derivatives on K+-depolarisation, 
assuming that the K+-depolarisation condition without 
any previous treatments represented a 100% condition 
(Table IV, last column). A decrease in the effect of 
K+-depolarisation was observed on both DA and 5-HT 
levels after METH and all alkoxylated derivatives. 
The effect on K+-stimulated DA levels was strongly 
decreased by more than 70% when evaluated after 
METH or the alkoxy-derivatives. The effect on 5-
HT levels was more variable, but decreased by more 
than 40% after PMA and MDA (Table IV; last col-

umns of B-G vs last column of A). The metabolites 
DOPAC, HVA and 5-HIAA showed a significant 
decrease following K+-depolarisation, by ~20% 
(Table IV, fourth column).

DISCUSSION

The present report shows that the alkoxyamphet-
amine derivatives PMA, PMMA, MDA and MDMA 
have a similar pharmacological profile to D-AMPH 
and METH when studied with the behavioural and 
neurochemical models reported here, but important 
differences were observed regarding selectivity. N-
Methylation (i.e., D-AMPH vs METH; PMA vs 
PMMA and MDA vs MDMA) is expected to increase 
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lipophilicity, and consequently, for these relatively 
hydrophilic and low-molecular weight compounds, to 
favour access to the brain. On the other hand, the small 
alkoxy groups inserted here are not expected to mod-
ify this aspect to any great extent. The alkoxy groups 

and the N-methyl group, however, should change the 
affinities and efficacies of these molecules at the mac-
romolecular targets with which they interact, although 
the direction of these changes cannot be predicted 
without detailed structural knowledge of their targets.

C.A. ROMERO et al.

FIGURE 3A-F   Effect of local perfusion of 100 µM of amphetamine derivatives on extracellular dopamine (filled columns) 
and 5-HT (open columns) levels in 60 µl (30 min) samples collected via a microdialysis probe implanted into the lateral 
neostriatum of non-lesioned rats. Each selected drug was administered for 30 min at the 180-210 min period after the probe 
implantation. (A) D-Amphetamine (D-AMPH); (B) methamphetamine (METH); (C) p-methoxyamphetamine (PMA); (D) 
p-methoxymethamphetamine (PMMA); (E) methylenedioxyamphetamine (MDA) and (F) methylenedioxymethamphetamine 
(MDMA). Levels are expressed as the percentage (%) (means ± SEM) of the corresponding basal value estimated at the 150-
180 min period. *p <0.05 vs the corresponding basal value.



Effect of Amphetamine Derivatives on Rotational 
Behaviour
All drugs elicited ipsilateral rotational behaviour, 
probably due to an increase of DA release from 
the intact hemisphere (Ungertedt and Arburthnott, 
1970; Ungerstedt, 1971; Zetterström et al., 1986). 
At the same dose (10 mg/kg, s.c.), the rank-order 
for inducing a maximum rate of rotational behaviour 
(turns/min) was METH > D-AMPH >> MDMA ≥ 
MDA>> PMA≥PMMA. In agreement, D-AMPH and 
METH induced the strongest increase in DA release, 
and showed the highest DA/5-HT ratio regarding 
release stimulation.
   The (±)-methoxyamphetamine derivatives, PMA 
and PMMA, and the (±)-methylenedioxyamphetamine 
derivatives, MDA and MDMA, evoked rotational 
behaviour, but that behaviour was robust only at a 
higher dose (10 mg/kg, s.c.) than that required for D-
AMPH and METH (2 mg/kg, s.c.), in agreement with 
previous studies (Lebsanft et al., 2003). Apart from 
a short-lasting ipsilateral rotational behaviour, at 2 
mg/kg s.c., PMA, PMMA, MDA or MDMA produced 
hypokinesia, rigidity and hyper-reflexia of the fore-
legs, exophthalmus, and resistance to handling by the 
experimenters. This effect was particularly evident for 
the AMPH derivatives PMA and MDA.
   When compared at the dose of 10 mg/kg s.c., the 
effect induced by the (±)-methylenedioxyamphetamine 
derivatives, MDMA and MDA, was stronger than 
that induced by the (±)-para-methoxyamphetamine 
derivatives, PMA and PMMA (see FIG. 2), reflect-
ing perhaps pharmacokinetic differences, because the 
duration of the effect produced by MDMA and MDA 
was particularly long (>3 h). However, while the peak 
effect occurred at approximately the same time for all 
derivatives, MDMA and MDA induced a stronger rate 
of rotation than PMA and PMMA, suggesting a greater 
efficacy. In addition, at the 10 mg/kg, s.c. dose all drugs 
produced marked sympathomimetic signs, such as pilo-
erection, exophthalmus and increased respiratory rate, 
as previously reported (see Bustamante et al., 2004).

Effect of Amphetamine Derivatives on DA 
and 5-HT Release
The microdialysis experiments showed that the tested 
drugs increased DA and 5-HT release when perfused at 
a 100 µM concentration. D-AMPH evoked the stron-
gest effect on DA release (~20-fold), confirming the 
established knowledge that the mechanism of action 
of that drug is predominantly related to DA release 
(Randrup and Munkvad, 1966; Fuxe and Ungerstedt, 
1970; Ungerstedt and Arbuthnott, 1970; Ungerstedt, 
1971; Zetterström et al., 1983; 1986; Butcher et al., 

1988). However, D-AMPH also evoked 5-HT release, 
although the effect was weaker (~3-fold) than that 
observed on DA. METH increased DA and 5-HT 
~7- and ~3-fold respectively, confirming previous 
reports on DA release (O'Dell et al., 1991; Kuczenski 
and Segal, 1992; Abekawa et al., 1994; Holson et al., 
1996; Sabol et al., 2001; Bustamante et al., 2002), 
but also those suggesting an effect on 5-HT neuro-
transmission (Tseng et al., 1976; Hotchkiss and Gibb, 
1980; Ricaurte et al., 1980; Kuczenski et al., 1995; 
Haughey et al., 2000; Gough et al., 2002). The effect 
of D-AMPH was 6-fold stronger on DA than on 5-HT 
release, but METH was only 2-fold stronger on DA 
than on 5-HT release. While D-AMPH and METH 
were more efficient on DA release, the alkoxylated 
amphetamine derivatives were equally efficient on 
5-HT and DA release. In comparative terms, the alk-
oxylated amphetamines were ~2-fold more efficient 
for releasing 5-HT than D-AMPH and METH, thus 
confirming the idea that the alkoxylated derivatives 
produce long term effects on brain 5-HT neurons (Peat 
et al., 1985; Stone et al., 1986; 1987; Schmidt, 1987; 
Johnson et al., 1988; Steele et al., 1992). 

Effect of Amphetamine Derivatives on 
K+-stimulated DA and 5-HT Release
We have previously reported (Herrera-Marschitz et al., 
1992; 1996) that the peak effect of K+-depolarisation is 
observed under the perfusion period, rapidly decreas-
ing after KCl is removed from the perfusion medium. 
Thus, in the present study, the microdialysis experi-
ment finished after the 270-300 min period perfusing 
with 100 mM KCl. Local K+-depolarisation increased 
DA and 5-HT release >18- and >3-fold, respectively, 
in rats without any previous treatment. When K+-depo-
larisation was induced after D-AMPH, DA levels were 
only increased 10-fold (i.e., the effect of K+-depolarisa-
tion was decreased by 40%, compared to that observed 
in animals without any pre-treatment), but the effect on 
5-HT was the same (3-fold). The decrease in the effect 
of K+-depolarisation on DA release after METH and  
the alkoxylated amphetamine derivatives (i.e., METH, 
PMA, PMMA, MDA and MDMA) was even stronger 
(by more than 70%). Regarding the effect of K+-depo-
larisation on 5-HT release, the maximum decrease 
observed after PMMA (by 38%) and MDMA (by 30%) 
was more remarkable than that observed after PMA, 
MDA and METH (by ~45%). 
   These results are intriguing, and could be related 
to depletion of a ready-to-release pool of presynap-
tic monoamines, or to a decrease in the synthesis of 
monoamines provoked by the amphetamine pre-treat-
ment. However, while D-AMPH elicited the strongest 
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DA release among all amphetamines (>20 fold for 
D-AMPH vs ~6 fold, for METH and alkoxyamphet-
amine derivatives), the effect of K+-depolarisation was 
still strong after D-AMPH. Thus, the decreased effect 
of K+-depolarisation on DA and 5-HT levels after the 
amphetamine derivatives may suggest rather a long-
term depletion, as shown for this class of drugs by sev-
eral reports (Fibiger and McGeer, 1971; Seiden et al., 
1976; Ricaurte et al., 1980; Axt and Molliver, 1991; 
Pu and Vorhees, 1993). Indeed, as reported for METH 
(Schmidt and Gibb, 1985; Brunswick et al., 1992; 
Eisch et al., 1996; Fleckenstein et al., 1997; Frey et 
al., 1997; Brown et al., 2000), the derivatives may have 
decreased monoamine uptake (Haughey et al., 2000), 
thus limiting the bulk of the ready-to-release vesicular 
and/or non-vesicular pools. In agreement with this, it 
has been shown that dopamine uptake inhibitors block 
the neurotoxic effects produced by METH (Marek 
et al., 1990; Pu et al., 1994). In a previous report 
(Bustamante et al., 2002), it was demonstrated, how-
ever, that while the effect of K+-depolarisation on 
DA levels was decreased after METH, the effect on 
glutamate and aspartate levels was increased, sug-
gesting an enhanced Ca2+-inflow via N-methyl-D-
aspartate (NMDA) receptor activation, a mechanism 
of METH excitotoxicity, as proposed by Sonsalla et 
al. (1989; Nash and Yamamoto, 1992; Marshall et 
al., 1993; Stephans and Yamamoto, 1994). Yamamoto 
and co-workers (Burrows et al., 2000; Nixdorf et al., 
2001) have implied an imbalance in energy metabo-
lism for explaining amphetamine-derivative toxicity, 
suggesting that striatal dopaminergic terminals are 
more vulnerable than 5-HT terminals to damage after 
metabolic stress.

6-OHDA-lesion, Rotational Behaviour and DA 
and 5-HT Release
The effect of the 6-OHDA injection was verified 
with the microdialysis experiments, which showed 
that DA, DOPAC and HVA basal levels decreased by 
~ 60%, 90% and 95%, respectively, on the lesioned 
side (left neostriatum), compared to that observed on 
the non-lesioned side (right neostriatum). 5-HT and 
5-HIAA basal levels were, however, similar in both 
hemispheres, supporting the idea that the effect of 
6-OHDA is specific for DA neurons. 
   Compared to previous reports (see Herrera-
Marschitz et al., 1990; 1992), the effect of the lesion 
on DA levels was mild, probably suggesting a partial 
effect of the 6-OHDA treatment, which is in agree-
ment with the rather moderate rate of contralateral 
rotation observed here when the rats were treated 
with apomorphine (10 turns/min, compared to 19 

turns/min shown by animals with more than 95% 
depletion of DA levels) (Herrera-Marschitz et al., 
1990). Hence, the amphetamines could still evoke 
DA release from the lesioned neostriatum, but that 
effect was variable, and significantly less prominent 
than that observed in the non-lesioned hemisphere 
and in non-lesioned rats (data not shown). 
   The strongest rotational behaviour was produced 
by D-AMPH and METH, the drugs producing the 
greatest increase in DA release and the highest 
DA/5-HT ratio, in agreement with the original 
report, where the ipsilateral rotation and DA release 
was measured simultaneously (Zetterström et al., 
1986). Interestingly, among the alkoxylated deriva-
tives, MDMA and MDA produced the greatest 
increase of DA release (~6-fold) and the strongest 
rotational behaviour. No such obvious relationship 
was observed between rotational behaviour and 
5-HT release and, indeed, a negative correlation 
(Rho-Spearman= -0.8; m,n=2.28) was found when 
comparing the maximum rate of rotational behav-
iour induced by the drugs at the dose of 2 mg/kg, 
s.c. and 5-HT release, confirming again the idea that 
rotational behaviour is mainly depending upon DA, 
but not 5-HT release. 5-HT release may even elicit 
cover-behaviours that can interfere with the expres-
sion of rotational behaviour.
   In conclusion, the present report shows that the 
introduction of a methoxy or a methylenedioxy 
group on the benzene ring of D-AMPH or METH, or 
N-methylation of the D-AMPH molecule alters their 
pharmacological profile, changing the selectivity of 
the corresponding compounds. METH and the alk-
oxyamphetamine derivatives PMA, PMMA, MDA 
and MDMA elicit ipsilateral rotation and increase 
DA release, as D-AMPH does, when given to uni-
laterally 6-OHDA lesioned rats, or locally adminis-
tered by a microdialysis probe. D-AMPH and METH 
were found to be more efficient than the alkoxylated 
derivatives in all tested parameters, and among the 
alkoxylated derivatives, MDMA and MDA produced 
the greatest increase of DA release and the strongest 
rotational behaviour. While D-AMPH and METH 
showed high selectivity for DA release, the alkoxyl-
ated derivatives stimulated the release of both DA 
and 5-HT with similar efficacy. 
   The present observations can constitute a basis to 
investigate novel structural modifications leading 
to the identification of compounds with different 
mechanistic profiles. Furthermore, this study pro-
vides information about the neuropharmacological 
properties of drugs which, in humans, are com-
monly abused. 
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