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Abstract

We studied two non-neurotoxic amphetamine derivatives (methyl-thioamphetamine, MTA and
N,N-dimethyIMTA, DMMTA) interacting with serotonin (5-HT) transporters (SERTS) with
affinities comparable to that of p-Cl-amphetamine (pCA). The rank order for their maximal effects
in inducing both [3H]5-HT release from rat brain synaptosomes or hSERT-expressing HEK-293
cells, and currents in hSERT-expressing oocytes, was pCA » MTA = DMMTA. A correlation
between drug-induced release and currents is also strengthened by the similar bell shape of the
dose-response curves. Release experiments indicated that MTA and DMMTA are SERT
substrates although MTA is taken up by HEK-293 cells with a Vinax 40% lower than pCA. The
weak effects of MTA and DMMTA in vitro might therefore be due to their properties as “partial
substrates’ on the mechanisms, other than translocation, responsible for currents and/or release.
After either local or systemic in vivo administration, MTA and DMMTA release 5-HT in a manner
comparable to pCA. These findings confirm that the neurotoxic properties of some amphetamine
derivatives are independent of their 5-HT-releasing activity in vivo. It is worth noting that only
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those amphetamine derivatives with high efficiency in inducing 5-HT release and currents in vitro
have neurotoxic properties.
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methyl-thioamphetamine; N,N-dimethyl-thioamphetamine; neurotoxicity; p-Cl-amphetamine;
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Serotonin transporters (SERTS) are pre-synaptic plasma membrane proteins responsible for
the reuptake of serotonin (5-HT) from the synaptic cleft. Clinically, SERTs are important
pharmacological targets for the treatment of a variety of human conditions like depression
and, until recently, eating disorders.

Compounds interacting with SERTS are classified, on the basis of their main mode of action,
as transporter “blockers’ or ‘substrates.” The former are of particular clinical interest as they
are used as antidepressant drugs (e.g., tricyclic antidepressants like imipramine or the
selective 5-HT reuptake inhibitors, like citalopram). Prototypical SERT substrates, on the
other hand, include some amphetamine derivatives such as the anorectic drug d-
fenfluramine and the psychostimulant 3,4-methylene-dioxymethamphetamine, MDMA
(Mennini et al. 1996; Green et al. 2003). Unlike SERT blockers, these compounds can be
translocated by SERTS, thus competing with 5-HT. Depending on the degree of competition
this results in reduced 5-HT reuptake and, subsequently, higher extracellular concentrations
of 5-HT. However, the overall rise in extracellular 5-HT occurs as a result of a SERT-
dependent outward transport (release) of cytoplasmic 5-HT (Crespi et al. 1997).

The mechanism underlying this releasing effect of amphetamine derivatives has long been
explained according to the model of ‘facilitated exchange diffusion’ or ‘transporter-
mediated hetero-exchange’ (Fischer and Cho 1979; Levi and Raiteri 1993), often simplified
by visualizing transporters as ‘revolving doors.” However, recent data suggest that the
operating modes of transporters, as well as the mechanisms of action of the *substrates,” are
very likely much more complex (Gnegy 2003; Seidel et al. 2005), and therefore, cast doubt
on the sole dependence on these models. The oligomer-based counter-transport model has
recently been introduced, explaining carrier-mediated efflux as dependent on current
induction as well as on the quaternary structure (Sitte et al. 2004; Seidel et al. 2005).

3,4-Methylenedioxy-methamphetamine, d-fenfluramine and p-Cl-amphetamine (pCA,
another selective 5-HT-releasing amphetamine derivative) induce long-term deficits of 5-HT
nerve endings (Mamounas and Molliver 1988; Molliver and Molliver 1990; Green €t al.
2003). However, acute 5-HT release, while possibly necessary, is presumably not sufficient
to induce 5-HTergic neurotoxicity. Some SERT substrates induce SERT-dependent 5-HT
release in vivo and/or in brain slices comparable to that elicited by neurotoxic amphetamine
derivatives but, importantly, they lack their 5-HT neurotoxic potential. These compounds
include an amphetamine derivative, 4-methyl-thioamphetamine (MTA), a conformationally
restricted amphetamine analogue, 5-methoxy-6-methyl-2-aminoindan (MMAI) (Johnson et
al. 1991; Huang et al. 1992; Rudnick and Wall 1992, 1993; Scorza et al. 1999; Gobbi et al.
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2002), and a non-amphetamine compound 1-(m-chlorophenyl)piperazine (mCPP) (Pettibone
and Williams 1984; Eriksson et al. 1999; Baumann et al. 2001).

It had been suggested that the lack of neurotoxic properties of MTA and MMAI might be
related to the lack of dopamine (DA)-releasing properties (Johnson and Nichols 1991;
Huang et al. 1992; Rudnick and Wall 1993), in line with the possibility of a role of DA in
the events leading to neurotoxicity (Sprague et al. 1998). However, this was not supported
by our previous in vitro findings in synaptosomes that MTA is comparable with pCA and
MDMA as regards its potency as a DA-releasing agent (Gobbi et al. 2002). In the same
paper, we reported that neurotoxic and non-neurotoxic compounds markedly differ in their
ability to induce [3H]5-HT release in vitro, with the former (pCA, MDMA and d-
fenfluramine) being efficient 5-HT releasers and the latter (MTA and mCPP, but also
tramadol) much less active (Gobbi et al. 2002). These findings, highlighting a discrepancy
between in vivo and in vitro synaptosomal data, suggested that in vitro studies in
synaptosomes might bring to light subtle differences between 5-HT-releasing agents in their
mode of action at 5-HT nerve endings. A better understanding of these differences might be
useful to clarify the mechanism underlying neurotoxic potential of some amphetamine
derivatives for serotonergic neurons.

The present report extends our studies to another amphetamine derivative, N,N-dimethyI-
MTA (DMMTA) (Hurtado-Guzman et al. 2003) (chemical structure in Fig. 1), selected
because initial experiments identified it as a non-neurotoxic compound with very weak in
vitro 5-HT-releasing properties in synaptosomes. The results strengthen the notion that the
neurotoxicity of some amphetamine derivatives do not correlate with their ability to release
5-HT in vivo and suggest that the in vitro efficiency as 5-HT releasers can be predictive of
their neurotoxic properties.

Materials and methods

Drugs

Animals

MTA and DMMTA, as hydrochloride salts (Hurtado-Guzman et al. 2003), were synthesized
and kindly provided by Dr Bruce K. Cassels of the Universidad de Chile. pCA
hydrochloride, citalopram hydrochloride and paroxetine were purchased, respectively, from
Sigma Chemical Co (St. Louis, MO, USA), Lundbeck (Copenhagen, Denmark) and
GlaxoSmithkline Pharma, Vienna, Austria.

Adult Male CRL:CD (SD) BR rats (Charles River, Italy) were used. They were kept in a
controlled environment with a 12-h light-dark cycle and 21°C room temperature. Food and
water were provided ad libitum. Procedures involving animals and their care were conducted
in conformity with the institutional guidelines that are in compliance with national (D.L. n.
116, G.U., Suppl. 40, Feb. 18, 1992) and international laws and policies (EEC Council
Directive 86/609, OJ L 358, 1, Dec.12, 1987; Guide for the Care and Use of Laboratory
Animals, U.S. National Research Council, 1996).
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Ex vivo [3H]citalopram binding

Rats were injected intraperitoneally with saline, 5 mg/kg pCA, 5 or 20 mg/kg DMMTA. One
week later, they were killed by decapitation, their hippocampi dissected out and stored at
-80 °C until the [3H]citalopram binding assay was conducted as described previously
(Gobbi et al. 2002). Briefly, the hippocampi were resuspended in about 200 volumes of ice-
cold Tris=HCI 50 mM, pH 7.4, containing 120 mM NaCl and 5 mM KClI, and incubated
with 1 nM [3H]citalopram (85 Ci/mmol). Non-specific binding was determined using 1 uM
fluoxetine. After 60 min at 25°C, incubation was stopped by rapid filtration through GF/B
fiber filters pre-soaked in 0.5% polyethylenimine, which were then washed, dried and
counted in a liquid scintillation counter. Inhibition curves were fitted as detailed below for
uptake studies.

Preparation of the synaptosomal P, fraction

Rats were killed by decapitation and their hippocampi were rapidly dissected out and
homogenized in 40 vols of ice-chilled 0.32 M sucrose, pH 7.4, in a glass homogenizer with a
Teflon pestle. The homogenates were centrifuged at 1000 g for 5 min and the supernatants
centrifuged again at 12 000 g for 20 min to yield the crude synaptosomal pellet (P,).

Synaptosomal [3H]5-HT uptake

Synaptosomal uptake studies were carried out as described previously (Gobbi et al. 2002).
Briefly, the P, pellets were diluted with Krebs-Henseleit buffer to a concentration of about 5
mg wet weight tissue/mL, pre-incubated for 5 min at 30°C with or without the compounds to
be tested, then incubated for another 5 min with 30 nM [3H]5-HT (NEN, 21.4 Ci/mmol).
Non-specific uptake was determined in the presence of 0.3 UM citalopram. The reaction was
stopped by adding 1 mL of ice-chilled Krebs-Henseleit buffer. Samples were immediately
filtered through cellulose mixed ester filters (0.65 um pore size, Millipore, Cork, Ireland)
and washed twice. The radioactivity trapped on the filters was counted in 4 mL of Ultima
Gold MV (Perkin Elmer, Groningen, The Netherlands) in a LKB 1214 Rackbeta liquid
scintillation counter (Perkin Elmer, Turku, Finland) with a counting efficiency of about
60%. The inhibitory effect of five different DMMTA concentrations (from 30 to 3 uM), in
triplicate, was determined in three different experiments. The log concentration/percentage
inhibition curve was fitted using the one-site competition equation built into GraphPad
Prism 4 for Windows (GraphPad Software, Inc, San Diego, CA, USA) to obtain the ICs
with 95% CI.

Release from [3H]5-HT-preloaded hippocampal synaptosomes

Synaptosomal release studies were carried out as described previously (Gobbi et al. 2002).
Briefly, the P, pellets were resuspended in Krebs-Henseleit buffer and incubated for 15 min
at 37°C in the presence of 60 nM [3H]5-HT (NEN, 24.4 Ci/mmol). Synaptosomes were then
layered onto cellulose mixed ester filters (0.65 um pore size, Millipore) in a 20-chamber
superfusion apparatus held at 37°C (Raiteri et al. 1974).

Superfusion was started (t = 0 min) at a rate of 0.5 mL/min with standard medium and, after
a 44-min equilibration period, 4-min fractions were collected from each chamber. The first,
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collected from t = 44 to 48 min, was used to determine basal release. ‘Releasing’ drugs were
normally added at t = 47 min and their effects were measured in the second fraction (from t
=48 to 52 min; the fluid takes about 1.5 min to flow from the filters to the collecting vials).
When used, 1 pM citalopram was added from t = 40 min. The filters and separate fractions
were put into scintillation vials and counted for radioactivity.

The fractional release rate (FRR) was calculated as 100 times the amount of radioactivity
released into each 4-min fraction over the total radioactivity present on the filter at the start
of that fraction. The FRRs before the releasing stimulus (i.e., t = 44-48 min), expressed as
the percentage in 4 min, are reported as basal outflow. The overflow (%) was calculated as
the difference between the FRR in the presence (t = 48-52 min) and absence of the drug
(mean t = 44-48 min).

In previous studies (Gobbi et al. 1992), we showed that the transporter-dependent tritium
overflow evoked by all the amphetamine derivatives tested (i.e., MDMA, pCA, d-
fenfluramine, amphetamine) is mainly due to unmetabolized [2H]neurotransmitter. We
therefore assumed here that the same held true for the transporter-dependent DMMTA-
evoked tritium overflow, which is referred to as [3H]5-HT.

Release from [3H]5-HT-preloaded HEK-293 cells

Superfusion experiments were conducted as previously described (Scholze et al. 2000). In
brief, HEK-293 cells stably expressing human SERT (hSERT) were grown overnight on
round glass cover slips (diameter 5 mm) coated with poly-o-lysine (25 mg/mL) at 2 x 10*
cells/well. hSERT cells were incubated with [3H]5-HT (0.4 uM, specific activity 28 Ci/
mmol, New England Nuclear) for 20 min at 37°C in a final volume of 0.1 mL of a modified
Krebs-Ringer-HEPES buffer [in mM]: 10 HEPES, 120 NaCl, 3 KCl, 2 CaCly, 2 MgCl, 20
o-glucose, final pH 7.3. The coverslips were then transferred to small superfusion chambers
(0.2 mL) and superfused with the same buffer (0.7 mL/min) at 25°C. The experiment was
started after 45 min of washout with the collection of 2-min fractions. Amphetamine
derivatives were added after collection of three baseline fractions; in some of the
experiments, monensin was added a concentration of 10 UM concomitantly with the
amphetamine derivatives (Scholze et al. 2000). At the end of the experiment, cells were
lysed in 1% sodium dodecyl sulfate. Tritium in the superfusate fractions and in the sodium
dodecyl sulfate lysates was determined by liquid scintillation counting. The tritium release
was expressed as FRR (i.e., the radioactivity released during a 2-min fraction was expressed
as a percentage of the total radioactivity present in the cells at the beginning of that fraction).

Drug-induced release was calculated by subtracting the mean FRR of the three baseline
fractions from the mean FRR of the last three fractions after drug exposure, and is therefore
expressed as the percentage in 2 min.

Uptake of PCA and MTA in HEK-293 cells

Uptake of p-chloroamphetamine (pCA) and MTA was determined as given in Seidel et al.
(Seidel et al. 2005), with minor modifications. 5 x 10° cells stably expressing SERT were
incubated for 15 min at 22°C in Krebs-HEPES buffer (10 mM Hepes, 120 mM NaCl, 3 mM
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KCI, 2 mM CaCly,, 2 mM MgCl,, 20 mM glucose, final pH 7.3) with or without 10 uM
paroxetine (in the wells for determination of non-specific uptake). After addition of different
concentrations of amphetamine derivatives ranging from 1 to 30 pM and incubation for 1
min, the medium was aspirated and the cells were rapidly rinsed three times each with 1 mL
ice-cold Krebs-Hepes buffer; 70 uL of double-distilled water was added and the cells were
scraped off the wells using a rubber policeman and transferred to a reaction tube. pCA and
MTA were extracted from the cells adding 150 uL acetonitrile. The cells were sonicated,
frozen in liquid nitrogen and thawed directly afterwards. After centrifugation, 150 uL of the
supernatant was spiked with internal standard (50 pL d-amphetamine, 1 mg/mL) and 6.25 pug
dansyl chloride (Serva Feinbiochemika, Heidelberg, Germany) and mixed with 150 uL
aqueous solution (pH 9.2; 15 mM NayHPOQO, final concentration). After 20 min at 65°C the
samples were centrifuged to remove precipitate; 150 pL were injected into an HPLC system
and resolved at a flow rate of 1 mL/min at 50°C [mobile phase 1 : 1, 30 mM KH,PO,4 (pH
6): acetonitrile; column: Hewlett-Packard Hypersil MOS 200 x 2.1 mm; fluorescence
detection: Shimadzu RF-551; excitation and emission wavelength, 318 and 510 nm].

Preparation of Xenopus laevis oocytes and electrophysiological measurements

Oocytes were surgically removed from mature Xenopus laevis obtained from Xenopus
Express (France), anesthetized with 0.2% tricaine. The follicular tissue containing the
oocytes was washed with Ca2*-free modified Ringer’s buffer (R96 (mM): 96 NaCl, 2 KCl,
20 MgCly, 5 Hepes, pH 7.4) und cut into small pieces. Portions of this tissue (approximately
10 mL) were added to 20 mL modified R96 with 0.1% collagenase 1A (Sigma—Aldrich,
Vienna, Austria), and nutated for 45-60 min. Collagenase treatment was terminated by
repeated washing in modified R96. The remaining follicular layer of the oocytes was
manually removed and stage V-VI oocytes were collected for the subsequent cRNA
injection.

The cDNA of the hSERT in pOTV (a kind gift from Dr M. Sonders, Columbia University,
New York, USA) was linearized downstream of the poly(A) segment using NOT | or SPE |
(Roche Austria, Vienna, Austria).

The cDNA was transcribed to cRNA using the Ambion mMessage Machine T7 kit
(Ambion, Austin, TX, USA). The amount of cRNA was measured by determining the
extinction coefficient at 260 nm. Each oocyte was injected with 10 ng cRNA with a
Drummond Nanoject injector (Drummond Scientific Company, Broomall, PA, USA) and
incubated at 19°C in standard oocyte buffer (SOS (mM): 96 NaCl, 2 KCI, 1 MgCl, 1.8
CacCly, 5 Hepes, 2.5 NaPyruvat) supplemented with 50 pg/mL gentamicin, 50 pg/mL
ampicillin and 5% dialyzed horse serum.

Electrophysiological experiments were performed using the two-electrode voltage-clamp
technique with a Dagan Ca-1b amplifier. Oocytes were mounted on the RCP-10 Perfusion
Recording Chamber and impaled with glass electrodes filled with potassium chloride (1 M).
The resistance of the electrodes was approximately 1-2 M. Oocytes were superfused with
the Valve-Mate-8 Perfusion System at 1 mL/min using superfusion buffer [(mM): 100 NaCl,
2 KCl, 1 CaCly, 1 MgCl,, 10 Hepes, pH 7.4]. The solution bath and superfused solutions
were set to 19°C with a TC-10 temperature controller. The amplifier, perfusion chamber,
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perfusion control device and temperature control were purchased from Dagan Corporation
(Minneapolis, MN, USA).

The voltage protocols were applied with an Axon Digidata 1322A D/A converter using
Clampex 9.2 software (Axon Instruments, Union City, CA, USA) on a PC. Data were
filtered at 20 Hz by the built-in low-pass filter of the amplifier, and digitalized at 500 Hz by
the acquisition software.

After positioning and impaling the oocyte, the superfusion was turned on to rinse it with
buffer, and the oocyte was clamped to a holding potential of —-80mV. Typically, it took 1-3
min for the system to stabilize. The currents were elicited by superfusion buffer containing
pCA, MTA or DMMTA at different concentrations, as indicated.

Baseline subtraction was performed with Clampfit 9.2 (Axon Instruments) by subtracting
the leak current from the amphetamine-induced current. For further analysis and curve
fitting, we used Prism 4.0 (Graphpad Software, San Diego, CA, USA).

Release from [3H]5-HT-preloaded hippocampal slices

Coronal hippocampal slices (0.4 mm thick) were prepared using a Mcllwain tissue chopper
and incubated in Krebs-Henseleit buffer with 80 nM [3H]5-HT for 15 min at 37°C. After
washing with standard buffer, one slice was transferred to each of parallel superfusion
chambers and superfused for 51 min at a rate of 0.5 mL/min. After washing for 36 min to
achieve a constant base lane of tritium efflux, six 3-min fractions were collected. Drugs
were added at t = 39 min, after the second fraction had been collected, and their effects were
measured in the 45-48 or 48-51 min fraction, where the maximum effect was generally
achieved. When used, 3 UM 6-nitroquipazine was present from t = 30 min. At the end of the
experiments slices were dissolved in 0.5 mL Soluene 35 and tritium in superfusate samples
and counted by liquid scintillation counting. The FRR was calculated as for synaptosomes
and the drug-induced overflow as the difference between the FRR in the presence (t = 45-48
min) and absence of the drug (mean t = 36-39 min).

In vivo microdialysis

In all experiments, male Sprague—Dawley rats (250-300 g) anesthetized with chloral hydrate
(400 mg/kg i.p.) were implanted with a dialysis probe (CMA/12, membrane length 2 mm,
CMA Microdialysis, Sweden) into either the lateral septum (LS) or the dorsal hippocampus
(coordinates with respect to bregma AP +0.2; ML -0.8, DV -5.5 and AP -3.8; ML 2.6, DV
-3.6, respectively). We decided to study the effects of compounds in the LS since this
region is part of the septohippocampal formation; it receives a significant serotonergic input
from raphe nuclei (Dinopoulos et al. 1993) and has been considered an essential nodal point
for integrating cognitive and emotional information and a target region for the action of
SERT acting compounds such as antidepressants (Sheehan et al. 2004).

Artificial cerebrospinal fluid (NaCl 120 mM; KCI 2.4 mM; Na,HPO,4 0.9 mM; NaH,PO4
1.4 mM; pH = 7.4) was perfused at 1 uL/min using a perfusion pump (Harvard Apparatus
22). Samples were collected every 20 min starting 120 min after beginning the perfusion.
After the fourth basal fraction, drugs were administered locally (for 20 min) or systemically.
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Samples were received in HCIO,4 (4 uL) and the extracellular concentration of 5-HT was
measured by HPLC-ED. The chromatographic conditions were as previously described
(Sotomayor et al. 2005). At the end of the experiments, the rats were killed and the correct
placement of the probe was verified. Results were expressed as femtomoles of 5-HT per
fraction (uncorrected for recovery) and are presented (mean = SEM) as a percentage of basal
values.

Statistical analysis was done with one-way anova followed by the Student-Newman-Keuls
multiple comparison test.

Under these conditions, 5-HT absolute basal values in LS and dorsal hippocampus were
respectively 24.1 + 1.6 fmol/20 puL (n = 41) and 5.0 + 0.5 fmoles/20 pL (n = 24),. In
experiments where citalopram (10 uM) was included in the perfusion fluid, the 5-HT
absolute basal value in LS was 98.3 + 14.1 fmol/20 pL (n=9).

Neurotoxic effects of DMMTA ex vivo

Figure 2 shows that treatment of rats with DMMTA up to 20 mg/kg i.p. was not neurotoxic,
as indicated by [3H]citalopram binding to rat hippocampal SERTSs 1 week after drug
administration. In contrast, 1 week after treatment, 5 mg/kg pCA caused about a 51%
decrease of SERTS.

Effect of DMMTA on synaptosomal [3H]5-HT uptake

N,N-dimethylMTA inhibited [2H]5-HT uptake in rat hippocampal synaptosomes with an
ICsq of 171 nM (95% CI 128-230 nM). For comparison, the ICsqg values of pCA and MTA,
determined under identical conditions, were 216 and 102 nM (Gobbi et al. 2002).

Releasing effect of DMMTA on synaptosomes preloaded with [3H]5-HT

Figure 3(a) shows the concentration—response curve for the releasing effect of DMMTA
applied to superfused rat hippocampal synaptosomes preloaded with [3H]5-HT. The
releasing effect of selected concentrations of pCA, measured in parallel with DMMTA, is
also shown. For comparison, the concentration—response curves of MTA and pCA
determined previously are also indicated (Gobbi et al. 2002). [3H]5-HT release induced by
DMMTA was low, less than the MTA-induced release and much lower than the pCA-
induced release. As previously demonstrated for pCA and MTA (Crespi et al. 1997; Gobbi
et al. 2002), the releasing effect of DMMTA was SERT-dependent, since it was almost
completely abolished by 1 uM citalopram (data not shown).

Figure 3(b) shows that 0.5 pM DMMTA (causing very little releasing effect per se)
interacted with SERTS, since it markedly (68%) antagonized the releasing effect of an
equimolar concentration of pCA. This datum agrees with the 5-HT uptake data, indicating
similar affinities of the two compounds for SERTSs.

J Neurochem. Author manuscript; available in PMC 2015 July 15.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Gobbi et al. Page 9

Releasing effect of DMMTA, MTA and pCA on hSERT-expressing HEK-293 cells preloaded
with [3H]5-HT
Figure 4(a) shows the releasing effect of the three amphetamine derivatives applied to
superfused hSERT-expressing HEK-293 cells preloaded with [3H]5-HT. Like in
synaptosomes, pCA was a much more potent [3H]5-HT releaser than MTA, and gave bell-
shaped dose—response curve. [3H]5-HT release induced by DMMTA was even lower than
the release induced by MTA.

The [3H]5-HT release induced by both MTA and DMMTA was markedly enhanced by co-
application of the Na*/H*-ionophore monensin (Fig. 4b). Previously, we had found that
monensin, which raises the intracellular sodium concentration, only enhanced efflux
triggered by transporter substrates such as pCA, and that this measure sufficed to clearly
distinguish transport uptake inhibitors from transporter substrates (Scholze et al. 2000).
Thus, the results presented in Fig. 4(b) strongly argue for DMMTA and MTA meeting the
criteria to be regarded as transporter substrates.

Uptake of pCA and MTA in SERT-expressing HEK-293 cells

To further confirm the substrate properties of MTA we measured its paroxetine-specific
uptake in SERT-expressing HEK-293 cells. Figure 5 shows that MTA is taken up by SERTS
with a Km of 6.1 2.3 uM and Vinax 416 + 58 pmol/min/10° cells. This Vinax Was, however,
significantly lower (40%, p < 0.02) than that found, in parallel, for pCA (695 + 57 uM). The
Km of pCA uptake was 3.3 £ 0.9 uM, consistent with t measurements (Seidel et al. 2005).
The uptake of DMMTA could not be measured because a free amino group is needed for
derivatization, rendering HPLC analysis impossible.

Induction of inward currents in hSERT-expressing oocytes

Application of amphetamine derivatives to hSERT-expressing Xenopus laevis oocytes led to
distinct, robust generation of current. Clearly, pCA induces much higher inward currents
than DMMTA and MTA (Fig. 6). All three amphetamine derivatives induced bell-shaped
concentration—response curves.

Releasing effect of DMMTA from brain slices preloaded with [3H]5-HT

Figure 7, panel (a) illustrates the time-course of the releasing effects brought about by 30
UM DMMTA, MTA, and pCA, when applied to superfused rat hippocampal brain slices
preloaded with [3H]5-HT. As previously reported, the releasing effect of MTA was similar
to that of pCA (Huang et al. 1992) whereas DMMTA had much less effect. The complete
concentration—response curves of DMMTA and pCA are compared in panel (b): at the
highest concentration (300 uM) the releasing effect of DMMTA was about half that of pCA.
The releasing effect of 30 uM of both compounds was almost completely abolished by 3 uM
6-nitroquipazine, indicating the SERT-dependence of this effect (panel b, inset); 6-nitro-
quipazine by itself significantly increased [3H]5-HT release only at 10 pM.
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In vivo effect of DMMTA on brain 5-HT extracellular levels

Figure 8(a) shows the effects of DMMTA, MTA or pCA applied through the dialysis probe,
on extracellular 5-HT in the LS of anesthetized rats. In view of the structural similarities
between 5-HT and the three drugs (an aromatic ring separated from an amino group by a
two-carbon atom chain and molecular weights in the 170-209 range), concentrations were
chosen assuming that the probe recoveries for both drugs would be similar to that for 5-HT
(8-11%). Thus, a concentration of 1 mM in the perfusion fluid would be expected to give
approximately 100 uM in the proximity of the cannula.

When administered through the probe, DMMTA raised extracellular 5-HT in the LS. This
effect was similar in magnitude to that observed with MTA and slightly lower than with
pCA (Fig. 8a). In addition, the effect of MTA was similar to that previously reported in the
dorsal hippocampus (Gobbi et al. 2002). The releasing effect of DMMTA involves 5-HT
transporters, since SERT blockade by 10 uM citalopram, completely abolished it (Fig. 8a,
dashed line).

Systemically administered 5 mg/kg doses of the three amphetamine derivatives (i.p.)
markedly raised extracellular 5-HT, measured by microdialysis in the dorsal hippocampus
(Fig. 8b). The releasing effect of DMMTA was about half that after either MTA and pCA.

Discussion

In the present study, we further characterized MTA and DMMTA, two amphetamine
derivatives which, despite their high affinity for SERTS, lack the neurotoxic properties
typical of this class of compounds (e.g., pCA, MDMA, and d-fenfluramine). The effects of
pCA were determined for comparison. Most of the MTA’s effects, both in vitro and in vivo,
have already been published, but we can now add some interesting data.

DMMTA is an MTA derivative recently described for its anti-MAO-A activity (10-times
less potent, however, than MTA) (Hurtado-Guzman et al. 2003). The 5-HT-releasing effects
of DMMTA and its parent compounds were evaluated in vivo, in microdialysis studies, and
invitro, in superfused synaptosomes and brain tissue slices and in heterologously transfected
cells stably expressing hSERTS. In particular, the latter system gave data that can be more
easily interpreted as pure effects of the compounds at SERTS, avoiding the confounding
factor represented by the presence of synaptic vesicles and vesicular release. Since SERT
substrates not only induce release but also SERT-mediated uncoupled charge transfer
(Mager et al. 1995), we also measured the currents induced by DMMTA, MTA, and pCA in
voltage-clamped Xenopus oocytes expressing hSERT (Gerstbrein and Sitte 2006).

In vitro, MTA, DMMTA and pCA have different ‘efficacies’ for induction of 5-HT release and
currents: evidence for a correlation between these SERT-mediated effects

When tested on superfused synaptosomes preloaded with [2H]5-HT, DMMTA-induced
tritium release was significantly lower than that induced by pCA or MTA: if the maximal
release induced by pCA is set to 100%, then the maximal release induced by MTA and
DMMTA is about 50% and 25%, respectively. Although low, these effects exclude that
these compounds behave as pure SERT blockers. In fact, in our experimental model of
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superfused synaptosomes, the sole inhibition of reuptake by prototypical SERT blockers did
not result in any ‘apparent’ releasing effect (Raiteri et al. 1974; Gobbi et al. 1992).

When the three amphetamine derivatives were tested for induction of [3H]5-HT release from
superfused hSERT-expressing HEK-293 cells, or for induction of inwardly-directed currents
in hSERT-transfected oocytes, the results were very similar to those in synaptosomes. Since
HEK-293 cells, like oocytes, lack synaptic vesicles, these results rule out the possibility that
the differences between the maximal releasing effect of pCA, MTA and DMMTA are
related to differences in the compounds’ ability to interact with — or induce release from —
the vesicular pool (Gobbi et al. 2002). We therefore suggest that these differences might
arise as a consequence of a different interaction with SERTSs or with other intracellular
mechanisms involved in the SERT-dependent release/currents.

The finding that the [3H]5-HT release induced by both MTA and DMMTA from superfused
cells was greatly enhanced in the presence of monensin, as was pCA-induced release
(Scholze et al. 2000), confirm that these amphetamine derivatives are all SERT substrates.
However, some substrates may be more efficiently taken up (high Vmax) than others (lower
Vmax, ‘partial’ substrates), and that differences in the Vi might result in differences in the
transporter-dependent effects, such as release and currents (Jensen and Brauner-Osborne
2004). Our finding that the Vpnax 0f SERT-mediated MTA uptake, measured in HEK-293
cells, is significantly lower (about 40%) than that of pCA might thus help explain to the
lower effects of MTA than pCA.

The availability of compounds with “partial” effects highlights the correlation between
amphetamine-induced currents and amphetamine-induced 5-HT release (at least in
synaptosomes and HEK-293 cells), which is also strengthened by the similar bell-shaped
dose-response curves found, especially with pCA, in all these in vitro assays (for a possible
explanation of bell-shaped curves see (Gobbi et al. 2002; Seidel et al. 2005). This
correlation agrees with the theory that substituted amphetamine-induced release might
involve ion fluxes through the transporter. Accordingly, in HEK-293 cells expressing the
DA transporter (DAT) Zn2* stimulates both amphetamine-induced inward currents (Meinild
et al. 2004; Pifl et al. 2004) and amphetamine-induced DA release (Scholze et al. 2002; Pifl
et al. 2004). On the other hand, Zn2* inhibits DAT-mediated DA uptake (and thus, probably,
DAT-mediated amphetamine uptake), dissociating the amphetamine-induced release/
currents from the amphetamine uptake (Scholze et al. 2002; Pifl et al. 2004). Analogously,
the down-regulation or inhibition of protein kinase C (PKC) activity resulted in a significant
decrease in amphetamine-induced monoamine release, with no apparent effect on
[®H]monoamine uptake (Kantor et al. 2001; Seidel et al. 2005).

These findings challenged the classical ‘facilitated exchange diffusion” model (Fischer and
Cho 1979; Levi and Raiteri 1993) and suggest that currents and/or release can be induced
independently by the translocation of the drug (i.e., the property of being a substrate might
be either not necessary or not sufficient). Activation of PKC plays a fundamental role in
amphetamine-induced monoamine release (Kantor et al. 2001; Gnegy 2003; Seidel et al.
2005) and N-terminal phosphorylation of DAT is essential for amphetamine-induced DA
efflux (Khoshbouei et al. 2004).
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Thus, the low maximal effects of MTA and DMMTA for induction of 5-HT release and
currents may not (only) be associated with a low Vi, Of translocation, but also with low
efficacy (lower than pCA) for activating those mechanisms (i.e., phosphorylation)
responsible for the inward currents and/or release of the intracellular substrate.

The relative efficacies of pCA, MTA, and DMMTA for induction of 5-HT release are different
in brain slices or in vivo after local application

In superfused rat hippocampal slices, the maximal [3H]5-HT release induced by DMMTA is
about half the maximal release induced by pCA, thus partly confirming the results in
synaptosomes. Previous data in brain slices showed that MTA is as potent as pCA as a
[BH]5-HT releaser (Huang et al. 1992) and this was confirmed in the present study. Thus,
the normalized maximal releasing effects of the three amphetamine derivatives (pCA 100%,
MTA 100%, and DMMTA 50%) indicate less pronounced differences than those found in
synaptosomes and cells. Another discrepancy with the data obtained in synaptosomes and
cells is that the dose—response curve of pCA in brain slices was not bell-shape, at least in the
range of concentrations tested (present data and Huang et al. 1992).

Local application of DMMTA into the LS in vivo resulted in a marked, citalopram-sensitive
increase of extracellular 5-HT, quantitatively similar to that induced by MTA, and slightly
lower than that elicited by pCA. The MTA-induced 5-HT release in the LS was similar in
magnitude to the MTA-induced release previously described in the hippocampus which in
turn was similar to or only slightly lower than the pCA-induced release (Gobbi et al. 2002).
Altogether, these findings suggest that, when locally applied in vivo, both MTA and
DMMTA release 5-HT in a manner quantitatively and qualitatively comparable to the
neurotoxic amphetamine derivative pCA.

The evidence that MTA and DMMTA significantly differ from pCA as regards their
maximal 5-HT-releasing effect in synaptosomes and cells as well as their maximal attainable
effect for induction of SERT-mediated currents in oocytes, confirms and extends the
observation, described in our previous paper (Gobbi et al. 2002), of a discrepancy between
invivo and in vitro synaptosomal data. If, in vitro, MTA and DMMTA (but also mCPP,
Gobbi et al. 2002) behave as “partial substrates’ on targets relevant for the induction of
reverse transport, they appear to act as “‘full substrates” when applied locally in vivo.

This should not be so surprising, however, because similar observations have often been
reported for ligands of G protein-coupled receptors, which can act as full agonists in some
experimental systems and as partial agonists in others, and theoretical models have been
proposed to account for this behavior (Hoyer and Boddeke 1993). Further work is, however,
necessary to substantiate this possibility.

Independently from the underlying molecular mechanisms, our data suggest that the
maximal 5-HT-releasing effect in vitro (superfused rat brain synaptosomes and SERT-
expressing cells), but not in vivo, might be a valuable indicator of the compound’s efficacy
for activating the uncoupled mechanisms involved in reverse transport.
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The different neurotoxic properties of amphetamine derivatives appear to correlate with
their in vitro efficacies for induction of 5-HT release or currents

The present findings also confirm and extend the suggestion that the different neurotoxic
properties of the amphetamine derivatives are unlikely to be due to a difference in their 5-
HT-releasing effects in vivo (Huang et al. 1992; Rudnick and Wall 1993). Thus,
microdialysis studies showed that 5 mg/kg i.p. of both MTA and DMMTA induce marked 5-
HT release in the dorsal hippocampus, comparable (specially in the case of MTA) to the 5-
HT release elicited by a neurotoxic dose of pCA. No neurotoxic effects were observed, even
at the higher MTA and DMMTA dose of 20 mg/kg [(Gobbi et al. 2002) and present data]
and even lower effects on extracellular 5-HT have been reported for neurotoxic PCA doses
(lyer et al. 1994; Muchimapura et al. 2002).

The possibility that the differences in the neurotoxicity between these amphetamine
derivatives could be due to a different effect on MAO-A is also unlikely, because the
potency of DMMTA as MAO-A inhibitor is only twofold higher than that of pCA (Hurtado-
Guzman et al. 2003).

The different neurotoxic properties of the amphetamine derivatives appear to correlate with
their effects (5-HT release and currents) in vitro in synaptosomes and cells. mCPP is another
non-neurotoxic compound which in vivo and in brain slices raises extracellular 5-HT by
acting as a SERT substrate (Pettibone and Williams 1984; Eriksson et al. 1999; Baumann et
al. 2001) whereas it has negligible 5-HT-releasing effect in synaptosomes (Gobbi et al.
2002) and SERT-expressing cells (M.H. and H.H.S., unpublished data). Thus, all the
compounds tested so far that induce maximal 5-HT release in vitro (pCA but also MDMA
and dfenfluramine, “full substrates’) are neurotoxic for 5-HTergic nerve endings, whereas
the compounds that, in synaptosomes, are poor 5-HT releasers (MTA, DMMTA, mCPP, and
tramadol, ‘partial substrates’) are not neurotoxic.

The substrate-induced inward (Na*) currents may play a large part, resulting in sustained
depolarization which, in turn, could favor the free radical formation and oxidative stress
previously found to be involved in the serotonergic neurotoxicity of some amphetamine
derivatives (Shankaran et al. 1999, 2001). Alternatively, it is tempting to suggest that
neurotoxicity is a consequence of full activation of those mechanisms which, in
synaptosomes and cells, lead to inward currents and/or 5-HT release. Activation of PKC
might be a candidate mechanism since, as mentioned above, it may play a fundamental role
in amphetamine-induced monoamine release (Kantor et al. 2001; Gnegy 2003; Khoshbouei
et al. 2004; Seidel et al. 2005). Drug-induced 5-HT release in vivo is likely to involve
additional mechanisms, similar for the neurotoxic and non-neurotoxic drugs considered in
the present study.

In conclusion, in vitro studies in synaptosomes and cells might predict neurotoxic properties
of SERT substrates, by highlighting differences that cannot be detected by measuring their
5-HT-releasing properties in vivo.
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Chemical structures of the amphetamine derivatives used in the present study.
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Fig. 2.

Ingvivo treatment with DMMTA was not neurotoxic for 5-HTergic neurons in rat
hippocampus. Male rats received one intraperitoneal injection of 5 or 20 mg/kg DMMTA or
5 mg/kg pCA. Control rats received vehicle alone (saline solution). One week later, rats
were killed and [3H]citalopram binding was measured in their hippocampi. Each value
represents the mean £ SE of five rats. **p < 0.01 versus vehicle-treated rats.
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Fig. 3.

Pagnel (8). Releasing effect of DMMTA from superfused rat hippocampal synaptosomes
preloaded with [3H]5-HT. Release was calculated by subtracting the fractional release rate
(FRR) immediately before the stimulus (basal release) from that immediately after. Each
value is the mean + SEM of 3-12 replications from 1 to 4 experiments; in most cases SEM
is within the size of the symbols. In each experiment testing DMMTA derivatives, pCA was
always added as a positive internal control and the results are shown. Dashed lines show the
concentration-effect curves previously reported with pCA and MTA (Gobbi et al. 2002), for
comparison. Panel (b)) DMMTA (0.5 uM) antagonized the [3H]5-HT release induced by 0.5
UM pCA. Synaptosomes were exposed to DMMTA, or its vehicle (VEH) from t = 48 min
onward and pCA was added from t = 52 min. Three 4-min fractions were collected: t = 44—
48 (basal release), t = 48-52 (DMMTA-induced release) and t = 52-56 (pCA-induced
release in the absence or presence of DMMTA). Ordinates indicate the [3H]5-HT released in
each 4-min fraction as a percentage of the total radioactivity in the synaptosomes at the start
of that fraction. Each value is the mean + SEM of four replications (four chambers in
parallel). Two-way anova Was done using the data of fractions 2 and 3, and the results
indicated significant interactions (p < 0.01) between DMMTA and pCA.
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Pagnel (a) Releasing effect of DMMTA, MTA, and pCA from superfused SERT-expressing
HEK-293 cells preloaded with [3H]5-HT. Drug-induced release is the difference between
the mean fractional release rate (FRR) after and before cells are exposed to drugs. Symbols
represent mean + SEM of 6-9 observations from two or three independent experiments.
Panel (b) Effect of monensin on the [3H]5-HT-releasing effects of MTA and DMMTA.
After three fractions of basal efflux, the cells were exposed, as indicated, to 10 uM MTA or
DMMTA, in the absence or presence of 10 UM monensin. Data are presented as FRR.
Symbols represent mean = SEM of nine observations from three separate experiments.
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Fig. 5.

ancentration dependence of uptake of MTA and pCA in HEK-293 cells stably expressing
hSERT. Cells were incubated for 1 min with MTA and pCA at the concentrations indicated.
Amphetamines were then extracted from the cells and determined by HPLC as described
under Materials and methods. Symbols show the specific (i.e., paroxetine-sensitive) uptake
and are means £ SEM of three experiments run in triplicate. The saturation curves were
fitted using the ‘one-site model’ hyperbola equation (GraphPad Prism 4.0a). The calculated
Vmax 0f MTA (416 + 58) was significantly lower (p < 0.01) than the Viax 0f pCA (695 £
58) whereas K, (6.0 = 2.3 vs. 3.3 + 1.0 uM, respectively) were not significantly different
(compared with F-tests included in the GraphPad Prism 4.0a software).
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Fig. 6.

Insvard currents induced by application of different concentrations of pCA, DMMTA and
MTA to hSERT expressing Xenopus laevis oocytes. Electrophysiological experiments were
done using the two-electrode voltage-clamp technique with oocytes clamped to a holding
potential of —80 mV. Data are means = SEM of three experiments performed in triplicate.
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Fig. 7.

R(?Ieasing effect of DMMTA from rat brain hippocampal slices preloaded with [3H]5-HT.
Slices were prepared, labeled with the radioactive tracer and exposed to drugs in
superfusion. DMMTA, MTA or pCA were added at t = 39 min of superfusion and
maintained until the end of the experiments. 6-Nitro-quipazine (6-NO»-QUI) was introduced
att = 30 min. Panel (a) Time course of the release of [3H]5-HT from slices exposed to 30
UM DMMTA, MTA or pCA. Data are expressed as FRR (see Materials and methods). Panel
(b) and inset. Concentration—response curve of the effects of DMMTA or pCA and block by
6-NO,-QUI. Data are expressed as drug-induced [3H]5-HT overflow, calculated by
subtracting the basal release (second fraction collected; t = 36-39 min) from the release
measured in the fifth fraction collected (t = 45-48 min), where the drugs generally reached
maximum effect. The data presented are mean + SEM of 4-6 experiments in triplicate. *p <
0.001 compared to the effect of pCA or DMMTA alone (two-tailed Student’s t-test).
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Microdialysis data showing the effects of DMMTA, MTA or pCA either applied locally
(panel a, drugs infused at a concentration of 1 mM as indicated by the bar) or given
systemically (panel b, i.p. injection of 5 mg/kg is indicated by the arrow) on extracellular 5-
HT in the rat lateral septum (LS) and in the dorsal hippocampus. Data are mean + SEM (n =
4-6 for each condition). Asterisks indicate a significant difference between samples after
treatment and the corresponding basal values, calculated by one-way anova-Student—
Newman—-Keuls: *p < 0.05, and **p < 0.01.
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