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Abstract

Acute and long-term neurochemical effects of aminorex, an appetite-suppressing drug related to amphetamine
in chemical structure, and stereoisomers of its analogues were examined and compared with those of 3,4-
methylenedioxymethylamphetamine (MDMA) and fenfluramine.

Aminorex and its analogues, with exception of 4S, 55-dimethylaminorex, did not cause the long-term
neurotransmitter depletion in either the dopaminergic or 5-HT-ergic systems that was observed after MDMA or
fenfluramine in CBA mice. These results are discussed in terms of possible structurally related mechanisms of
neurotoxicity.

The acute neurochemical effects showed that aminorex and analogues all produced increases in 5-
hydroxytryptamine (5-HT) levels, unlike fenfluramine and MDMA in the present study or in published data.
This suggests that inhibition of 5-HT metabolism, rather than direct 5-HT release, may be involved in their
anorectic effect. The parallel study of acute dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC) changes
suggest that in CBA mice MDMA may be a better dopamine releaser and this may contribute to its
dopaminergic neurotoxicity. However the ability to release dopamine or 5-HT, or both, may be important,
but not the only factor involved in causing the long-term neurotoxicity observed with amphetamine derivatives.

Aminorex (2-amino-5-phenyl-2-oxazoline) is an appetite sup-
pressant used for slimming which was removed from the
market in Europe in 1968 amid reports that it induced chronic
pulmonary hypertension and consequent death (Gurtner et al
1968). Aminorex is related to amphetamine in chemical
structure and was reported to possess the anorectic properties
of amphetamine (Roszkowski & Kelley 1963). Drug dis-
crimination studies have shown that aminorex produces sti-
mulus effects similar to amphetamine but not to fenfluramine
(Young 1992). In recent years, 4-methylaminorex, which is
similar in chemical structure to aminorex, has been confiscated
by drug control authorities in Florida, California and Penn-
sylvania (Davis & Brewster 1988; Drug Control Section
1988). Although both the cis and trans isomers of 4-methy-
laminorex are purported to have similar stimulant and anor-
ectic properties comparable with those of amphetamine
(Roszkowski & Kelley 1963; Yelnosky & Katz 1963), only the
cis isomer of 4-methylaminorex was classified in the USA as a
Schedule I substance in April 1989. In our laboratory, previous
studies with aminorex and its methyl- or dimethyl- analogues
have shown that these compounds produced effective inhibi-
tion of the food consumption in food-deprived animals (Ram
& Laverty 1993). Although these agents appear to cause sti-
mulant and anorectic effects, little has been published about
their pharmacological and toxicological properties.
Amphetamine and many of its analogues have appetite-
suppressing properties and also produce long-term neurotoxi-
city in rats, mice and monkeys after repeated high-dose treat-
ment (Clineschmidt et al 1976; Schmidt et al 1986; Ricaurte
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et al 1988). These structurally related compounds show dif-
ferent selectivity in long-term neurotoxicity. For example, in
rats fenfluramine and methylenedioxymethylamphetamine
(MDMA) appear to attack preferentially the 5-hydro-
xytryptaminergic (5-HT-ergic) system, methamphetamine
attacks both the 5-HT-ergic and dopaminergic system, while
amphetamine itself only attacks the dopaminergic system
(Clineschmidt et al 1976; Steranka & Sanders-Bush 1979;
Schmidt et al 1986; Schmidt 1987). Although it is well
accepted that MDMA acts as a selective 5-HT-ergic neurotoxin
in rats, we found that in CBA mice it attacked both the 5-HT-
ergic and dopaminergic systems as indicated by long-term 5-
HT and dopamine depletion (Logan et al 1988; Zheng &
Laverty 1993). Structure-activity relationship studies indicate
that the stereoisomers of amphetamine, MDMA and fen-
fluramine have different potency and selectivity in monoamine
release, inhibition of reuptake or neurotoxicity (Johnson et al
1986; Steele et al 1987; Johnson & Nichols 1989; Nichols et al
1989; Johnson & Nichols 1990). Furthermore, a number of
studies suggest that acute release of dopamine or 5-HT, or
both, might be involved in the long-term neurotoxicity of
amphetamine analogues (Stone et al 1988; Axt et al 1990).
These observations led us to consider whether these stereo-
isomers of aminorex would produce long-term neurotoxicity in
mice and whether the acute neurochemical effect produced by
these aminorex compounds and other amphetamines are dif-
ferent. We therefore examined the long-term and acute neu-
rochemical effects of aminorex and the stereoisomers, 4R,5S-
methylaminorex, 45,5S-methylaminorex, 4R,SR-methylami-
norex, 4R,5S-dimethylaminorex and 4S,5S-dimethylaminorex
(Fig. 1, see the chemical structure), after repeated or single
treatment in CBA mice, compared with those after MDMA and
fenfluramine.
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Materials and Methods

‘ Ammal treatment and dissection
CBA mice (male, 20-25 g, from the Animal Breeding Stauon
University of Otago) were housed in temperature-controlled
rooms with a 12-h alternating light/dark cycle and allowed
free access to standard laboratory food and water.

For long-term neurochemical effect, groups of mice
(n=10) were injected intraperitoneally with saline,
MDMA (25 mg kg~ 1y, fenfluramine (25 mg kg~ h, aminorex
(25 mg kg™ "), 4R,5S-methylaminorex (15 mg kg~ "), 45,5S-
methylaminorex (15 mg kg~"), 4R,5R-methylaminorex (15
mg kg™"), 4R SS-dnmcthylammorex (30 mg kg™') or 45,55-
dimethylaminorex (5 mg kg™ 1) respectively. The doses were
chosen from acute toxicity experiments (data not shown) to be
the maximum tolerated with little or no lethality. The dosages
used in the present experiments are about 610 times higher
than the effective doses of aminorex and stereoisomers for the
inhibition of food intake. Doses were repeated 3 times in a
24 h period (usually 17:00, 09:00, 17:00). Mice were killed by
cervical dislocation 7 days after the last dose. For the acute
effects, a single dose was given to each group and the mice
were killed at 1, 3 or 6 h after administration. For long-term
effects, samples of striatum and for acute effects, samples of
striatum, cortex and hippocampus were removed and imme-
diately frozen on dry ice. Tissue samples were stored at
—80°C until assayed.

Determination of monoamines and metabolites of monoamines
Tissue concentrations of 5-HT, 5-hydroxyindoleacetic acid (5-
HIAA), dopamine and 3,4-dihydroxyphenylacetic acid
(DOPAC) were determined by high performance liquid chro-
matography with electrochemical detection as in a previous
study (Zheng & Laverty 1993). Briefly, samples were homo-
genised in 0-4 M HCIO,4 and centrifuged at 4°C. The super-
natant (20 ul.) was injected onto a 100 x 4.6 mm, 5 um, Cg,
MOS column and eluted with a mobile phase containing 10%
(v/v) acetonitrile, 100 mM NaH,PO,, 1 mM octylsulphonic
acid, 19-5 mM sodium acetate and 0-3 mM Na,EDTA at pH
2.6. The flow rate was set to 1.5 mL min~'. The ESA model
5100A Coulochem electrochemical detection system consisted
of a model 5020 guard cell (detector setting, + 1-04 V), fol-
lowed in sequence by a model 5010 analytical cell (detector 1,
+0:3 V, detector 2, +0-45 V). Components were quantified
by comparison with a curve generated from external standards.
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F1G. 1. The chemical structure of MDMA, fenfluramine and ami-
norex analogues used in the experiment.

Drugs

The following drugs were synthesized in the School of Phar-
macy, University of Otago: MDMA, aminorex, 45,55-methyl-
aminorex, 4R,5R-methylaminorex, 4R,55-methylaminorex,
45,5S-dimethylaminorex and 4R,5S5-dimethylaminorex. Fen-
fluramine was purchased from Sigma Chemical Co. Aminorex
and 45,55-methylaminorex were dissolved by a drop of 60%
H,S0, and adjusted to pH 6-0 with Na,HPO,. The other drugs
all dissolved in saline. Saline was used as vehicle control.

Statistical analysis

The results are presented as the mean+s.e.m. of the tissue
contents of the treatment groups expressed as a percentage of
corresponding saline-injected controls for ease of comparison.

Table 1. Effects of fenfluramine, MDMA and Mnomx analogues (3 doses in 24 h) on striatal levels (% control) of monoamines and metabolites

in CBA mice 7 days after the final day administration.

Drugs Dose . Level of monoamines and metabolites (% control)

(mg kg™ )

DOPAC Dopamine 5-HIAA 5-HT

MDMA 25 7081 5.7** 79.7 £ 4.8%* 78.6 £6.1* 77.2+79*
Fenfluramine 25 88.0+6.7 98.5+5.8 73.9+4.3%* 77.2+£10.4**
Aminorex 25 100.5+3.5 97.2+3.7 98.0+2.6 99.0+5.3
4R,55-Methylaminorex 15 123.7+£3.2* 99.6+3.6 101.7+£2.0 102.0+29
4$,55-Methylaminorex 15 138.0 £ 4.6** 105.8+4.5 99.7+3.0 96.9+3.7
4R,5R-Methylaminorex 15 133.0+3.2 100.1+33 98.5+3.0 91.9+6.85
4R,5S-Dimethylaminorex 30 124.5£4.3** 1024 +6.8 1046+4.1 998+7.9
4$,55-Dimethylaminorex 5 1058+3.5 86.5+3.7*+ 105.0+3.2 94.61+6.0

Results are the mean +s.e.m. from 8-10 brains. *P < 0.05, **P < 0.-01, significantly different from control by one-way analysis of variance

followed by Student-Newman-Keuls multiple comparison.
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FIG. 2. Acute effect on 3-HT levels (% control) in cortex (A), hippocampus (B) and striatum (C) of CBA mice after a single intraperitoneal dose.
O MDMA (50 mg kg~ '), B fenfluramine (25 mg kg~ '), @ aminorex (25 mg kg~!), A 45,55-methylaminorex (15 mgkg™ '), A 45.55-
dimethylaminorex (5 mg kg™ 1y or O 4R,5S-dimethylaminorex (30 mg kg™ 1). Data are presented as the mean percent change (+s.e.m.; n= 10)
from control. Differences between drug and saline treatments were determined by one-way analysis of variance followed by Student-Newman-

Keuls multiple comparison. *P < 0-05, **P < 0-01.

Comparisons were made by one-way analysis of variance.
Where a significant effect of drug occurred, Student-Newman-
Keuls multiple comparisons were carried out.

Results

Long-term neurochemical effects

Table 1 shows the monoamine levels in striatum 7 days after
drug administration. MDMA (25 mg kg™ ") reduced the con-
centrations of dopamine, S-HT and their metabolites, while

’

fenfluramine (25 mg kg~ ') only caused a marked depletion of
5-HT and S-HIAA but no effect on the dopaminergic system.
These results agree with previous studies (Logan et al 1988,
Zheng & Laverty 1993). The stereoisomers of methylaminorex
and 4R.5S-dimethylaminorex produced a significant increase
of DOPAC, but aminorex and 485,5S-dimethylaminorex had no
effect on DOPAC level. In addition, there were no changes in
dopamine, 5-HT and 5-HIAA levels in striatum except that a
decrease of dopamine concentration was caused by 45,5S-
dimethylaminorex.
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FiG. 3. Acute effect on 5 HIAA level (% control) in cortcx (A), hlppocampus (B) and stnatum (C) of CBA mice after a single mtrapentoneal dose.

0O MDMA (50 mg kg~
dimethylaminorex (5 mg kg~

h, l fenfluramine (25 mg kg~

Acute neurochemical effects
As shown in Fig. 2, a single dose of fenfluramine caused a
significant decrease in 5-HT levels during the period of the
experiment in all three brain regions. MDMA had a similar
effect but the 5-HT levels returned to normal in hippocampus
and striatum at 6 h. Aminorex and its analogues produced an
increase in 5-HT concentration initially but this returned
towards the control level by 6 h.

The corresponding changes in 5-HIAA levels are shown in
Fig. 3. Fenfluramine increased 5-HIAA at 1 h followed by a
significant decrease. MDMA reduced 5-HIAA concentrations

1), @ aminorex (25 mg kg™
') or O 4R,55-dimethylaminorex (30 mg kg™~

h, A 45,5S-methylaminorex (15 mg kg™ ), A 48.5S-

"). See Fig. 2 for additional details.

at 1 and 3 h but levels returned towards the control level by 6 h
except that 5-HIAA remained low in cortex at 6 h. Aminorex
and analogues produced a decrease of 5-HIAA levels at 1 h
followed by an increase to the control levels or even higher.
In striatum, fenfluramine and MDMA decreased dopamine
levels at the first hour after administration and then increased it
towards or beyond normal (Fig. 4). Aminorex caused an
increase in dopamine levels at 1 h which remained high for the
duration of the experiment (Fig. 4). 4S.5S-methylaminorex
caused no change of dopamine levels by 3 h, however there
was a marked increase at 6 h. While both dimethy] analogues
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FIG. 4. Acute effect on dopamine and DOPAC levels (% control)
(50 mg kg~
(5 mg kg~ ") or O 4R,5S-dimethylaminorex (30 mg kg~

of aminorex induced significant reduction of dopamine by 3 h,
the levels return to normal at 6 h (Fig. 4). Except for fen-
fluramine which induced a marked DOPAC increase at 1 h in
striatum, the other drugs all decreased DOPAC at first and
increased it later (Fig. 4).

Discussion
In the first part of this study we examined the long-term neu-
rochemical effects of aminorex and its five ‘analogues. The
long-term neurochemical changes after MDMA and fen-
fluramine are used as a positive control of dopaminergic or 5-
HT-ergic neurotoxicity, or both, induced by amphetamines.
Since a long-lasting depletion of dopamine or 5-HT appears to
be a good predictor of dopamine or S-HT neurotoxicity
(Wagner et al 1980; Ricaurte et al 1985), the results suggest
that the aminorex compounds except 4S,55-dimethylaminorex,
unlike MDMA or fenfluramine, are not toxic to either dopa-
mine or S-HT neurotransmitter systems in CBA mice. It was

reported that although multiple doses of 4-methylaminorex
caused long-term (7 day) declineés in _stria han
E’H’fﬂzm&!lasc activity in SD rats, no changes were found in 5-

HT and 5-HIAA levels (Hanson et al 1992). Our findings
. generally agree with previously published data and extend the
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striatum of CBA mice after a single intraperitoneal dose. (] MDMA
1, A 48,5S-methylaminorex (15 mg kg~ '), A 45,55-dimethylaminorex

observations that have been made with different isomers of
aminorex.

Much of the work with amphetamine and its analogues
suggests that varying the identity of substituent groups on the
ethylamine side chain alters the potency and ability of these
compounds to elicit stimulatory, psychotomimetic and neuro-
toxic effects. For example, the inhibitory potency on *H]
dopamine uptake by striatal synaptosomes progressively
diminishes with increasing substitution of the S-(+)-enan-
tiomers [S-(+)-amphetamine > S-(+)-3,4-methylenedioxy-
amphetamine  (MDA) > S-(+)-MDMA > S-(+)-N-methyl-1-
(1,3-benzodioxol-5-yl)-2-butanamine (MBDB)] (Stecle et al
1987); the neurotoxic effect of MBDB on the 5-HT-ergic
system s less than that of MDMA (Johnson & Nichols 1989).
Comparison of the psychotomimetic potency of the one-ring
psychotomimetics shows that there is also a decrease in
activity with the introduction of an alpha methyl group
(Shulgin et al 1969). Ricaurte et al (1989) demonstrated the
neurotoxicity of N,N-dimethylamphetamine; their results sug-
gest that N-methylation markedly attenuates the neurotoxic
potency of methamphetamine. Furthermore, the rigid analogue
5,6-methylenedioxy-2-aminoindan (MDALI) is devoid of any
long-term effects on the 5-HT-ergic system after a single dose
of up to 40 mg kg ™' (Nichols et al 1990). Therefore, it seems
that increasing the length of the side chain, N-methylation and




cyclization of the ethylamine side chain could attenuate or
abolish the neurotoxic effects of amphetamine analogues. In
our results, aminorex and analogues all have a large and
cyclized substitution on the nitrogen, and have no significant
neurotoxicity. It suggests that the stability of ethylamine side
chain may be involved in the mechanisms of inducing long-
term neurotoxicity by amphetamine and analogues. It is
interesting that 4S,5S-dimethylaminorex, which has similar
basic chemical structure and acute neurochemical effects as
other aminorex compounds, causes long-term dopamine
depletion. It should be mentioned that the dose of 45,55-
dimethylaminorex is 3 times less than that of methylaminorex
and 6 times less than that of 4R,5S-dimethylaminorex because
of its ability to produce severe, fatal seizures. Appetite studies
have shown that 4S,5S-dimethylaminorex is the most effective
agent in inhibition of food consumption among these isomers
in CBA mice and the EDS0 of this drug is significantly less
than that of fenfluramine (unpublished data). As we discussed
before, the ethylamine side chain makes these aminorex iso-
mers less neurotoxic than amphetamine analogues. However,
according to the established structure-activity relationships for
central stimulant and discriminative stimulus properties, the
potency associated with amphetamines that have an a-methyl
group in the S- configuration is greater than the R- configura-
tion. Therefore, it would be expected that the 45- isomers of
methylaminorex or dimethylaminorex are more potent than the
4R- isomers. In addition, dimethylaminorex has an N-methyl
substituted terminal amine which is more structurally related to
methamphetamine. Since methamphetamine is said to be more
potent than amphetamine, dimethylaminorex would be
expected to have a greater potency than methylaminorex.
These factors may explain why 45,5S-dimethylaminorex is the
only isomer to produce long-term dopamine depletion among
the aminorex isomers tested.

It has been suggested that MDMA neurotoxicity could have
resulted from the in-vivo formation of a metabolite because of
the absence of neurotoxicity after direct administration into the
brain (Paris & Cunningham 1991). The metabolites of MDMA
may be produced by N-demethylation, O-dealkylation, aro-
matic hydroxylation, deamination or conjugation of MDMA
and its metabolites (Lim & Foltz 1988, 1991a,b). Therefore,
for aminorex compounds, perhaps the cyclized N-substitution
with a ring double bond could increase stability and interfere
with formation of such a metabolite.

In-vitro and in-vivo studies have demonstrated that fen-
fluramine causes 5-HT release in brain (Mennini et al 1985;
Schwartz et al 1989). The decrease of 5-HT and 5-HIAA levels
observed following fenfluraming injection are thought to be a
result of 5-HT release (see review by Rowland & Carlton
1986). In our results, fenfluramine induces a reduced 5-HT
level throughout the 6 h period of experiment (Fig. 2). Brain 5-
HIAA levels are increased at first (1 h) and then decreased at 3
and 6 h (Fig. 3). Fuller et al (1978) reported that 5-HIAA
depletion lags behind that of 5-HT depletion and suggests that
inhibition of monoamine oxidase is probably of no importance
in fenfluramine’s action. However, the initial increase of 5-
HIAA in our results might suggest that apart from its ability to
release 5-HT, fenfluramine induces a rapid metabolism of 5-
HT by monoamine oxidase in CBA mice which is paralleled
by the dramatic increase of DOPAC 1 h after fenfluramine
administration (Fig. 4).

It is believed that the acute depletion of 5-HT and S-HIAA
by MDMA is due to a marked increase in 5-HT release with a
rapid decrease in the activity of tryptophan hydroxylase and an
inhibition of monoamine oxidase activity (Schmidt & Taylor
1987; Schmidt et al 1987). The 5-HT and 5-HIAA changes
observed in our experiments in mice after MDMA (Fig. 2)
show some differences from those in rats. It is reported that in
rats the decrease of S-HIAA is behind that of 5-HT as indicated
by a marked reduction after 2 h (Stone et al 1987). However
we found an immediate decrease of S-HIAA after MDMA. It
suggests that MDMA induces monoamine oxidase inhibition in
CBA mice and this effect seems more rapid and efficient than
that in rats. The difference in the effect on 5-HT and S-HIAA
levels between fenfluramine and MDMA suggests that except
for the similar release of 5-HT, fenfluramine and MDMA
might affect S-HT metabolism in different ways, although the
significance of this difference is presently unclear.

In the present study, the acute effects of 5-HT and S-HIAA
after aminorex and analogues show different patterns from that
of either fenfluramine or MDMA (Figs 2 and 3). Though there
are differences in peak time and potency among these drugs,
they all produce an increase of 5-HT and a decrease of S-HIAA
at first. It is reported that after giving the monoamine oxidase
inhibitor pargyline, an increase of 5-HT concentration and a
decrease of 5-HIAA concentration are found in brain (Tozer et
al 1966; Neff & Tozer 1968). Therefore, our observation may
suggest a reduction of S-HT metabolism resulting from
monoamine oxidase inhibition. Previous studies in our
laboratory have shown that aminorex and analogues produce
an effective anorectic effect in rats and mice (Ram & Laverty
1993). Although appetite is under multiple infiuences (Blun-
dell 1991), particular attention has been paid to the role of 5-
HT. It has been accepted that the primary mechanism of fen-
fluramine anorexia is via increased brain 5-HT activity (see
review by Rowland & Cariton 1986). Thus if aminorex ana-
logues produce their anorectic effect through 5-HT mechan-
isms, it is noteworthy that they might inhibit 5S-HT metabolism
rather than directly release 5-HT. Furthermore, the enhanced 5-
HT function after these compounds is not accompanied by the
long-term 5-HT depletion which occurs after MDMA and
fenfluramine (Table 1).

Studies with amphetamines indicate a correlation between
their neurotoxic spectrum and monoamine release (see review
by Schmidt & Kehne 1990). In rats, amphetamine is a potent
dopamine releaser but is a relatively poor 5-HT releasing agent
and acts as a “pure” dopaminergic neurotoxin. Methamphe-
tamine is similar to amphetamine in terms of dopamine release
but is a considerably better 5-HT releaser and can damage both
5-HT-ergic and dopaminergic terminals. MDMA and p-
chloroamphetamine are less effective at dopamine release but
are potent 5-HT releasers and are pure 5-HT-ergic neurotoxins.
This suggests that the patterns of neurotransmitter release may
play a role in determining the patterns of neurotoxicity.
MDMA is a moderately active releaser of dopamine (Schmidt
et al 1987; Johnson et al 1991) and a monoamine oxidase
inhibitor (Schmidt et al 1987) and it is reported that dopamine
was significantly elevated and DOPAC declined in rats after
MDMA (Stone et al 1987). In contrast, there was a marked
reduction in both dopamine and DOPAC levels after MDMA
(Fig. 4). It suggests that MDMA might be more effective at
dopamine release in CBA mice than in rats. This may be
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related to the greater dopaminergic neurotoxicity induced by
MDMA in CBA mice. In our present experiments, aminorex
and its methy! and dimethy! analogues produce dopamine and
DOPAC changes which are similar to those after MDMA in
CBA mice. However, except for 4S,55-dimethylaminorex
which causes long-term dopamine depletion, others do not
have long-term effects on neurotransmitter levels in either 5-
HT-ergic or dopaminergic systems (Table 1). This suggests
that increase of dopamine release may be an important, but not
a unique factor in determining the long-term neurotoxicity of
amphetamines.

In summary, this is the first time the acute and long-term
neurochemical effects of these stereoisomers of aminorex have
been systematically compared with those of fenfluramine and
MDMA. The results indicate that aminorex and analogues,
except 4S5,5S-dimethylaminorex, do not cause long-term
dopamine or 5-HT depletion, or both, like those induced by
either MDMA or fenfluramine in CBA mice and suggest that
the property of N-substitution of amphetamine analogues and
the 4- and 5- positions of the aminorex isomers could be the
important factors associated with the ability of these com-
pounds to induce long-term neurotoxicity in-vivo. The acute
increase of 5-HT and decrease of 5-HIAA levels following
aminorex compounds suggests that they may enhance S-HT
function by an inhibition of 5-HT metabolism, which probably
are responsible for their anorectic effects. In contrast with the
acute effect on dopamine in rats, MDMA significantly
decreases both striatal dopamine and DOPAC in CBA mice in
the present study, which suggests that MDMA might be a
better dopamine releaser in CBA mice, so that it induces long-
term neurotoxicity in both dopaminergic and 5-HT-ergic sys-
tems in this species. However, considering the similar acute,
but different long-term effects produced by aminorex com-
pounds, these results suggest that dopamine release may be an
important, but not the only factor in determining the long-term
neurotoxicity of amphetamines and that the mechanism(s) are
more complicated than we expected and require further study.
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