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STEELE, T D ,  W K BREWSTER, M P JOHNSON, D E NICHOLS AND G K W YIM Assessment of the role of 
ot-rnethylepmme m the neurotoxtct~., ofMDMA PHARMACOL BIOCHEM BEHAV 38(2) 345-351 1991 --To assess the poten- 
tml involvement of metabolism of 3,4-methylene&oxymethamphetamme (MDMA) to the catechol a-methylepmme in producing se- 
rotonerg~c neurotoxlc~ty, we attempted to correlate aspects of th~s reactmn with the neurotox~clty profile of MDMA. In contrast to 
the stereoselectlv~ty of S-( + )-MDMA m causing persistent dechnes in rat bram 5-hydroxymdole levels, no stereochemlcal compo- 
nent to the metabohc reaction was apparent Rat hver mlcrosomes generated a slgmficantly greater amount of a-methyleplnme than 
&d mouse mlcrosomes, but s~malar amounts of metabohte were produced by brain m~crosomes from the two species Formatmn of 
a-methylepmme by hepatic, but not brain, imcrosomes was mhthlted by SKF 525A and reduced by phenobarbital, possibly indicat- 
ing a tissue specificity m cytochrome P-450-dependent metabohsm of MDMA To directly assess whether a-methylepmlne is a likely 
mediator of MDMA neurotox~c~ty, the compound was admlmstered intracerebroventncularly No persistent dechnes in blogemc 
amines or their metabohtes were observed one week following treatment These data suggest that c~-methyleplnme alone is not re- 
sponsible for the neurotox~c effects of MDMA 

MDMA a-Methylepmlne Neurotoxlclty Metabohsm Catecholammes 

EVIDENCE documenting the persistent alterations of various 
neurochemical parameters by 3,4-methylenedloxymethamphet- 
amine (MDMA) in several mammalian species has recently accu- 
mulated.  The long- las t ing  decl ines  in brain  levels of  5- 
h y d r o x y t r y p t a m i n e  (5-HT)  and  its ac id ic  me tabo l i t e  5- 
hydroxyindole-3-acetlc acid (5-HIAA) (2, 8, 30, 33), tryptophan 
hydroxylase activity (33,41), and 5-HT uptake sites (1,30), as 
well as histological (8) and immunocytochemical changes (24), 
suggest that high doses of MDMA produce neurodegeneratlon. 
Similar alterations are produced by other amphetamine deriva- 
tives such as p-chloroamphetamlne (PCA) and methamphetamine 
(METH). MDMA more closely resembles PCA in that serotoner- 
gic markers are specifically affected (12, 15, 29), whereas METH 
alters both serotonergic and dopamlnergic parameters (27). De- 
spite extensive investigation, the mechanism by which various 
substituted derivatives of amphetamine produce neurotoxiclty has 
not been clearly elucidated. 

The effectiveness of specific mhibitors of 5-HT uptake in pre- 
venting drug-induced release of neurotransrmtter (32) and persis- 
tent neurochemical changes (30) implies that an interaction of 

MDMA with an active transport mechanism for 5-HT is an essen- 
tial requirement for these effects. Subsequent events in the neu- 
rotoxlc pathway are less clearly defined Endogenous formation 
of the neurotoxlns 6-hydroxydopamme (6-OHDA) from dopamlne 
(DA) (35) and 5,6-dthydroxytryptamine (5,6-DHT) from 5-HT 
(7) has been suggested as a mechanism by which related amphet- 
amine analogs METH and PCA produce neurotoxlclty. Protection 
against METH-lnduced deficits in dopamlnerglc (28) and seroto- 
nergic (31) parameters by the tyrosme hydroxylase inhibitor a-  
methyl-p-tyroslne is consistent with a role for endogenous DA in 
the neurotoxlclty of METH. However, depletion of endogenous 
stores of 5-HT with p-chlorophenylalanine does not prevent the 
persistent neurotoxic effects of PCA (12). Like METH, MDMA 
releases DA in vitro (18,32) and induces a transient release of DA 
In vlvo (43). These findings have led to speculation that DA, 
which itself is cytotoxlc (13), may mediate MDMA neurotoxlc- 
lty. Indeed, depletion of central DA stores partially protects against 
MDMA-induced deficits of central serotonerglc parameters (42). 

Alternative speculations on the mechanism of MDMA-lnduced 
neurotoxlclty have focused on the role of drug metabohsm. Sup- 
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port for the notion that a metabolite of MDMA may mediate neu- 
rotoxiclty has stemmed from studies in which 5-HT uptake inhibltors 
blocked persistent serotonerglc deficits produced by MDMA if 
given up to six hours following MDMA treatment (30). If brain 
levels of MDMA decline rapidly following peripheral treatment, 
as has been reported to occur with the primary amine, 3,4-meth- 
ylenedloxyamphetarmne (MDA) (22), some other compound might 
be responsible for the neurochemlcal changes that are produced 
long after initial drug administration. Furthermore, it has been 
reported that a bolus dose of MDMA administered centrally does 
not produce long-term changes in serotonerglc markers, which 
suggests that a peripheral metabolite may be responsible for these 
alterauons (34) 

The propensity of catechols such as DA and ct-methyl-DOPA 
to oxidize to reactive qumones and free radicals may account for 
their cytotoxlc effects (10,13). This property of catechols is of 
interest with regard to MDMA because demethylenation of meth- 
ylenedloxy-substituted aromatic amines, which results in the gen- 
eration of a catechol, is mediated by a classical cytochrome P-450 
metabolic pathway (6,16). Thus a hypothetical scheme for the 
neurodegeneratlve effects of MDMA is metabolism to et-meth- 
ylepinine which is then oxidized to reactive qulnoldal species, 
with coincident generation of toxic free radicals. To assess whether 
this metabohc route is critically involved in MDMA neurotoxlc- 
ity, we have attempted to correlate characteristics of th~s conver- 
sion w~th certain aspects of the neurotoxic profile of MDMA. 
Since persistent declines in brain 5-HT are stereoselectlve for the 
S-( + )-enanuomer (30), we anticipated that similar stereoselectw- 
lty m~ght be observed in the metabolic reaction if et-methylepl- 
nine were revolved in the neurotoxic pathway. Since mice are 
less susceptible to MDMA neurotoxicity (19, 37, 40), we as- 
sessed whether differences in metabolism between rats and mice 
might contribute to differences in species sensitivity We also 
sought to determine If the in vitro conversion of MDMA to a-  
methylepinine by brain and hepatic mlcrosomes occurred In sim- 
liar cytochrome P-450-dependent manners, as classical modulators 
of drug metabolism had not helped to elucidate the role of me- 
tabolism in MDMA neurotoxlclty (unpublished observations). Fi- 
nally, to directly test the neurotoxlc potential of the metabolic 
pathway, the effects of ot-methylepmme on rat brain blogenic 
amines and metabohtes following intracerebroventrlcular admin- 
istration was assessed. 

METHOD 
Animals and Housing 

Male Sprague-Dawley rats and male Swiss-Webster mice were 
obtained from Harlan Industries (Indianapolis, IN). Animals used 
in the drug metabolism experiments were group housed. Rats used 
in the mtracerebroventricular cannulation studies were housed in 
individual stainless steel cages (25 x 21 x 20 cm) with a wire mesh 
floor. Food and water were available ad lib Room temperature 
was maintained at 22-24°C and lighting was controlled on a 12/ 
12-h cycle (light onset at 0700). 

Drugs and Chemicals 

Previously described methods were employed for the synthe- 
sis of the stereoisomers of MDMA (23) and racemlc MDMA (5). 
a-Methylepmme hydrobromide was prepared by chemical cleav- 
age of the methylenedloxy ring of MDMA with BBr 3 (Fig. 1). 
Purity of these compounds was verified by elemental analysis, 
and standard chromatographic and spectroscopic methods. Phe- 
nobarbital sodium was from J. T. Baker, SKF 525A (2-diethyl- 
amlnoethyl-2,2-dlphenylvalerate hydrochlonde) was from Smith, 
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FIG 1 Chemical structures of the stereolsomers of MDMA and of 
et-methyleplnine 

Kline and French Labs, and HPLC standards, 13-nicotlnamlnde 
adenine dinucleotide phosphate monosodlum salt (B-NADP), glu- 
cose-6-phosphate disodium salt, and glucose-6-phosphate dehy- 
drogenase (Type XII from Torula yeast) were from Sigma Chem- 
ical Co. 

In Vitro Metabolism Expemments 

The in vitro demethylenation of MDMA to ot-methylepinlne 
was studied using liver and brain mlcrosome preparations. For 
preparation of microsomes, rats (200-250 g) were sacrificed by 
decapitation and mice (25-30 g) by cervical dislocation, and brains 
and livers were removed and placed on ice. A 2.0 g portion of 
liver was homogenized in 6 volumes of 100 mM HEPES (pH 7.4) 
containing 1.15ok KCI Brains were handled similarly with the 
exception that the homogenizing solution also contained 0.32 M 
sucrose, Homogenates were centrifuged at 9000 × g for 20 mln at 
4°C The resulting supernatants were centrifuged at 105,000 × g 
for 60 mm at 4 ° Liver mlcrosomal pellets were resuspended m 
10 volumes and brain pellets in 3 volumes of 0.12 M phosphate 
buffer (pH 7.4). The protein concentration of the mlcrosome 
preparations was approximately 1.0 mg/ml as determined by the 
method of Bradford using bovine serum albumin as the stan- 
dard (3). 

For liver mlcrosome metabolism experiments, a 0.5 ml aliquot 
of the microsome preparation was prelncubated for five minutes 
with 0.45 ml of a prepared solution of an NADPH generating 
system [final concentrations of components' 0.25 mM 13-nicotln- 
amlde adenine dmucleotide phosphate (13-NADP), 3.0 mM glu- 
cose-6-phosphate, 1.2 units glucose-6-phosphate dehydrogenase, 
and 1.2 mM MgCI z in 0,12 M phosphate buffer, pH 7.4]. To 
blanks, 0.45 ml of phosphate buffer was added instead of the 
generating system. For brain microsome samples, the volumes of 
all components were reduced by one-half. The reaction was mm- 
ated by addition of MDMA (final concentration of 5 mM in 0.12 
M phosphate buffer), and proceeded for the designated period of 
time. The reaction was terminated by placing the samples on ice 
and quenching with ice-cold 1 N perchloric acid. The samples 
were centrifuged at 3000 rpm for 15 min in a table-top centrifuge 
at 4-8°C to remove precipitated protein. The resulting clear su- 
pernatant was transferred to a glass vial and frozen at - 7 0 ° C  
until time of assay 

The effects of inhibition of cytochrome P-450-medlated me- 
tabolism were assessed by inclusion of SKF 525A in reaction 



ot-METHYLEPININE IN MDMA NEUROTOXICITY 347 

mixtures incubated with the stereoisomers of MDMA. The effect 
of induction of P-450 metabolism was assessed by treating rats 
for four days with 75 mg/kg phenobarbital per day and sacrific- 
ing the animals 24 h following the last phenobarbital dose. Incu- 
bation times of 10 mm with liver mlcrosomes and 5 mln with 
brain mlcrosomes were used. The times were selected as maximal 
points on the linear portion of the reaction time curve. 

Intracerebroventrlcular Administration of a-Methylepmme 

For the mtracerebroventricular administration of o~-methylepl- 
nine, male Sprague-Dawley rats weighing 250-300 g were im- 
planted with a unilateral stainless steel cannula (length = 15 mm; 
outside diameter = 0.028") in the right side of the brain. The sur- 
gery was conducted under ketamlne (90 mg/kg)/xylazine (10 mg/ 
kg) anesthesia. A saglttal incision through the skin was made and 
the skull exposed The animal was placed in a stereotaxic appa- 
ratus to set the coordinates which were AP' - 0 . 5  mm, L 1.75 
mm with reference to bregma, and H. 2.8 mm below dura (25) 
A small hole was drilled with a dental drill to the dura. Two ad- 
ditional holes were drilled for the placement of anchor screws. 
The cannula was set in place with dental acrylic, plugged with a 
small wire, and the wound was closed with wound clips. The an- 
imals were allowed a recovery period of 4-7  days prior to testing 
for cannula placement and patency The wound was sprayed daily 
with furazohdone (Topazone) to prevent bacterial infection. To 
test for cannula placement and patency, the rats were adminis- 
tered I0 I~g of l-norepmephnne bitartrate and their one-hour food 
intake was measured Only rats eating greater than 1 g of chow 
were used. 

Animals were randomly assigned to one of three treatment 
groups which received either 0, 300, or 600 txg of et-methylepi- 
nine prepared in saline to deliver in a volume of 10 ttl. The drugs 
were administered through a second cannula that fit reside the 
implanted cannula (o d. = .016") and set to protrude 0.5 mm be- 
low the tip of the implanted cannula. The delivery cannula was 
connected via polyethylene tubing to a Hamilton syringe with 
which the compound was infused over a 20-30-s time period. 
Animals were sacrificed by decapitation one week following treat- 
ment with ct-methylepinine, brains were removed and dissected, 
wrapped in parafilm and foil, and frozen at - 7 0  ° until the time 
of assay. 

HPLC-EC Analysis of Btogenw Amines and Metabohtes and 
Drug Metabolites 

Preparation of brain tissue and subsequent analysis by high 
performance liquid chromatography with electrochemical detec- 
tion (HPLC-EC) were essentially as described previously (37). 
The mobile phase consisted of 75% 0.05 M NaH2PO4/0.03 M 
citric acld/1,53 mM octyl sodium sulfate/0.1 mM EDTA (pH 
2.75) and 25% methanol. The flow rate was 1.0 ml/min. The ap- 
plied potential to the glassy carbon electrode was 800 mV. Data 
are reported as ng/mg tissue. 

The amount of o~-methylepmine in the m vitro metabolism 
samples was also quantltated by HPLC-EC. Preliminary experi- 
ments were conducted to identify ct-methyleplnine in the nucrosomal 
incubation extracts on the basis of the compound's  chromato- 
graphic and electrochemical properties. Tills was accomplished 
by constructing hydrodynamic voltammograms (HDV) for authen- 
tic ct-methylepmme and the coelutmg chromatographic peak in 
the mlcrosomal extracts (see the Results section). Sample aliquots 
of 40-50 p.1 were loaded into the HPLC-EC analyzer. The actual 
injection volume was produced using a 20 Ixl injection loop The 
mobile phase for the analysis was 92% 0.075 M NaH2PO4/0 1 
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FIG. 2 Hydrodynamic voltammograms of ct-methylepmlne and hver nu- 
crosomal metabohte of MDMA Ahquots of hver mlcrosome incubation 
extract and authentic et-methylepmme were injected into the chromato- 
graph and the current response monitored at apphed potentials ranging 
from 200-1000 mV in 100 mV steps The data were normalized to the 
maximal response obtained at 1000 mV Each point represents the mean 
of two determinations 

mM EDTA (pH 2 5) and 8% acetonitnle The flow rate was 1 6 
ml/mln and the applied potential was 800 mV. Peak heights were 
measured to the nearest millimeter, and the amount of a-methyl-  
eplnlne in the 20 ttl injection sample was determined by interpo- 
lation from a standard curve. For sample quantltation, the final 
sample volumes were considered to be 1 2 ml for liver microsome 
samples, and 0.6 ml for brain microsome samples. The amount 
in the final sample volume is expressed as ng a-methylepimne/ 
mg protein. 

Stattstwal Analysis 

For time course analysis of the conversion of MDMA to ct- 
methylepmine, the line of best fit was determined by the least 
squares method and slopes of the regression lines compared. Dif- 
ferences among treatment groups and between species in the in 
vitro metabolism studies and among dosages in the intracerebro- 
ventricular study were compared with a one-way analysis of van- 
ance. The data obtained at the 10-ram time point for the liver 
microsome studies, and the 5-mm time point for the brain ml- 
crosome experiments were used for these comparisons. Signifi- 
cant differences among group means were analyzed at the 0.05 
probability level with a post hoc Newman-Keuls range test. 

RESULTS 

In all HPLC-EC analyses of extracts from mlcrosomal incuba- 
tions with MDMA a single electroactive predominant peak was 
detected. This peak consistently coeluted with authentic a-meth- 
yleplnme under a variety of chromatographic conditions. To ob- 
tain a more rigorous identification of the metabohte, hydrodynamic 
voltammograms were constructed by determining the electrochem- 
ical response to 20 Ixl injections of standard ot-methylepinme and 
microsomal extracts at electrode potentials ranging from + 200 to 
+ 1000 inV. As shown in Fig 2, the voltammograms for the 
standard and metabohte are virtually identical, suggesting that the 
coeluting peaks represent the same compound (14). 

As our initial approach to study the role of ot-methylepmme m 
MDMA neurotoxlclty, we sought to correlate aspects of the drug's 
metabolism to o~-methylepmme with its neurotoxic profile. To 
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FIG 3 Time course of the formation of et-methylepmme from the ste- 
reoisomers of MDMA by rat (top panel) and mouse (bottom panel) he- 
patic nucrosomes Hepatic rrucrosomes were incubated with 5 mM S- 
( + )-MDMA (open circles) or R-( - )-MDMA (closed circles) Shown are 
the means-+ S E M of seven (rat) or three (mouse) independent reals ex- 
pressed in ng/mg protein The line of best fit was determined by regres- 
sion analysis Slopes were not significantly different (p>0 05) 

assess  the s te reochemls t ry  o f  the convers ion ,  we compared  the 
rates o f  format ion  o f  e t -methylepinme f rom the two stereoxsomers 
o f  M D M A .  D u n n g  the course  o f  a 10-mln incubat ion o f  rat he- 
patic m ic ro somes  with M D M A  under  the condi t ions  imposed ,  the 
appearance  o f  the metabol i te  f rom either s te reo isomer  occurred in 
a l inear m a n n e r  [Fig. 3a, correlat ion coeff icients .  S-( + ) =  .98, 
R - ( - )  = .98]. The  regress ion  line s lopes for the s tereoisomers  
were not s ignif icant ly  different ,  sugges t ing  a s imilar  rate o f  for- 
mat ion.  The  amoun t s  o f  metabol i te  fo rmed  f rom the two stereo- 
i somers  after 10 minu tes  were also not  s ignif icant ly different  
(Fig. 4a). 

As  we have  recent ly reported that Swis s -Webs te r  mice  are m-  
sensi t ive to M D M A  neurotoxici ty  (37), we sought  to de termine  if 
m lc rosomes  f rom this strain o f  mice did not  form the metabol i te ,  
which  would  be cons is ten t  with a role o f  the me taboh te  in medi-  
ating neurotoxicl ty in rats. Incubat ion o f  mouse  hepatic mlc rosomes  
with ei ther s te reo isomer  o f  M D M A  resulted in e t -methylep lnme 
appear ing as the pr imary electroactlve metaboh te ,  which  was 
fo rmed  linearly with t ime [Fig. 3b; correlat ion coefficient:  S-( + ) 
= .98, R - ( - )  = .94]. As  with rat hepatic mic rosomes ,  no signif-  
icant s te reochemical  effect  on e t -me thy lepmme format ion  was  ob- 
served (Fig. 4a). 

The  a m o u n t  o f  c t - m e t h y l e p i m n e  f o r m e d  by  rat hepa t i c  
rmcrosomes  f rom either s te reo isomer  o f  M D M A  was  s lgmficant ly  
greater  than that f rom the cor responding  i somer  by mouse  hepatic 
mic rosomes  after a 10-min incubat ion period (Fig. 4a). However ,  
no s ignif icant  di f ferences  in the amoun t  o f  e t -methylepinme fo rmed  
by brain n u c r o s o m e s  f rom the two species  were observed  
(Fig. 4b) 

T A B L E  1 

RAT BRAIN BIOGENIC AMINE AND METABOLITE LEVELS ONE WEEK 
AFTER INTRACEREBROVENTRICULAR ADMINISTRATION OF 

ot-METHYLEPININE 

Dose (l±g) of ct-Methylepmlne 

Region 0 300 600 

Hypothalamus 
5-HT 1 03 +- 0 l l  
5-HIAA 0 3 9  ± 0 0 4  
NE 5 29 ± 0 48 
DA 0 40 + 0 08 

Cortex 
5-HT 0 7 2  ± 0 0 8  
5-HIAA 021  ± 0 0 2  
NE 0 49 ± 0 05 
DA 0 39 _* 0 08 
DOPAC 0 017 _* 0 003 
HVA 0 026 -+ 0 003 

Hlppocampus 
5-HT 0.62 ± 0 05 
5-HIAA 0 3 8  -- 0 0 3  
NE 0 76 _+ 0 09 

Stnatum 
5-HT 1 05 ± 0 14 
5-HIAA 0 7 0  ± 0 0 6  
NE 0 36 ± 0 06 
DA II 45 ± 0 92 
DOPAC 0 5 6  _* 0 0 3  
HVA 0 46 ± 0 02 

1 22 +- 0 18 1 05  ± 0 0 4  

0 4 2  ± 0 0 9  0 3 9  ± 0 0 6  
5 77 -'- 081  5 4 6  ± 0 3 4  
0 3 2  -+ 0 0 6  031 ± 0 0 4  

0 6 8  ± 0 0 4  077  ± 0 0 9  
0 2 4  ± 001  0 2 2  = 0 0 2  
051 ± 0 0 2  0 5 2  + 0 0 4  
033  -,- 0 0 9  043  -+ 0 0 8  
0015  ± 0006  0016  ± 0012  
0021 +_ 0002  0027  +- 0003  

0 6 8  + 0 0 4  051 ± 0 0 2  
0 4 9  --- 0 0 2 "  051 -+ 0 0 4 "  
0 7 4  --_ 0 0 6  0 6 6  ± 0 0 3  

1 0 4  ± 0 0 8  1 0 0  ± 0 0 6  

0 6 2  +-- 0 0 4  0 7 4  ± 0 0 6  
0 2 4  +-- 0 0 3  028  ± 0 0 2  
9 16 ± 063  939  ± 1 15 
0 3 9  __. 0 0 4  0 5 6  ± 0 0 7  
0 3 7  ± 0 0 4  043  -+ 0 0 4  

Shown are the means _+ S E M expressed in ng/mg tissue of five rats 
per group 

*Significantly different (p<0 05) from saline-treated controls by one- 
way ANOVA with a post hoc Newman-Keuls test 

Prel iminary data in our  lab had sugges ted  that classical  mod-  
ulators o f  cy tochrome P-450 metabo l i sm did not alter the neuro-  
toxicity o f  M D M A  in the expected manne r  0 . e . ,  SKF 525A d,d 
not  mhtbi t  and  phenobarbi ta l  did not potenttate neurotoxlcl ty)  
These  results  could be due to a t issue difference in cy tochrome 
P-450 activ, ty.  A difference be tween central and peripheral  P-450 
pa thways  could  be s ignif icant  because  o f  the likely lnabihty  of  
polar  hepatic me taboh tes  to cross  the blood-brain b a m e r .  To test 
this possibi l i ty,  we de te rmined  the effect o f  phenobarbi tal  and 
SKF 525A on rat hve r  and brain mic rosomal  format ion  o f  ct-meth- 
y lepinlne .  Hepat ic  m l c r o s o m e s  prepared f rom phenobarbi ta l -  
treated rats fo rmed  more than twice as m u c h  e t -me thy lepmme 
f rom either s te reoisomer  o f  M D M A  compared  to untreated mi- 
c rosomes ,  after a 10 -mm incubat ion period ( p < 0 . 0 0 1 ;  Fig 5a) 
Incubat ton o f  rat hepatic mic rosomes  with SKF 525A s lgmficant ly  
reduced the format ion  o f  e t -methylepinlne f rom S-( + )- and R- 
( - ) - M D M A  by 66% and 61%,  respect ively ( p < 0 . 0 0 1 ;  Fig. 5a). 
By contrast ,  brain mlc rosome  preparat ions do not  appear  to be 
s imilar ly affected by these t rea tments ,  as no s lgmficant  differ- 
ences  were observed  be tween  control  and drug-t reated rat brain 
mic rosomes  with regard to their capaci ty to form ot-methylepinme 
f rom either s te reoisomer  o f  M D M A  (Fig 5b). These  results  sug-  
gest  a difference in the respons iveness  o f  the rat hepatic and brain 
mic rosomal  sys t ems  to these classtc metabol ic  tools.  

To directly de termine  if e t -me thy lepmme produces  s igns o f  
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FIG 4 Comparison of the formation of ct-methylepmme by hver and 
brain mlcrosomes from rat and mouse L~ver (top panel) and brain (bot- 
tom panel) m~crosomes were incubated for 10 and 5 ram, respecnvely, 
with either 5 mM S-( + )-MDMA (filled bars) or R-(-  )-MDMA (cross- 
hatched bars) Shown are the means-+S E M of three mdependent trials 
expressed m ng/mg protem/mcubanon rime *Amount formed from either 
stereo~somer m mouse hepatic m~crosomes ~s s~gmficantly different 
(p<0 05) from that formed from the same stereo~somer m rat hepatic m~- 
crosomes 
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FIG. 5 Effect of phenobarbital and SKF 525A on the formation of ~t- 
methylepmme by rat hepanc and brain mlcrosomes L~ver (upper panel) 
and brain (lower panel) mlcrosomes were prepared from control (CON) 
or phenobarbital-treated (PB) rats The effect of 1 mM SKF 525A (SKF) 
was assessed by including tt m the reacnon m~xture The m~crosomes 
were incubated for the indicated nine wnh e~ther 5 mM S-(+)-MDMA 
(filled bars) or R-(-)-MDMA (cross-hatched bars) Shown are the 
means- S E M of four independent trials expressed as ng/mg protem/ln- 
cubanon rime *Significantly different (p<0 05) from control mlcrosomes 

neurotoxlcity stmdar to those of MDMA, the compound was ad- 
ministered centrally to rats. Doses of 300 and 600 txg of a-meth- 
ylepinine were rejected through undateral intracerebroventncular 
cannulae. In approxtmately two-thirds of the animal that received 
the metabohte, overt behavtoral responses stmilar to the "seroto- 
nln syndrome" (forepaw treadmg, splayed hlndhmbs, and back- 
ward movement) (17) were observed Two of the animals 
experienced convulsions All animals appeared normal 12 hours 
after drug admmtstration The rats were sacrificed one week af- 
ter treatment for analysis of brain biogenlc amines and metabo- 
htes. As shown in Table 1, the only significant effect observed 
mammals  receivmg the a-methylepmlne was an elevation of 5- 
HIAA m the hippocampus. The levels of biogemc ammes and 
metabohtes tn the other brain regtons did not stgnlficantly differ 
among treatment groups. These data are not consistent with the 
hypothests that ct-methylepmme is the mediator of the perststent 
neurotoxlc effects of MDMA. 

D I S C U S S I O N  

Because naturally occumng and synthetic methylenedioxyphe- 
nyl (MDP) compounds &splay btphaslc effects of inhibition fol- 
lowed by mduction of cytochrome P-450 and monooxygenase 
activtty (26), determining the role of metabolism in the neurotox- 
tcity of MDMA requires a multifaceted approach The metabo- 
hsm of MDMA is further comphcated because a major metabohte, 
MDA, does not form Type III difference spectra which ts reflec- 
ttve of the formation of an inhtbitory carbene-Fe(III) complex 
wtth cytochrome P-450 (4). Because of the known cytotoxlctty of 

catechols such as DA (13,21) and ct-methyl-DOPA (10), we sus- 
pected that ct-methylepmine, the catechol metabolite of MDMA 
generated by demethylenatlon of the methylenedloxy nng, might 
be neurotoxic. However, the results of both the studtes on the 
stereochemistry and spectes variation of thts metabohc route and 
the lntracerebroventricular study strongly suggest that ct-methyl- 
eplnine does not mediate MDMA neurotoxlclty. 

In contrast to the induction of perststent depletion of brain 5- 
HT which ts stereospecxfic for S-( + )-MDMA (30), no stgmficant 
degree of stereoselectlve formatton of ct-methylepmlne by rat he- 
patic or bram microsomes was observed If neurotoxlctty and other 
neurochemlcal effects which have a stereochemical component 
(18, 33, 36) are primarily medtated m vivo by S-(+)-ct-methyl- 
epmlne, some stereoselectwtty for tts formation from MDMA 
rmght be expected, although it is possible that only S-( + )-ct-meth- 
ylepinlne is taken up into the nerve termmal Since the studies 
descnbed here have focused on the appearance of a specific in 
vitro metabollte, other metabolic mechanisms not detected by our 
assay may confound our results. For mstance, one stereolsomer 
might be more raptdly converted to et-methyleptnlne but then 
quickly converted to a second product. Although an extensive ki- 
netic analysts was not conducted, the formatton of metabohte from 
the MDMA enantiomers appeared to occur at relatively similar 
rates. In an in VlVO study, a greater amount of S-( + )-MDA, the 
N-demethylated metabohte of MDMA, was present m plasma 4 
hours following treatment of rats with racemlc MDMA (11). Since 
MDMA and MDA differ in their interactions with cytochrome P- 
450 (4), preferennal formation of MDA from one stereoisomer 
may alter the conversion of MDMA to et-methylepinme. As we 



350 STEELE ET AL. 

did not detect any et-methyldopamme, the catechol metabolite of 
MDA (22), in microsomal extracts we assume our conditions were 
favorable for studying the stereochemistry of ot-methylepmme 
formation without interference from MDA. Therefore, at least in 
vitro there does not appear to be a stereochemlcal preference for 
one enantiomer in this metabolic pathway. 

Rat hepatic microsomes converted a greater amount of MDMA 
to et-methylepinme than did mouse hepatic microsomes. A lower 
rate of formatton of the catechol by the mouse could contribute 
to the lessened neurotoxlc effects of MDMA in this species. On 
the other hand, a greater rate of hepattc metabohsm in vlvo should 
cause a more rapid elimination of the parent compound, as well 
as ct-methyleplnme, and might result in decreased neurotoxlclty 
in the rat, if etther of the two compounds were involved. A more 
rapid rate of drug metabolism in mtce has been suggested as a 
mechanism by which the vulnerability of this species to MDMA 
(40) and PCA neurotoxiclty (38) is diminished. Since there are 
well estabhshed species differences in metabohsm of amphet- 
amine and its analogs (9), it is qutte posstble that other metabolic 
pathways are responstble for the observed species variations Our 
findings that mouse liver mtcrosomes do form the catechol, albett 
more slowly, and the lack of species differences in ~t-methylepi- 
nine formation by bram mlcrosomes argues strongly against this 
metabohte contributing to the dtfferences in species susceptibility 
to MDMA neurotoxlcity. 

The metabohc probes phenobarbital and SKF 525A altered the 
hepatic mtcrosomal metabolism of the stereoisomers of MDMA 
m the predicted manner (Fig. 5). However, the lack of effect of 
these compounds on bram mlcrosomal formation of et-methylepi- 
nine suggests that m vivo treatment with phenobarbital would di- 
minish and SKF 525A would increase the amount of unmetabohzed 
drug available to the brain, where its rate of metabolism to the 
catechol would be unaffected. This potential tissue divergence, as 
well as the complicated metabolic profiles of MDMA and MDA, 
may represent stgmflcant obstacles In defining the contrlbutton of 
cytochrome P-450-generated metabohtes to MDMA neurotoxic- 
lty. Indeed, we (unpubhshed observattons) and others [(2) and 

see m (34)] have been unable to show that SKF 525A and phe- 
nobarbital altered MDMA neurotoxmlty m vtvo in the anticipated 
manner. 

In the direct evaluation of the neurotoxiclty of tx-methylepl- 
nme, the only significant neurochemical change present one week 
following treatment was an elevation m htppocampal 5-HIAA 
(Table 1). Although it is possible that insufficient doses were 
used, the highest dose used represents approximately 15% of a 20 
mg/kg systemtc dose of MDMA which effectively decreases brain 
5-HT parameters for one week (30,32). 

Furthermore, in a pilot study, 400 Ixg of S-( + )-~t-methyldo- 
pamme, the catechol metabolite of MDA, was administered ICV 
and appeared to be without neurotoxic effect at one week. This 
close of S-( + )-ct-methyldopamme resulted m the appearance of a 
large chromatographic peak that coeluted with et-methyldopamlne 
in brain extracts of rats that were sacrificed three hours posttreat- 
ment Thus it appears that the mtraventncular treatment produced 
far greater levels of metabolite tn the brain than would be present 
following systemic administration of the parent compound 

Finally, the overt behavior observed tn rats immediately fol- 
lowing ICV a-methylepmme treatment was similar to the "'sero- 
tonln syndrome" 0 . e ,  forepaw treading, splayed hmdhmbs, 
walking backwards) and was not observed after administration of 
the parent compound. Thus it seems likely that sufftcient doses of 
the metabolite were administered. 

It is possible that other metabolites are involved in MDMA 
neurotoxicity. The greater rate of N-demethylation of S- 
t + )-MDMA to MDA (1 l) is consistent with that expected for a 
metabohte which mediates MDMA neurotoxicity MDA is also 
sufficiently hydrophobic to reach the CNS if formed peripherally, 
and may also be more neurotoxic than MDMA (39) However, 
the major metabohtes of MDA, o~-methyldopamine and 3-O-meth- 
yldopamine, apparently do not produce signs of neurotoxtctty 
similar to the parent (20). Thus it seems unlikely that these po- 
tentially reactive catechol products of drug metabolism are re- 
sponsible for the neurodegenerattve changes induced by MDMA 
and MDA. 
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