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son of the neurotoxlc potential of these three 
substituted amphetamine analogs To facilitate 
comparison wath previously reported investiga- 
tions, a multiple 10 m g / k g  dosing regimen was 
employed Two weeks after treatment, regional 
brain concentrations of dopamme and serotonln 
as well as their respective metabolites, were mea- 
sured The enzymatic activities of tyrosine hydrox- 
ylase (TH) and tryptophan hydroxylase (TPH), 
the rate-limiting biosynthetic enzymes for dopa- 
mine and 5-HT synthesis, respectively, were as- 
sessed as additional indicators of neurotoxicity 

2. M a t e r i a l s  and m e t h o d s  

Male Sprague-Dawley rats (200-250 g) were 
housed five per cage in a tempe1"ature controlled 
room (26°C) with a 12 h alternating light-dark 
cycle. They were allowed free access to food and 
water Drugs were dissolved in 0 9% saline and 
administered subcutaneously at 6 h mtervals, for a 
total of five doses. Treatment groups were injected 
with 10 m g / k g  (expressed as the free base) of 
either dl-MDA, dl-MDMA, or dl-MDE, or with 
vehicle alone Rats were killed two weeks after the  
Initiation of treatment, brain regions were im- 
mediately dissected free (on ice), and stored at 
- 80 o C until assayed 

Individual tissues were weighed and homoge- 
razed in 50 mM HEPES buffer (pH 7 4) contain- 
ing 0 2% Triton X-100 and 5 mM dlthiothreitol 
Following centnfugation at 27 000 x g for 15 mln, 
duplicate 7 5 /d aliquots of the supernatant were 
removed and assayed for TPH activity by a mod- 
ailed CO2-trapping procedure as described by 
Hotchkiss et al (1979). Slnular 7 5 /~1 ahquots 
were diluted to 50 t~l with glass-distilled water and 
analyzed for TH activity according to the method 
of Nagatsu et al (1964) In the enzyme assays, 
dl-6-methyl-5,6,7,8- tetrahydroblopter ln (Sigma 
chenucal C o ,  St Louis, MO) was utilized as 
cofactor 

The contralateral brain tissues were used to 
measure concentrations of monoanunes and their 
respective metabolltes by high-performance hquld 
chromatography Tissues were homogenized in 
0 3-0.5 ml mobile phase buffer (0 15 M monochlo- 

roacetlc acid, 2 0 mM EDTA, 0 1 mM 1-octane- 
sulfonic acid, and 12 5% methanol, pH 2 9), the 
supernatant fraction filtered through a 0 2 /~m 
microfllter system (Bloanalytlcal Systems Inc ,  
West Lafayette, IN), and 50 /~1 ahquots injected 
onto a 10 cm Mlcrosorb reverse-phase column 
The eluent was monitored with an amperometrlc 
electrochemical detector (model LC-4B, Btoana- 
lyttcal Systems, Inc., West Lafayette, IN), with the 
potential set at + 0 7 3  V Tissue levels were 
quantitated by comparison with stafidards of 
known concentration 

3. R e s u l t s  

Two weeks after treatment with MDA or 
MDMA, TPH activity was dramatically de- 
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Fig 1 (A) Effect on regaonal rat braan tryptophan hydroxylasc 
(TPH) activity two weeks after multiple doses of MDA, MDMA 
or MDE Treatment consisted of five doses of drug (10 mg/kg),  
doses were admlmstered at 6 h intervals Values are the means 
_+ S E M,  represented as percent of control, for n = 5-9 ammals 
Control values (m nmol /g  tissue per h) were neostnatum 
34 7 + 1 7, happocampus, 48 8 + 3 0, frontal cortex, 56 6 _+ 3 7 
(B) Effect on regional serotomn (5-HT) concentration and (C) 
5-hydroxylndoleacetlc acid (5-HIAA) concentration two weeks 
after drug treatment Values are the means + S E M,  expressed 
as percent of control Control values (m p,g/g tassue) for 5-HT 
and 5-HIAA concentrataons, respectively, were neostrlatum, 
0 53 + 0 04 and 0 55 + 0 03, hlppocampus, 0 32 + 0 01 and 0 37 
+_002, frontal cortex, 0 6 0 + 0 0 1  and 0 2 0 + 0 0 2  * P < 0 0 5  
• * P < 0001 versus corresponding control, by the two-taaled 
Student's t-test 
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TABLE 1 

Effect on neostnatal dopatmnergxc parameters two weeks after drug treatment Rats were admxmstered five doses of drug (10 mg/kg, 
6 h intervals) and killed two weeks later Values are the means+S E M, expressed as percent of control Absolute values are 
indicated m parentheses, m nmol tyrosme oxldxzed/g tissue per h (TH actxvlty) or ~g/g tissue (dopamlne, DOPAC, HVA) 
a p < 005, b p < 0005 versus sahne, by the two-tailed Student's t-test c Tyrosme hydroxylase, d dahydroxyphenylaceuc acid, 
e homovanalhc acid 

Treatment (n) THc actxvxty Dopamme DOPAC a HVA e 

Sahne 6 1000+- 49 1000+_45 1000 _+ 34 1000 +_32 
(3121 _+154) (111+-05) (087_+ 003) (062_+002) 

MDE 9 989+ 31 1005±43 1023 + 69 1000 +48 
MDA 6 994+- 39 912+_98 920 +103 919 +97 
MDMA 7 1100_+ 61 947+_49 874 + 46 a 839 +32 b 

pressed,  to less than  30% of control ,  in the 
n e o s t n a t u m ,  h i p p o c a m p u s  and f ronta l  cor tex  re- 
g ions  of the rat  b r a in  (fig 1A) In contrast ,  t rea t -  
men t  with M D E  had  no effect on T P H  m the 
neos t r l a tum or  h i p p o c a m p u s ,  m the f rontal  cortex,  
however ,  M D E  caused a sIgmficant  reduc t ion  m 
enzyme activity,  to 83% of  cont ro l  (fig 1A) 

F igure  1B and  C i l lust ra te  the co r re spond ing  
regional  5 -HT and  5 - H I A A  concent ra t ions ,  re- 
spectwely,  two weeks af ter  t r ea tment  C o m p a n s o n  
of  fig 1A, B and C reveals  a corre la t ion,  in most  
a reas  and with  mos t  t rea tments ,  be tween the de-  
pletxon of 5 -hydroxy lndo les  and that  of  T P H  The 
response  of  the h l p p o c a m p u s  to M D E  was an 
except ion;  in this a rea  T P H  act ivi ty  was not  af- 
fected,  yet 5 -HT and  5 - H I A A  concen t ra t ions  were 
bo th  s ignif icant ly  reduced,  to 66 and 73% of  con- 
trol,  respect ively 

The  effects of  M D A ,  M D M A  and M D E  on 
marke r s  of  dopamine rg i c  funct ion two weeks af ter  
t rea tment ,  are p resen ted  in table  1 Whi le  none  of  
the three drugs  affected neos tna t a l  T H  act ivi ty  or  
d o p a m l n e  concen t ra t ion ,  M D M A  caused a slgmfl-  
can t  reduc t ion  in the concen t ra t ions  of  the 
d o p a m l n e  me taboh te s  d Ihydroxypheny lace t l c  acid 
( D O P A C )  and  homovan l lhc  acid  (HVA)  

4. Discussion 

The da t a  p resen ted  here a l low for c o m p a n s o n  
of  the neuro toxlc  po ten t i a l  of  three a m p h e t a m i n e  
analogs ,  M D A ,  M D M A  and  M D E ,  on the rat  
cent ra l  sero tonerglc  sys tem Mul t ip le  doses of 

ei ther  M D A  or M D M A  caused dramat ic ,  long- 
te rm decreases in b ra in  T P H  activities.  A t  an 
ear l ier  t ime po in t  (18 h after  t rea tment) ,  regional  
T P H  ac twl ty  was decreased  to < 15% of  cont ro l  
m response  to M D A  and < 2 5 %  of  cont ro l  in 
response  to M D M A  (Stone et a l ,  1986) In  ad-  
d i t ion,  regional  5 -HT levels at this t ime were 
decreased to less than  20% of controls  in response  
to e~ther drug  Two weeks after  t r ea tment  all 
serotonerglc  pa rame te r s  were still  d ramat i ca l ly  de- 
pressed  (fig. 1), no  signif icant  recovery had  oc- 
cur red  in regional  5 -HT concentra t ions ,  whereas  
T P H  actwxtles showed a modes t  t rend  toward  
recovery (fig 1A) A t  the 18 h t ime point ,  M D E -  
t rea ted  rats  also exhib i ted  decreased regional  T P H  
ac t lvmes  ( <  80% of control ,  unpubhshe d  observa-  
tions),  as well as s ignif icant ly  decreased  levels of  
b ra in  5 -HT (regional  concent ra t ions  ranged  f rom 
60-85% of control ,  unpub l i shed  observat ions)  Two 
weeks af ter  t rea tment ,  however,  T P H  ac twi ty  had  
comple te ly  recovered m the neos t r l a tum and hip- 
pocampus ,  and  s ignif icant ly  recovered in the f ron-  
tal  cortex,  concurrent ly ,  5 -HT levels had  re turned  
to cont ro l  values in the neos tna tum,  while r emmn-  
mg depressed m the two o ther  areas (fig. 1B) 
These  results demons t r a t e  that ,  while N-me thy l -  
a t lon  of M D A  has l i t t le  effect on the ab lh ty  of 
this c o m p o u n d  to adverse ly  affect  the serotonerglc  
system, N-e thy la t lon  of M D A  (to M D E )  appears  
to reduce d ramat i ca l ly  its neurotoxlc  potency.  In-  
terest ingly,  N-e thy la t lon  also marked ly  reduces the 
psychos t lmulan t  p roper t i e s  of a m p h e t a m i n e  (Bxel 
and  Bopp,  1978), as measured  b y  a l tera t ions  m the 
spon taneous  locomoto r  act ivi ty  of mace, yet  N-  
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methylatlon of amphetamine (to methampheta- 
mine) enhances these characteristic effects (Blel 
and Bopp, 1978) 

The lack of  a persistent effect of  these drugs on 
central dopamme concentrations agrees with the 
data presented by Rlcaurte et al (1985) on the 
two week effects of  MDA,  as well as with the 
results of a shorter-term study (Stone et a l ,  1986) 
However, the MDMA-lnduced  depression of 
doparmne metabohte concentrations contrasts with 
the elevated neostrlatal HVA levels observed at an 
earher time point (18 h after treatment, Stone et 
a l ,  1986) or 3 h after a single mjectlon of M D M A  
(Schrmdt et a l ,  1986, Stone et a l ,  1986) Since, 
acutely, M D M A  induces dopamlne release (Levln 
et a l ,  1986) and may enhance dopamlne turnover 
(Schrmdt et a l ,  1986, Stone et al ,  1986), the 
decreased metabohte levels two weeks after treat- 
ment could be explained by a subsequent com- 
pensatory decrease in the release and turnover of 
this transmitter 

In summary, the two amphetamine analogs, 
M D A  and M D M A ,  appear to be nearly eqmpotent 
in their ability to cause persistent and dramatic 
deplet ions of central serotonergic neuronal  
markers, m contrast, the lack of long-term effects 
of  multiple doses of  M D E  on brain serotonerglc 
systems suggests this congener is less apt to cause 
irreversible neuronal damage Although the doses 
of  M D A  and M D M A  used in these experiments 
were several-fold higher than the effective human 
dose (1-3 m g / k g ,  Shulgln, 1978), cumulative ef- 
fects from repeated exposure, different rates or 
pathways of metabolism between human and rat, 
or increased human sensitivity to the drug 
(Rlcaurte et al ,  1985) could present a serious 
toxicological threat to human abusers of these 
compounds  
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