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SUMMARY

3,4-Mettl_,lenedioxymethamphetamine (MDMA) and several additionto their effects on plasma membranetransporters, MMA
other amphetamine derivatives cause degeneration of seroto- and MMAI both inhibited serotonin transport into chromaffin
nergic nerve terminals. These drugs also release serotonin from granule membrane vesicles catalyzed by the vesicular biogenic
nerve terminals both in vivo and in vitro.Two non-neurotoxic amine transporter. At higher concentrations, these compounds _',
derivatives of MDMA were tested in membrane vesicle model also caused release of [3H]serotonin from chromaffin granule ,,,
systems to determine whether they also lacked the ability to membranevesicles and dissipated the transmembrane pH dif- ,'_
release serotonin. 3-Methoxy-4-methylamphetamine (MMA) and ference (ApH). Although MMAI effects on the serotonin trans-
5-methoxy-6-methyl-2-aminoindan (IvlMAl) both inhibited imipra- porter were similar to those of MDMA, the two compounds had
mine binding to serotonin transporters in platelet plasma mem- different effects on dopamine transporters. MDMA and math- tl_

brane vesicles and both inhibited Na+ gradient-driven serotonin amphetamineinhibited binding of a cocaine analog to the dopa- 11'transport into those vesicles. Significantly, both MMA and MMAI mine transporter and released dopamine accumulated by cells
released [3H]serotonin from plasma membrane vesicles, appar- expressing dopamine transporters, but similar concentrations of
ently by a process of exchange. The half-maximal concentrations MMAI were inactive.
for this effect were comparable to that reported for MDMA. In _'

A class of amphetamine derivatives including MDMA, 3,4- that are not neurotoxic. MMAI and MMA both resemble ,,,
methylenedioxyamphetamine, PCA, and fenfiuramine cause MDMA in drug-discrimination trials (9) but do not by them- _,,
degeneration of serotonergic nerve terminals (1-4). Each of selves destroy serotonergic terminals. Amphetamine itself is ,_
these compounds releases serotonin by a nonexocytotic process, not a serotonergic neurotoxin, but amphetamine releases do- Il
The nature of amphetamine-induced serotonin neurotoxicity is pamine and its coadministration with MMAI causes the same m_
not understood, and the participation of serotonin release in long term loss of serotonin, 5-hydroxyindole acetic acid, and
the process has not been evaluated (5). Other potential mech- paroxetine binding activity as does MDMA (10). It was pro-
anisms for amphetamine neurotoxicity involve an action on posed that MMAI and MMA shared with MDMA the ability
serotonergic terminals by released dopamine (6, 7), dissipation to release serotonin but lacked its effect on dopamine release
of ion gradients by transporter-mediated amphetamine cycling and, therefore, did not lead to dopamine-mediated neurotoxic-
(8), and unspecified intracellular actions of the amphetamines lty.
or their metabolites (5). We have recently developed membrane vesicle model systems

Because MDMA has the property of releasing dopamine as in which to examine the effect of these amphetamine deriva-
well as serotonin, the role of released dopamine in the destruc- fives on serotonin transporters (8). A Na+-dependent trans-
tion of serotonergic terminals has been the subject of experi- porter is responsible for serotonin reuptake across the plasma
mental scrutiny. The hypothesis that dopamine is involved in membrane, and accumulation of cytoplasmic serotonin within
the toxicity of MDMA is supported by experiments demonstrat- secretory vesicles is coupled to exchange with intravesicular H+
lng that dopamine receptor blockers prevent MDMA neurotox- ions catalyzed by the vesicular amine transporter. In plasma
icity (7). Nichols et al. (9) have synthesized analogs of MMDA membrane vesicles isolated from human platelets, MDMA and

PCA stimulate release of internal [SH]serotonin in a process
Thisworkwassupportedby a f':_..t ::..'.:.: ._..... :!.......... :.... ,.:_::. .... mediated by the platelet plasma membrane serotonin trans-

clarionand by UnitedStatesPublicHealthServiceGrantDA07259. porter (8, 11). The value of platelets as a model for studying

ABBREVIATIONS:MDMA,3,4-methylenedioxymethamphetamine;PCA,p-chloroamphetamine;MMAI,5-methoxy-6-methyl-2-aminoindan;MMA,3-
methoxy-4-methylamphetamine;fi-[_2Sl]CIT,2fi-carbomethoxy.3fi-(4.[_251]iodophenyi)tropane;HEPES,4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid;EPPS,N-(2-hydroxyethyl)piperazine-N'-(3-propanesulfonicacid).
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f neuronal serotonin transport has been recently validated by pH 6.7, 1 mM MgSO,, and 0.1 #M [3Hlserotonin (12.3 Ci/mmol).
the isolation of cDNA clones coding for serotonin transporters Chromaffin granule membrane vesicles were diluted to a concentration
from rat brain and rat basophilic leukemia cells (12, 13). The of approximately 0.25 rog/mi in 0.3 M sucrose containing 10 mM

similarity between the two nucleotide sequences suggests that potassium HEPES, pH 8.5, 5 mM KC1,2.5 mM MgSO4, 5 mM disodium
central and peripheral serotonin transporters are products of ATP, and 0.1 _M [3H]serotonin (unless otherwise indicated). Reactions

(200 _l/assay) were stopped by dilution, filtration, and washing, and
the same gene. Thus, agents that cause release of serotonin filtered vesicles were counted as described previously (18). The standard
from platelet plasma membrane vesicles are also likely to error of replicate assay values was typically <5% of the mean.
release serotonin from nerve endings. Likewise, the chromaffin Exchange. Platelet plasma membrane vesicles equihbrated with 10
granule amine transporter is thought to provide a good model mM lithium phosphate buffer, pH 6.7, containing 60 mM NaCI, 93 mM
for serotonin accumulation within synaptic vesicles (14). With K2SO,, and 1 mM MgS04 were diluted 30-fold into 0.2 MNaC1 contain-
these two model systems we have been able to examine the ing 10mM lithium phosphate buffer, pH 6.7, and 0.1 UM[3H]serotonin,
mechanisms by which MDMA and PCA release serotonin from at 25°. After serotonin accumulation had reached a maximum (5-10
synaptic vesicles and nerve terminals (8, 11). In the work rain), effiux was initiated by dilution of the suspension 40-fold with
described here we tested the ability of MMA and MMAI to the indicated medium. Thirty seconds after dilution, the vesicles were

collected by filtration of the suspension through Gelman GN-6 nitro-
release serotonin in these membrane vesicle model systems, cellulose filters. The reaction tube and filter were rapidly rinsed with

2 mi of ice-cold 0.2 M NaCl and the filter was counted in 3 ml of
Optifluor (Packard). Effiux from chromaffin granule membrane vesi-

Experimental Procedures cles was measured in the same way, except that preloading was carried
out in 0.3 M sucrose containing 10 mm potassium HEPES, pH 8.5, 5

Materials. [3H]Serotonin(12.6Ci/mmol), [3H]imipramine(40.4 Ci/ mM KCI, 2.5 mM MgSO4, 5 mM disodium ATP, and 0.1 _M [aH]

mmol), and [3H]dopamine (24.1 Ci/mmol) were purchased from New serotonin and efflux was measured after dilution into the same mediumEngland Nuclear. MMA and MMAI were generous gifts from Dr. David without ATP, MgSO4, or [3HIserotonin. The standard error of replicate
Nichols, Purdue University. _-[_25I]CIT (2200 Ci/mmol) was synthe- assay values was typically <10% of the mean.

sized as previously described for _-[_2al]CIT (15). It was a gift from ApH measurements. Chromaffin granule membrane vesicles (80

Drs. Robert Innis, Yolanda Zea-Ponce, and Ronald Baldwin (Dept of _g of protein) were incubated at room temperature in a cuvette con-
Psychiatry, Yale University, and VA Medical Center, West Haven, taining 2 mi of 10 mM Tris-EPPS (pH 8.5), 150 mM KCI, 6 #M acridine
CT), who prepared and characterized _-[mI]CIT using the stannyl orange, and 5 mM ATP. The relative fluorescence of the mixture was
precursor of _-CIT synthesized by Drs. John Neumeyer and Richard measured with a Perkin-Elmer LS-bB luminescence spectrometer, us-
Milius (Research Biochemicals, Inc., Natick, MA). All other reagents lng an excitation wavelength of 490 nm and an emission wavelength of
were reagent grade and were purchased from commercial sources. 526 nm. When the base-line fluorescence stabilized, acidification was

Preparation of membranes. Outdated human platelet concen- initiated by the addition of 6 mM MgS04 and the relative fluorescence
trates were purchased from the Connecticut Red Cross. Platelets from was monitored. Approximately 15 min later, additions of MMAI or
50-100 individuals were pooled for each membrane preparation. Plate- MMA were made and the increase in fluorescence was measured. After

let plasma membrane vesicles were isolated by the method of Barber the last addition, NH4C1 was added to a final concentration of 10 mMand Jamieson (16) with the modifications described previously (17). to neutralize the vesicle interior and completely reverse the quenching.

Chromaffin granule membrane vesicles were prepared as described by In replicate experiments, the concentration of MMA and MMAI re-

Schuldiner et al. (18), by repeated osmotic lysis of bovine adrenal quired for half-maximal reversal of the fluorescence quenching varied
medullary chromaffin granules isolated by differential sedimentation, by <10% of the mean value.
Dissected rat striata were homogenized in 20 volumes of 150 mM Li2SO4

buffer containing 10 mM lithium borate, pH 8.0, and 1 mM MgSO4,using a Brinkmann Polytron (Westbury, NY) (setting 6 for 30 sec). Results
The homogenate was washed twice by centrifugation for 10 min at

_[ 50,000 x g and resuspension in the same buffer. The final membrane Plasma membrane serotonin transporter. To evaluate
suspension was distributed into microcentrifuge tubes and sedimented the interaction of MMA and MMAI with the plasma membrane
by eentrifugation. After the supernatant fluid was removed, the pellets serotonin transporter we used plasma membrane vesicles iso-
were frozen and stored at -80* until use. lated from human platelets, which provide a good model system

Binding assays, lmipramme mnumg was measureu ac zu using for studying this transporter (21). When vesicles equilibrated
the filtration assay described previously (19). Membrane vesicles were in K2S04 are diluted into NaC1 medium, the transmembrane
suspended at a protein concentration of 0.3 mg/ml in an assay buffer gradients for Na +, K +, and Cl- provide a driving force forof 200 mM NaC1 containing 10 mM lithium phosphate, pH 6.7, 1 mM
MgS04, and the indicated concentration of [3H]imipramine (19-23 accumulation of serotonin (20). Inhibitors, such as the tricyclic
cpm/fmol). After a 20-min incubation, the reactions (300 _l/assay) antidepressant imipramine, bind at or near the transporter
were terminated by dilution with 4 mi of ice-cold iso-osmotic NaC1 and substrate binding site and block serotonin transport (22).
were filtered through Whatman GF/B filters that had been pretreated Both MMA and MMAI inhibit [3H]serotonin transport and
with 0.3% polyethyleneimine. The tube and filter were washed three [aH]imipramine binding by platelet plasma membrane vesicles.
times with 4 mi of ice-cold NaCI solution. Filters were placed in The data in Fig. 1 show that, as described previously for MDMA

Optifluor (packard, Downers Grove, IL) and counted after 5hr. Binding (8), both MMA and MMAI inhibit serotonin transport. This
in the absence of Na+ or in the presence of 100 uM serotonin was taken inhibition is likely to result from direct interaction with the
as a control lur nonspecllic uinumg. I ne stanuaru error ol repimate serotonin transporter, because both agents also inhibit [:'H]
assay values was typically <5% of the mean.

Transport assays. Transport of [aH]serotonin into plasma mere- imipramine binding. Transport inhibition occurs at lower
brane vesicles was measured at 25° using the previously described MMA and MMAI concentrations than are required to inhibit
filtration assay (20). Unless otherwise indicated, vesicles were equili- imipramine binding. In both assays, MMA is .slightly more
brated with 10 mM lithium phosphate buffer, pH 6.7, containing 133 potent than MMAI.
mM KzS04 and 1 mM MgS04 and were diluted into external medium We previously inferred that MDMA was a substrate for the
consisting of 0.2 M NaCI containing 10 mM lithium phosphate buffer, transporter from its higher potency to inhibit transport, relative
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Fig. 1. Inhibition of p{atelet p{asma membrane serotonin transport and Fig. 2. Serotonin effiux from platelet plasma membrane vesicles and
imipramine binding. Rates of serotonin influx (- - -) were measured in chromaffin granule membrane vesicles. Plasma membranevesicles (-
20-sec incubations as described in Experimental Procedures, using 0.1 --) that had accumulated [3H]serotonin were diluted into NaCl medium
/.tM[3H]serotonin in the presenceof the indicatedconcentrations of MMA containing the indicated concentration of MMA (O) or MMAI (O), and
(1) or MMAI (12).Uptake values due to nonspecificprocesses, measured effiux was measured for 1 rain as described in ExperimentalProcedures. "
in the presence of I vM imipramine, were subtracted from each meas- The maximal extent of efflux was 55% in 1 min at 3 vM MMA. Half-
urement. Half-maximal inhibition of transport occured at 205 _ 15 nM maximal stimulation of efflux occurred at 61 _ 20 nM for MMA and 101 ,
MMA and 452 _ 18 nMMMAI. Imipramine binding (----) was measured ± 20 nM for MMAI. Each point represents the average of triplicate
as described in Experimental Procedures, using 1 nM [3H]imipraminein determinations. Error bars represent the standard deviation and are
the presence of the indicated concentrations of MMA (O) or MMAI (O). plotted only where they exceeded the size of the symbol. Chromaffin _
Nonspecificbinding, measured in the presenceof 100vD serotonin, was granule membrane vesicles that had accumulated [3H]serotonin were

subtracted from each measurement. Half-maximal inhibition of binding diluted into 0.3 M sucrose medium containing 10 mM potassium EPPS, iloccured at 1.4 ± 0.45 uP MMA and 6.54 _+_0.65 vD MMAI. Eachpoint pH 8.5, 2.6 mM MgSO4, 5 mM KCI, and MMA (D) or MMA (al) at the
represents the average of triplicate determinations. Errorbars represent indicatedconcentration, andeffiux was measuredfor 10minas described
the standard deviation and are plotted only where they exceeded the in Experimental Procedures (- - -). The maximal extent of effiux was
size of the symbol. 90% in 10 rain at I mM with either compound. Half-maximalstimulation _

required 0.135 +_0.021 mM concentrations of either compound. Each
to binding (8). This was confirmed by the ability of MDMA to point represents the average of triplicate determinations. Error bars
exchange with internal [3H]serotonin in a reaction catalyzed represent the standard deviation and are plotted only where they ex-
by the transporter. To test the ability of MMA and MMAI to ceeded the size of the symbol, i,

E

exchange with serotonin, we allowed platelet plasma membrane TABLE 1 [vesicles to accumulate [3H]serotonin and then diluted the ves-
Na+ Dependence and Imipramine sensitivity of serotonin exchange

icles into medium free of radiolabel. Previous results (23) with MMA and MMAI

indicate that external serotonin causes more rapid efflux of Platelet plasma membrane vesicles equilibratedwith mediumcontaining60 mu
[aH]serotonin by a rapid exchange reaction. In this partial NaCl. as described in ExperimentalProcedures, were loaded with [3H]serotonin
reaction of the transporter, substrate is shuttled back and forth anddilutedinto thefollowingmedia:line1, 0.2 MNaCIcontaining10mMlithium I_

phosphatebuffer,pH6.7; line2,2 Mimipramineadded to controlmedium;line3,
across the membrane (leading to exchange), avoiding a rate- NaClreplacedwith equimolarLiCl.All valuesrepresentthepercentageof [3H] [I

, limiting step in the net efflux reaction cycle. Neurotoxins that serotonineffluxin thefirst 30secafterdilution.Thevesiclescontained65pmolof
cause serotonin release in viuo, such as MDMA and PCA, also serotonin/mgof membraneprotein(approximately18M)at thetimeofdilution.
increased the rate of [3H]serotonin efflux from membrane E_ux
vesicles when present 1" +_ _'"';_ _:"_ _ _ n,u_........ __, - -, ..... ' · Coned MMA} MMA
results in Fig. 2 demonstrate that MMA and MMAI accelerate % ofinternalcontents
release of [3Hlserotonin from preloaded vesicles. The concen- 1. NaCI 20.2 ± 1.g 53.4 ± 2.1 54.3 +_1.3
trations required for effiux stimulation are similar to those 2. Imipramine 21.4_ 1.3 23.4 _+2.4 25.9- 0.6

required for inhibition of serotonin transport (Fig. 1), consist- 3. LiCl 53.2 _ 1.8 56.4 ± 2.4 60.5 ± 1.1
ent with the notion that both phenomena result from MMA

and MMAI acting as substrates tor the serotonin transporter, inhibited. Thus, MMA- and MMAI-induced effiux is likely to
Increased effiux could result from many causes, including an be mediated by the serotonin transporter.

increase in nonspecific membrane permeability. To conclude Vesicular biogenic amine transporter. The accumula-

that MMA and MMAI induce effiux by acting as substrates for tion of serotonin by chromaffin granule membrane vesicles is
i the transporter, it is necessary to demonstrate that effiux is also inhibited by serotonin neurotoxins (8, 11). These vesicles

blocked by a specific inh!_!ter er thc zcr'.':r.!:: trxnz_crtcr :.:,d _¢vresent a widely accepted model system for biogenic amine
that the process demonstrates the same ion dependence as accumulation and storage within synaptic vesicles (14). Fig. 3
transport. The results in Table 1 demonstrate that effiux caused shows the results of an experiment in which MMA and MMAI
by MMA and MMAI is inhibited by imipramine. Removal of were tested as inhibitors of [3H]serotonin accumulation in
external Na+ leads to an increase in basal serotonin effiux chromaffin granule membrane vesicles. Both compounds are
(Table 1) (23). In the absence of external Na +, however, the effective inhibitors of the vesicular amine transporter. The

increase in effiux due to MMA and MMAI is dramatically concentrations of these agents required to inhibit the vesicular

(



274 Rudnick and Wall

iL60 serotonin from preloaded vesicles (Fig. 2). Because this eftlux

..'"! occurs at concentrations close to those required to dissipate'_ ... _ ApH(seeFig.3),it is likelythat effluxrepresentsaconsequence
to. _ of ApH dissipation, rather than a direct effect on the trans-O)

[ porter.
-4o 3/ Because the interactions of MMAI with the serotonin trans-

>_ _ porter were so similar to those of MDMA, we evaluated the
__ _ specificityof MMAIby testing its ability to bind to the dopa-

5. c mine transporter and stimulate dopamine effiux. Fig. 4 shows'-- O

.-_ -20 _ the results of an experiment measuring the ability of MMAI,

o_' '_ MDMA, and methamphetamine to displace the iodinated co-
i_ caine analog _3-[_251]CIT from platelet plasma membranes (Fig.

03 4A) and rat striatal membranes (Fig. 4B). _-[_2sI]CIT binds

with high affinity and specificity to both serotonin and dopa-0 I I
-6 -s -4 -3 mine transporters (26). It is apparent from the results in Fig.4

that the two transporters have different specificities for am-
log [MMA or MMAI], M

phetamine derivatives. Methamphetamine, which is the most
Fig. 3. Inhibition of serotonin transport and dissipation of ApH in chro-
maffin granule membrane vesicles by MMA and MMAI. For transport potent inhibitor of/_-CIT binding to the dopamine transporter,
measurements (circles),MMA (closedsymbols)orMMAI (opensymbols) has little effect, at these concentrations, on _-CIT binding to
was added at the indicated concentration to the serotonin transport the serotonin transporter. In contrast, MMAI is as effective as
reaction, performed as described in Experimental Procedures. The con- MDMA at inhibiting fi-CIT binding to the serotonin trans-

trol rate of transport was 28 pmol/mg/min in the absence of additions, but is unable to displace _-CIT from the dopamine
porter

The serotonin concentration used, 0.1 _,M,is below the Km(4.3 uM) (29).

Half-maximalinhibition of transport required 7.7 +_1.0 _,MMMA or 3.9 -. transporter.

0.63 _M MMAI. For ApH dissipation measurements (squares),reversal The apparent lack of MMAI affinity for the dopamine trans-
of acridine orange quenching was determined at various MMAand MMAI porter was confirmed by examining the ability of amphetamine
concentrations as described in Experimental Procedures. The dissipation derivatives to stimulate dopamine effiux from CV-1 cells stably
of ApH is presented relative to the effect of 20 mM NH4CI.Half-maximal

i_ dissipation of ApH required approximately 0.29 _. 0.05 mM MMA and transfected with cDNA encoding the rat brain dopamine trans-
0.16 _+0.3 mM MMAI. Each point represents the average of triplicate porter (Table 2). These cells were allowed to accumulate [3H]
determinations for the transport measurements and duplicates for the dopamine and then 0.3 _M MDMA, MMAI, or methampheta-

ApH measurements.Errorbars represent the standarddeviation and are mine was added. After an additional 2-mtn incubation, cells
plotted only where they exceeded the size of the symbol, incubated with MMAI retained essentially all of the [3H]do-

pamine that had accumulated internally, whereas cells incu-

amine transporter are 8.7-fold higher in the case of MMAI and bated with MDMA or methamphetamine lost most of their37-fold higher irt the case of MMA, relative to the concentra- accumulated radiolabel.

tions required to inhibit the plasma membrane serotonin trans-

porter (compare with Fig. 1). Moreover, the order of potency is Discussion
different; MMA is more potent at the plasma membrane,
whereas MMAI is more potent at the vesicular membrane. The data presented here indicate that MMA and MMAI,

In synaptic vesicles, as well as chromaffin granules, the although they are not neurotoxic toward serotonergic neuronsvacuolar ATPase pumps H+ ions into the vesicle lumen, gen- (9, 10), display all of the in vitro characteristics of serotonin-

crating a transmembrane pH difference (ApH) that drives releasing amphetamines such as MDMA and PCA (8, I1). The
biogenic amine accumulation into these vesicles (24). Inhibition ability of these agents to inhibit serotonin accumulation and
of serotonin accumulation could result from direct inhibition imipramine binding by platelet plasma membranes indicates

of the transporter, inhibition of the ATPase, or dissipation of that they interact directly with the serotonin transporter.
ApH. In thc :::periment :h ..... :- _':- _' ..... +_,+_ **-_ o},;1;+,, Merely binding to the transporter, however, does not explain
of MMA and MMAI to dissipate ApI_ or to inhibit its genera- the ability of drugs like MDMA and PCA to stimulate serotonin
tion. In this experiment, ApH was measured by the quenching efflux in vivo or in vitro. To account for efflux, we previously
of acridine orange fluorescence. Vesicles incubated with Mg- postulated that MDMA (8) and PCA (11) were substrates for
ATP quench the fluorescence of acridine orange as they acidify the transporter and could exchange with internal serotonin.
(25), and agents that dissipate the ApH increase fluorescence We reasoned that compounds that induce efflux from [3H]
toward the starting value. Fig. 3 shows that addition of increas- serotonin-loaded platelet plasma membrane vesicles are likely
lng concentrations of MMA or MMAI to chromaffin granule to be substrates if the efflux is inhibited by imipramine and
membrane vesicles in the presence of Mg-ATP progressively requires Na +. By these criteria, both MMA and MMAI are
increases internal pH. The increase in pH is probably due to substrates for the serotonin transporter and induce serotonin
the ability of MMA and MMAI, as weakly basic amines, to efflux by transporter-mediated exchange. Both drugs are more
cross the ','cz[culc.: r:,crc,._rx::c in :k: n':-tr°-! f-cra ?r_ hin.a, petent than MDMA at inhibiting transport and binding and

internal H + ions. It is not likely to account for inhibition of stimulating efflux and would be expected to cause serotonin

serotonin accumulation by chromaffin granule membrane ves- release from serotonergic terminals in vivo.
icles, which occurs at much lower concentrations (Fig. 3). The lack of neurotoxicity associated with administration of

At concentrations of MMA and MMAI higher than those MMA and MMAI strongly suggests that inducing serotonin

required for inhibition of serotonin transport into chromaffin release is not sufficient to cause the destruction of serotonergic
granule membrane vesicles, both agents cause efflux of [3H] terminals. It is, however, likely to be a contributing factor.
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0.18.._D_.___ Fig. 4. Inhibition of fi-CIT binding to serotonin transportersMETH in platelet plasma membranes (Al and to dopamine trans-

E j._ -_ 13 0.3- O_._ MMAI porters in rat striatal membranes (B). Approximately 50-

'"' 0.16-]_.O w_ _X,X, _

'_ 70 _g of platelet plasma membrane vesicle protein at aO

MDM_ 0 _ _ concentration of 8-10 mg/ml or 15-20 _g of stdatal mem-

cz. 0.14- brane protein at a concentration of 1.5 mg/ml were diluted
with 150 mM Na2SO,, 10 mM lithium borate, pH 9.5, 1 mM

'c=_ 0.12-- 0.2- _MDMA MgSO4, to a final volume of 300 _1 containing 0.05 nM (J-
O ['251]CIT and were incubated at 25 ° for 30 min in the
c_ _ presence of the indicated concentration of MMAI, MDMA,I'-- 0.10-

· or methamphetamine (METH). Citalopram (5 _U) was pres-
- ent in all incubations containing striatal membranes to

cb. o.o8---_' 0.1 i prevent binding to serotonin transporters. After this incu-
_ METH bation,the reactionwas terminatedbydilutionandfiltrationf"-' 0.06- and the samples were counted as described for imipramine

in Experimental Procedures. Each point represents the
mean of triplicate measurements. Standard deviations are

0.04 ' I ' I f I ' I ' I 0.0 ' I _ I ' I ' I ' I shown as error bars where they exceed the size of the
0 2 4 6 8 10 0 2 4 6 8 10 symbol.

concentration, pM

TABLE2 inhibit serotonin transport into chromaffin granule membrane

Dopamine efflux from dopamine transporter cDNA-transfected CV-1 vesicles and both, like amphetamine (27), dissipate the ApH.

cells The results presented in Fig. 3 indicate that both MMA and

CV1-DAT ceils were obtained from Dr. Beth Hoffman, Laboratory of Cel_Biology, MMAI inhibit serotonin accumulation by chromaffin granuleNational Institute of Mental Health. These ceils have been stably transfected with
cDNA encoding a rat brain dopamine transporter inserted in the pRC/CMV vector membrane vesicles containing the vesicular biogenic amine
(Invitrogen, San Diego, CA), using the CaPO, procedure (28). The CV1-DAT line transporter and both compounds also dissipate the ApH gen-
was selected by G418 resistance (conferred by pRC/CMV) and the ability to
accumulate dopamine to high intracellular levels. Monolayers grown in 24-well erated by ATP in these membranes, consequently inducing
plates, in Dulbecco's modified Eagle medium containing 10% fetal bovine serum serotonin efflux. Both MMA and MMAI are at [east as potent
and 400 mg/_iterG418, were washed with phosphate-buffered saline containing
0.1 mMCaCI2and were incubated for 10 min at room temperature with 200 #l/well as MDMA for these activities. Although the effect on ApH is
of the same buffer containing 20 nM [3H]dopamine. Other experiments demon- likely to result from nonionic diffusion of the weakly basic
strated that dopamine accumulation had reached steady state at 5 rain and amines, inhibition of transport occurs at lower concentrations
remained constant for at least 20 rain (data not shown). At 10 min after [aH]
dopamine addition, 0.3 ,M MMAI, MDMA, or methamphetamine was added and of MMA and MMA[ and may be due to direct, interaction with
the reaction was allowed to proceed for 2 min. The cells were then rinsed with the transporter. Thus, all of the effects of MDMA on plasma

phosphate-buffered saline, dissolved in 0,4 mi/well of 1% sodium dodecyl sulfate, membrane and vesicular serotonin transport systems are repro-and counted in 3 mi of Optifluor. Control uptake (no additions) was approximately
1.2 pmol/well, duced with MMA and MMAI. The difference in neurotoxicity

pHlDopamine between these agents is unlikely to reflect a difference in their
Additions remaining ability to interact with serotonin transport systems. However,

% ofcontr0/ MDMA was much more effective than MMAI at inhibiting 3-

None 100.0 -+9.6 [_2sI]CIT binding to the dopamine transporter and at stimulat-

MMAI 78.4± 7.04 lng dopamine effiux from cells expressing the dopamine trans-

MDMA 23.2 ± 2.4 porter. Thus, the differences in neurotoxicity between the two
, Methamphetamine 24.9 + 2.0

- compounds may reflect their transporter specificity rather than

any qualitative difference in their mechanism of action.
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