
Published on Web Date: February 23, 2010

r 2010 American Chemical Society 366 DOI: 10.1021/cn900022w |ACS Chem. Neurosci. (2010), 1, 366–380

pubs.acs.org/acschemicalneuroscience Article

Reduced 3,4-Methylenedioxymethamphetamine (MDMA,
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Abstract

The neurodegenerative potential of 3,4-methylenedioxy-
methamphetamine (MDMA, ecstasy) and underlying
mechanisms are under debate. Here, we show that
MDMA is a substrate for CNS prostaglandin H syn-
thase (PHS)-catalyzed bioactivation to a free radical
intermediate that causes reactive oxygen species (ROS)
formation and neurodegenerative oxidative DNA da-
mage. In vitroPHS-1-catalyzed bioactivation ofMDMA
stereoselectively produced free radical intermediate for-
mation and oxidativeDNAdamage that was blocked by
thePHS inhibitor eicosatetraynoic acid. In vivo,MDMA
stereoselectively caused gender-independent DNA oxi-
dation and dopaminergic nerve terminal degeneration in
several brain regions, dependent on regional PHS-1
levels. Conversely, MDMA-initiated striatal DNA oxi-
dation, nerve terminal degeneration, and motor coordi-
nation deficits were reduced in PHS-1 þ/- and -/-
knockout mice in a gene dose-dependent fashion. These
results confirm the neurodegenerative potential of
MDMA and provide the first direct evidence for a novel
molecular mechanism involving PHS-catalyzed forma-
tion of a neurotoxic MDMA free radical intermediate.
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3,4-M
ethylenedioxymethamphet-
amine (MDMA) is a widely

used synthetic amphetamine

derivative commonly known as ecstasy. The popularity of
MDMA is due to its production of a subtle altered state
of consciousness by heightening sensory perception and
euphoria, increased energy, and heightened self-accep-
tance and empathy (1). However, problems encountered
with MDMA include long-term consequences such as
decreased immune function, hepatotoxicity, and kidney
failure (2, 3). MDMA has been associated with long-term
psychiatric and cognitive effects (4-6), possibly due to the
irreversible loss of monoaminergic nerve terminals and
depletion ofmonoaminergic uptake sites (7-9). The acute
pharmacological effects of MDMA are due to transient,
receptor-mediated interactions, which while potentially
serious are unlikely to account for the neurodegenerative
effects that appear to persist long after drug use (10). To
add to the mechanistic complexity of neurodegeneration,
the long-term effects of MDMA are species- and dose-
dependent. In rats and nonhuman primates (11, 12),
MDMA and its major metabolite 3,4-methylenedioxam-
phetamine (MDA) selectively damage serotonergic neu-
rons; however, at larger doses ormore frequent exposures,
dopaminergic neurons are also affected. In mice,MDMA
appears to selectively damage only dopaminergic neurons,
apparently without affecting the serotonergic system (13).
The molecular basis of MDMA neurodegeneration is not
well understood.

Cumulative evidence suggests that MDMA and its
related amphetamine analogues, methamphetamine
(METH) and 3,4-methylenedioxyamphetamine (MDA),
are potent and selective neurotoxins that cause monoami-
nergic neuronal damage through thegenerationof reactive
oxygen species (ROS) (7, 14). In the absence of adequate
cytoprotectionor repair,ROScandamage cellularmacro-
molecules resulting in altered cellular function and death.
A leading hypothesis for the generation of ROS by
MDMA and other amphetamines involves their metabo-
lism by cytochromes P450 (CYP) in the brain to the cate-
chol intermediate, 3,4-dihydroxymethamphetamine (15).
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This catechol is converted to a reactive quinone that
undergoes redox cycling and generates ROS. A more
recent variant of this hypothesis involves hepatic metabo-
lism of MDMA to 3,4-dihydroxymethamphetamine
(HHMA), catalyzed by CYP2D6 (humans) or CYP2D1
(rats), followedby the formationof a glutathione (GSH)-
HHMAconjugate that is transported to the brain, causing
neurotoxicity via redox cycling (16, 17). Although there is
evidence for CYP-catalyzed metabolism of MDMA, its
role in amphetamine neurotoxicity is questionable because
of the low concentrations of CYP isoforms in the brain
(18) and particularly the CYP2D6 isoform that catalyzes
the demethylenation of MDMA (19). One limiting factor
with theHHMA-GSHhypothesis is the direct inhibition
of CYP2D6 and CYP2D1 by MDMA (20), which limits
the peripheral formation of HHMA available for GSH
conjugation. Furthermore, the expression of CYP2D6,
unlike other CYPs, is resistant to induction by xenobiotics
in the liver (21) and limited in the brain (22). Finally, rats
deficient inCYP2D1, the homologue of humanCYP2D6,
are still susceptible to the neurotoxic effects of MDMA
(23). Accordingly, if amphetamine neurotoxicity is
mediated by ROS, the above discrepancies suggest that
other mechanisms or enzymes may contribute to ROS
generation by MDMA and related amphetamines.

In a related model with low CYP expression, the
developing mouse embryo, our laboratory has found that
embryonic prostaglandin H synthase (PHS) can bioacti-
vate xenobiotics to free radical reactive intermediates that
initiate the formation of ROS and oxidative macromole-
cular damage, resulting in teratogenesis (24-27), and a
similarPHS-dependentmechanism in thebrainmayplaya
role in the neurodegenerative effects ofMDMA (Abstract
graphic Figure S1 (Supporting Information)). Herein, we
report first an in vitro study showing that MDMA is
stereoselectively bioactivated bypurifiedPHS to a reactive
free radical intermediate that oxidatively damages DNA,
which is blocked by the PHS inhibitor eicosatetraynoic
acid (ETYA). In a complementary in vivo study, PHS-1
knockout mice were protected from the stereoselective
neurotoxic effects of MDMA, including DNA oxidation,
dopaminergic nerve terminal degeneration, and motor
function deficits. The results provide the first direct evi-
dence that PHS-catalyzed bioactivation of MDMA to a
free radical intermediate in the brain initiates the forma-
tion of ROS that oxidatively damage dopaminergic neu-
rons, resulting in long-lasting functional deficits.

Results

InVitroBioactivation ofMDMA toFreeRadical
Reactive Intermediates by PHS-1

PHS-1-catalyzed formation of free radical spin ad-
ducts was detected for dl-MDMA. (Figure 1, left panel).
The EPR signal for dl-MDMA after a 1 min incubation

revealed a carbon-centered free radical, seen as a triplet
of doublets known for this radical adduct (28). The
triplet of doublets observed for this radical adduct of
dl-MDMA had hyperfine splitting constants (HFSCs)
of aN = 15.23 G and aβ

H = 3.19 G. The positive con-
trol, phenytoin, also gave rise to a carbon-centered free
radicalwith similarHFSCs, aN=15.46Gandaβ

H=2.73
G, that are consistent with previously published observa-
tions (Figure 1, left panel) (29). The negative control
incubation that contained the vehicle solution without
MDMA did not show the presence of any radical.

Time-dependent incubation of dl-MDMAwith PHS-
1 that included a longer period of incubation for 5 and
10 min showed a transition from a carbon-centered
radical to a nitrogen-centered radical (Figure 1, right
panel). Specifically, the 5 and 10 min incubations
showed superimposed spectra for both carbon-centered
and nitrogen-centered MDMA radicals, the latter of
which is characterized by a triplet of sextuplets (28).

In Vitro PHS-1-Dependent Oxidation of
20-Deoxyguanosine (20-dG) to 8-Oxo-20-deoxy-
guanosine (8-oxo-dG) by MDMA

Using the reaction conditions as cited above for the
characterization of free radical formation, dl-MDMA
was bioactivated by PHS-1 in vitro to a free radical
reactive intermediate that initiated the oxidation of
20-dG to 8-oxo-dG (Figure 2). Compared to vehicle
controls at the lowest amphetamine concentration
(0.50 mM), dl-MDMA caused a maximal 2.6-fold in-
crease in DNA oxidation (p<0.02) (Figure 2, upper
panel). Increasing the dl-MDMA concentration to
1 mM did not further increase 20-dG oxidation, but a
significant 1.5-fold increase was maintained (p<0.009).
Extending the incubation time from 1 to 10 min with
1mMdl-MDMAresulted in a further increase in the level
of 20-dG oxidation to 2.4-fold (p<0.009) (Figure 2,
lower panel). The positive control, phenytoin (0.25 and
0.50 mM), caused a concentration-dependent increase
in 20-dG oxidation from 3.4-fold to 5.1-fold (p<0.02
and p<0.006, respectively) (Figure 2, upper panel),
consistent with previously published observations (29).

Preincubation of the dual PHS/lipoxygenase inhibi-
tor ETYA (40 μM) with PHS-1 blocked the formation
of 8-oxo-dG initiated by 1 mM dl-MDMA (p<0.001)
(Figure 3). The level of MDMA-initiated DNA oxida-
tion was not decreased in the control incubation con-
taining MDMA with only DMSO, the vehicle for
ETYA, confirming that the abolishment of MDMA-
initiatedDNAoxidation byETYAwasdue to the direct
inhibition of PHS.

We determined whether stereoselective differences in
PHS-dependentDNAoxidation could contribute to the
contrasting relative toxicological potencies of the two
MDMAenantiomers reported in vivo. Co-incubation of
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d-MDMA (0.5 mM and 1.0 mM) with PHS-1 caused a
concentration-dependent increase in oxidative DNA
damage which was substantially greater than that
caused by its l-isomer, with, respectively, 2.3-fold and
4.4-fold increases in DNA oxidation compared to that
of the same concentration of l-MDMA (p < 0.04 and
p<0.001, respectively) (Figure 4, upper panel). Com-
pared to the vehicle control, d-MDMA at concentra-
tions of 0.5 and 1.0 mM caused, respectively, 7.9-fold
(p<0.001) and 56-fold (p<0.001) increases in oxidative
DNA damage.

PHS-1-Normal and Knockout Mice in Vivo:
PHS-Dependent, MDMA-Initiated Regional
Increases in Brain DNA Oxidation

In PHS-1-normal þ/þ mice, both dl-MDMA and
d-MDMA produced regionally dependent increases in
brain DNA oxidation compared to that of their vehicle
controls (Figure 4, lower panel). DNA oxidation was
measured at 1 h, which previous studies withMDA and
METH had determined as the time of maximal oxida-
tive damage initiated in most brain regions by amphet-
amines (30). There were no gender differences in the
levels of MDMA-initiated DNA oxidation (data not
shown); therefore,DNAoxidation herein represents the
combination of female and male values. Within 1 h,
dl-MDMA (p<0.04) and d-MDMA (p<0.002) caused,

respectively, 2.8- and 2.4-fold elevations inDNAoxida-
tion in the striatum of þ/þ PHS-normal mice, whereas
the nontoxic l-MDMA isomer was comparable to sal-
ine. In contrast, the striatal level of DNA oxidation
initiatedbydl- andd-MDMAin theþ/þPHS-1-normal
mice was reduced 45% and 33%, respectively, in þ/-
PHS-deficientmice (p= 0.057, p= 0.06), andmore so,
57% and 46%, respectively, in-/- PHS-deficient mice
(p<0.05, p<0.009). A similar gene dose-dependent
pattern was seen in the brainstem and substantia nigra,
except that the latter was sensitive to d-MDMA for all
genotypes (p<0.05), suggesting increased susceptibility,
possibly due to constitutive PHS-2 expression in that
region. DNA oxidation was not enhanced in the cere-
bellum, cortex, or hippocampus (data not shown),
although the latter two regions may exhibit delayed
oxidative damage (30).

Baseline (constitutive) levels of DNA oxidation in
saline-treated mice varied up to 2.0-fold among the
brain regions, with the lowest values in the brainstem
and cerebellum, and the highest in the hippocampus,
striatum, and substantia nigra (Figure 5, upper panel).
The constitutive levels depicted in Figure 5 represent the
combination of þ/þ, þ/-, and -/- values since there
were no differences in baseline levels of DNA oxidation
within brain regions among PHS-1 genotypes. DNA
oxidation was enhanced up to 6.8-fold among the brain

Figure 1. Electron paramagnetic resonance (EPR) spectra for in vitro PHS-1-catalyzed bioactivation of amphetamines to free radical
intermediates. Left panel: vehicle control (upper panel), 3,4-methylenedioxymethamphetamine (dl-MDMA) (middle panel), and phenytoin
(lower panel). Each reaction contained 1000U/mL PHS-1, 1.0 μMhematin, and 0.5mMphenol. After preincubation for 1min at 37 �C, 67 μM
arachidonic acid, 1 mMPBN, and 1mMof dl-MDMAwere incubated for 1 min. The positive control phenytoin (0.5 mM) was incubated with
PHS for 30min as previously described (29). The vehicle control incubation contained all components except the drug. Right panel: time course
for in vitro PHS-1-dependentMDMA free radical formation. Shown are the EPR spectra for the incubation of dl-MDMA for 1, 5, and 10 min
with PHS-1.
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regions after dl-MDMA treatment, with the highest
elevations in the striatum and substantia nigra com-
pared to the lowest level of DNA oxidation in the
cerebellum (Figure 5, upper panel). A linear regression
analysis showed a positive correlation between baseline
DNA oxidation and maximal dl-MDMA-enhanced
oxidation among the different brain regions from the
PHS-1 þ/þ mice, which was the only PHS-1 genotype
exhibiting a significant increase in oxidative DNA
damage (r=0.7639, p<0.0022) (Figure 5, lower panel).
This suggests that the constitutive regional level of PHS
determines the bioactivation of both endogenous and
xenobiotic substrates to DNA-damaging free radical
intermediates. The similar levels of endogenous DNA
oxidation for a given region among the þ/þ, þ/-,
and -/- PHS-1 genotypes suggests a potential contri-
bution to endogenous DNA oxidation from the PHS-2
isozyme.

DNA oxidation was enhanced up to 5.1-fold among
the brain regions after d-MDMA treatment, with the
highest elevations in the striatum and substantia nigra
compared to those of the cerebellum. A similar positive
correlation was also seen for d-MDMA (r=0.8482,
p<0.0006) (data not shown).

Endogenous Oxidative DNA Damage in
Different Brain Regions Correlates with the
Regional Level of PHS

Western blotting revealed substantially different lev-
els of constitutivePHS-1 expression indifferent regions of
the brain, including the cortex, hippocampus, striatum,
substantia nigra, brainstem, and cerebellum (Figure S2,
Supporting Information). The highest constitutive levels
were seen in the substantia nigra and the lowest levels in
the cerebellum of PHS-1þ/þ andþ/- mice, with a 2.4-
fold difference between these brain regions (p<0.001 and
p<0.001). PHS-1 protein levels in þ/- PHS-1-deficient
mice were approximately 50% of those in theþ/þ PHS-
1-normal mice. Remarkably, a linear regression showed
that among the different brain regions, an increasing level
of PHS-1 protein correlated positively with increased
constitutive DNA oxidation when both copies of the
PHS-1 genes are expressed (r=0.822, p<0.05), although
the curve forþ/-mice was shifted to the left (r=0.733,
p= 0.09) (Figure S3, Supporting Information).

Stereoselective MDMA-Initiated
Ultrastructural Damage to Dopaminergic
Nerve Terminals: Protection in -/- PHS-1
Knockout Mice

Striatal degeneration of dopaminergic nerve term-
inals was seen 1 wk after d-MDMA administration
(Figure 6, upper panel). Similar to DNA oxidation,

Figure 2. In vitro PHS-1-dependent oxidation of DNA initiated
by MDMA. Incubations (the number is indicated in parentheses)
included 20-deoxyguanosine (20-dG), dl-MDMA or vehicle, PHS-1,
hematin, and arachidonic acid as described in Figure 1 (excluding
PBN). Phenytoin (PHT) was the positive control. Oxidative DNA
damagewas quantified by the formation of 8-oxo-20-deoxyguanosine
(8-oxo-dG). Upper panel: effect of drug concentration at 1 min.
ap < 0.02, bp < 0.006, and cp < 0.009 compared to their vehicle
control. *p<0.02 compared to 0.25 mM PHT. Lower panel: effect
of incubation time. cp<0.009 compared to the vehicle control at the
same incubation time point.

Figure 3. In vitro PHS-1-dependent oxidation of MDMA is
inhibited by the PHS inhibitor 5,8,11,14-eicosatetraynoic acid
(ETYA). Preincubation of the PHS/lipoxygenase inhibitor ETYA
(40 μM) with PHS-1 abolished 8-oxo-dG formation for 1 mM dl-
MDMA. Incubations (the number is indicated in parentheses)
included 20-dG, dl-MDMA or its saline vehicle, PHS-1, hematin,
and arachidonic acid as described in Figure 1 (excluding PBN).
One control incubation included DMSO, the vehicle for ETYA,
containing all of the components excluding ETYA. ap < 0.001
compared to the saline vehicle, bp < 0.001 compared to MDMA,
cp < 0.008 compared to the DMSO vehicle for ETYA.
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there were no significant gender differences in dopami-
nergic nerve terminal damage in MDMA-treated mice
(Figure 6, lower panel). After 1 week, the density of

dopaminergic nerve terminals was reduced by 72% in
both male and female þ/þ PHS-1-normal mice treated
with d-MDMA compared to that of the saline-treated
controls (p<0.001) (Figure 6, lower panel). In contrast,
although d-MDMAcaused, respectively, 19%and 28%
reductions indopaminergic nerve terminal density in the
striatum of-/- female andmale PHS-1 knockout mice
compared to their genotypicallymatched saline controls
(p<0.001 and p<0.001, respectively), the -/- PHS-1
mice still were substantially protected, exhibiting 2.8-
fold (females) and2.6-fold (males) greater dopaminergic

Figure 4. Stereoselectivity in the PHS-1-dependent oxidation
of DNA by MDMA enantiomers. Upper panel: in vitro PHS-1
oxidation ofDNAbyMDMA. d-MDMAor l-MDMA (1mM)was
incubated for 1 min with the components of the in vitro system as
detailed in Figure 1 (excluding PBN) and analyzed for DNA
oxidation. The number of incubations is indicated in parentheses.
ap < 0.001 compared to the vehicle control; *p < 0.04 and
**p < 0.001 compared to the l-enantiomer at the same concentra-
tion. Lower panel: PHS-1 knockout mice are protected against
brain region-dependent in vivo oxidation of DNA by MDMA. dl-,
d-, or l-MDMA were dissolved in 0.9% saline and administered in
4 doses (10 mg/kg ip) with each dose given at 2 h intervals. Saline
was used as the control. The mice were sacrificed 1 h after the last
injection, and tissues from different brain regions were isolated by
microdissection and analyzed for oxidative DNA damage. A mini-
mum of 6 mice were used for each group. 1,3p < 0.04, 2p < 0.002,
4p<0.05, 5p<0.03, and 6p<0.03 compared to the corresponding
saline-treated control for the same PHS-1 genotype. ap< 0.05 and
bp < 0.02 compared to dl-MDMA-treated þ/þ PHS-1-normal
mice. Rp < 0.009 and βp < 0.006 compared to d-MDMA-treated
þ/þ PHS-1-normal mice. Note the different scales for levels of
DNA oxidation in different brain regions.

Figure 5. Relationship of baseline (constitutive or endogenous) and
MDMA-enhanced DNA oxidation in brain regions of PHS-1 mice.
Treatment and analysis of DNA oxidation is as described in
Figure 4, lower panel. The constitutive levels represent the
combined values for PHS-1 þ/þ, þ/-, and -/- mice, which were
identical for a given region. dl-MDMA-enhanced DNA oxidation
was analyzed only in the PHS-1 þ/þ mice, which was the only
PHS-1 genotype exhibiting a significant increase in oxidative DNA
damage. Upper panel: constitutive and dl-MDMA-enhanced
DNA oxidation in different brain regions in PHS-1 mice. Lower
panel: linear regression curve for constitutive and maximal
dl-MDMA-initiated DNA oxidation (R = 0.7639, p < 0.0022).
ap < 0.001 and cp < 0.001 compared to the brainstem and
bp < 0.001 and dp < 0.001 compared to the cerebellum of
constitutive brain regions. Rp < 0.05 and βp < 0.001 compared to
the cerebellum, γp < 0.01 compared to the cortex, and δp < 0.01
compared to the hippocampus of dl-MDMA-treated brain regions.
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density compared to those of the corresponding
þ/þ PHS-1 mice (p<0.001 and p<0.05, respectively).
d-MDMA-initiated dopaminergic nerve terminal da-
mage in þ/- PHS-1 knockout mice followed a gene
dose-dependent pattern similar to that for DNA oxida-
tion, exhibiting an intermediary level of dopaminergic
nerve terminal loss compared to theþ/þ and-/-mice.
In the þ/- mice, rostral areas of the striatum were
more susceptible to damage compared to caudal areas.
Consistent with its inability to enhanceDNAoxidation,
the l-enantiomer of MDMA did not cause damage
to the dopaminergic nerve terminal in any PHS-1
genotype.

Assessment of dopaminergic nerve terminals ap-
proximately 2 months after d-MDMA administration
revealed a slight recovery in the range of approximately
37% and 36% in both females and males, respectively,
compared to the decrease seen at 1 week (Figure 7).
However, the density of dopaminergic nerve terminals
observed at 2 months are lower than the density noted
in the d-MDMA-treated þ/- PHS-1 knockout mice
1 week after treatment (Figure 6, lower panel).

MDMA-Initiated Functional Deficits in Motor
Coordination Are Abolished in -/- PHS-1
Knockout Mice

The PHS-1 gene dose dependence and stereoselecti-
vity observed for d-MDMA-initiated dopaminergic
nerve terminal degeneration correlated directly with
susceptibility to sustained motor coordination deficits
in both females (Figure 8, left) and males (Figure 8,
right). Motor deficits were evident within 1 week after
the last drug dose and were sustained for at least 4
weeks, in both female and male þ/þ PHS-1-normal
mice treated with d-MDMA compared to their cor-
responding genotypically matched saline control
(p<0.001 and p<0.001, respectively) (Figure 8, upper
panel). In contrast, the PHS-1 -/- mice were
completely resistant to d-MDMA-initiated motor co-
ordination impairment; they were identical to saline
controls and substantially different from the gender-
matched d-MDMA-treated þ/þ PHS-1-normal mice
(females, p<0.001; males, p<0.001) (Figure 8, top
panels).

Figure 6. PHS-1 knockout mice are protected against d-MDMA-
initiated persistent degeneration of dopaminergic nerve terminals in
the striatum. Upper panel: d- (d) or l-MDMA (l) (10 mg/kg ip) was
administered in 4 doses, each given at 2 h intervals. Saline (Sal)
vehicle was used as the control. Themicewere sacrificed 1week after
the last injection and perfused with 10% formalin. Brain sections
were stained for tyrosine hydroxylase indicative of dopaminergic
nerve terminals. Immunohistochemical staining is representative
of n=3/gender/treatment group; scale bar = 50 μm. Lower panel:
quantification of immunohistochemical data reported in the upper
panel. The number of animals is given in parentheses. ap<0.001 and
bp<0.01 compared to the corresponding saline control for the same
PHS-1 genotype; cp<0.001, dp<0.05 and ep<0.01 compared to the
corresponding d-MDMA-treated PHS-1 genotype; *p<0.001 and
**p<0.05 compared to d-MDMA-treated wild-type PHS-1-normal
mice; Rp<0.001 compared to d-MDMA-treated heterozygous
PHS-1 knockout mice.

Figure 7. Slight long-term recovery of striatal dopaminergic nerve
terminals in wild-type d-MDMA-treated PHS-1-normal mice.
d-MDMA (10 mg/kg ip) was administered in 4 doses, each given at
2 h intervals. The mice were sacrificed 2 months after the last
injection and perfused with 10% formalin. Brain sections were
stained and quantified for tyrosine hydroxylase (TH), indicative
of dopaminergic nerve terminals. The data were plotted as a
percentage of TH staining in vehicle-treated wild-type mice
(negative control). *p < 0.04 and **p < 0.01 compared to
d-MDMA-treated wild-type PHS-1-normal mice sacrificed 1 week
after the last injection (10 mg/kg ip). The number of mice is
indicated in parentheses.
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Although both male and female PHS-1 þ/- mice
were susceptible to d-MDMA-initiated dopaminergic
nerve terminal degeneration, these mice were relatively
more resistant to the associated functional conse-
quences. Both female andmale PHS-1þ/-mice treated
with d-MDMA consistently exhibited motor coordina-
tion performances more deficient than those for the
unaffected þ/- saline controls or d-MDMA-treated
-/- PHS-1 knockouts throughout the 4-week period
of measurement, although these deficits were not statis-
tically significant. As with dopaminergic nerve terminal
damage, l-MDMAdid not producemotor coordination

deficits in any animals tested (Figure 8, middle and
bottom panels).

Discussion

Although ROS have been implicated in ampheta-
mine-initiated neurodegeneration, themechanism is not
clear. The hypothesis of amphetamine metabolism via
CYP2D6 to redox-cycling quinones, including hepatic
formation and transport of a GSH-HHMAconjugate,
does not sufficiently explain the neurodegenerative
effects of MDMA, nor does the induction of PHS with

Figure 8. Female andmale PHS-1 knockout mice are protected against d-MDMA-initiated persistent functional deficits. Motor coordination
impairmentwas assessed by the rotarod test at 25 rpm formice treatedwith d-or l-MDMAor their saline vehicle. The time atwhich themice fell
from the rod was recorded as the latency. Aminimum of 4mice were used per gender for each group. Left upper panel: d-MDMAcompared to
saline. 1p<0.001 compared to its genotypically identical saline control. ap<0.003, bp<0.001, and cp<0.04 compared to d-MDMA-treated
þ/- PHS-1 knockout mice. Rp < 0.001 and βp < 0.002 compared to d-MDMA-treated -/- PHS-1 knockout mice. Left middle panel:
l-MDMA compared to saline. No significant differences. Left lower panel: d-MDMA compared to its l-enantiomer. *p< 0.001, **p< 0.03,
and ***p< 0.02 compared to l-MDMA-treatedþ/þ PHS-1-normal mice. Right upper panel: d-MDMA compared to saline. 1p< 0.001 and
2p<0.004 compared to its genotypically matched saline control. bp<0.03 compared to d-MDMA-treatedþ/- PHS-1 knockout mice. Rp<
0.001, βp<0.02, and γp<0.03 compared to d-MDMA-treated-/-PHS-1 knockoutmice. Rightmiddle panel: l-MDMAcompared to saline.
No significant differences. Right lower panel: d-MDMA compared to its l-enantiomer. *p< 0.001 and **p< 0.006 compared to l-MDMA-
treated þ/þ PHS-1-normal mice.
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its associated intrinsic effects. The in vitro studies herein
using purified PHS and electron paramagnetic reso-
nance spectrometry provide the first direct evidence that
PHSs can bioactivate MDMA to a free radical inter-
mediate, as has been shown for other xenobiotics (31),
including numerous teratogens (27) and the neurotoxins
MDA andMETH (30). The further oxidation of 20-dG
to 8-oxo-dG under these in vitro conditions shows that
MDMA free radicals can initiate the formation of ROS
that cause oxidative DNA damage, including 8-oxo-dG
formation, consistent with a neurodegenerative poten-
tial. The mutagenic role of 8-oxo-dG in cancer is gen-
erally appreciated, but this oxidative macromolecular
lesion also may affect gene transcription, resulting in
neurodegeneration. For example, we recently found
that postnatal neurodevelopmental deficits caused by
in utero exposure to METH are enhanced in knockout
mice deficient in oxoguanine glycosylase 1 (OGG1), the
major enzyme for repairing 8-oxo-dG (32). A similar
process may occur in adults exposed to MDMA since
METH also is bioactivated by PHSs (30). The stereo-
selective nature of the MDMA-initiated DNA oxida-
tion observed herein is consistent with results from the
in vivo studies discussed below, as well as with published
in vivo evidence of stereoselective MDMA, MDA, and
METH neurotoxicity residing with the d-isomers (33).
The in vitro concentration range forMDMAwas chosen
for optimal electron paramagnetic resonance (EPR)
characterization of PHS-dependent free radical forma-
tion, upon the basis of similar studies of teratogens (29),
and the same concentration was employed for evaluat-
ing PHS-dependent DNA oxidation. Complementary
studies of the teratogens at lower, clinically relevant
concentrations in embryo culture showed similar oxida-
tive DNA damage (34), and we have found the same for
lower concentrations (100 μM) ofMDA andMETH in
cells stably expressing human PHS-1 (Ramkissoon, A.,
andWells, P. G., unpublished work). The in vivo studies
herein usingPHS-1knockoutmice further corroborated
the in vitro studies, providing direct evidence of a critical
role for PHS-1-dependent bioactivation of MDMA in
the CNS, including neuroprotection in the-/- PHS-1-
deficient mice. Conversely, there was enhanced DNA
oxidation in þ/þ PHS-1-normal mice, but among dif-
ferent brain regions, the level of PHS-1 protein expres-
sion correlated positively with the severity of MDMA-
enhancedDNAoxidation in each region. This oxidative
DNA damage in several relevant brain regions corre-
lated directly with long-lasting neurodegenerative cellu-
lar changes and functional motor coordination deficits,
both of which were reduced in þ/- PHS-1 knockout
mice and abolished in -/- mice. Furthermore, DNA
oxidation and persistent nerve terminal degeneration
and functional deficits were restricted to the d-enan-
tiomer of MDMA, consistent with the in vitro results.

Stereoselective affinity of brain dopamine (DA) trans-
porters for the d-enantiomer of MDMA (35, 36) may
also contribute to the stereoselectivity of neurotoxicity.
However, as shown herein, MDMA is directly bioacti-
vated by PHS to a potentially neurotoxic free radical
intermediate, and its neurotoxicity is not necessarily
dependent upon transporter-dependent uptake or DA
release. The in vitro demonstration of PHS-1-depen-
dence and stereoselectivity in the formation of an
MDMA free radical and subsequent DNA oxidation,
together with the in vivo stereoselective nature of oxida-
tive DNA damage and PHS-1 gene dose-dependence,
provides the first direct evidence for PHS-catalyzed
bioactivation of MDMA to a free radical intermediate
that initiatesDNAoxidation and subsequent functional
deficits.

Remarkably, regional differences in DNA oxidation
were observed at higher levels in selective brain regions
associatedwithmotor function, specifically the striatum
and substantia nigra. The correlation of increasing
PHS-1 levels with an increasing severity of oxidative
DNA damage among different brain regions is consis-
tentwith results fromother studies using the structurally
related drugs MDA andMETH (30). A similar process
may occur with endogenous DNAdamage since among
different brain regions, there was a high correlation
between the amount of endogenous DNA oxidation
and the amount of enhanced damage that occurredwith
MDMA exposure. Part of the endogenous oxidative
DNA damage may be due to PHS-catalyzed bioactiva-
tion of endogenous brain substrates since in vitro studies
in our laboratory have found that several neurotrans-
mitters as well as their precursors and metabolites
produce PHS-dependent DNA oxidation (37), which
may play a role in neurodegeneration associated with
aging. This hypothesis is consistent with the observed
positive correlation between constitutive PHS-1 protein
levels and endogenousDNAoxidation in bothþ/þ and
þ/- mice. These correlations suggest that the balance
between PHS-catalyzed bioactivation and protective
antioxidative and/or DNA repair pathways may be an
important determinant of target tissues and risk for
neurodegeneration.

The stereoselective potency of the d-enantiomers of
MDMA in enhancing DNA oxidation observed in our
in vitro and in vivo studies reflects other stereoselective
outcomes seen in vitro and in vivo in rats and humans
(33, 38). While the d-enantiomer has been shown to be
more potent than the l-enantiomer with respect to
receptor-mediated pharmacological effects, it was not
known whether there was stereoselectivity in the PHS-
1-catalyzed bioactivation and neurodegenerative effects
of MDMA. We show herein that PHS-1 indeed does
exhibit stereoselectivity for MDMA bioactivation.
Accordingly, arachidonate-dependent, PHS-catalyzed
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bioactivation ofMDMAprovides a newmechanism for
this stereoselectivity unrelated to P450-catalyzed meta-
bolism, differential dopaminergic receptor binding, or
reuptake affinity. The stereoselective enhancement in
ROS-mediated DNA oxidation by d-MDMA com-
pared to its l-isomer may be due in part to its increased
affinity for PHS-1, as has been observed with cyto-
chrome P450 (15). Most importantly, the in vitro stereo-
selective potency of d-MDMA over l-MDMA was also
observed in vivowith respect toMDMA-initiated DNA
oxidation, dopaminergic nerve terminal degeneration
and functional deficits in þ/þ PHS-1-normal mice, all
of which were abolished in PHS-1 -/- knockout mice.
The persistence of nerve terminal degeneration and
functional deficits for at least 4 weeks after treatment
with d-MDMA but not its l-isomer provides the most
definitive evidence to date for a stereoselective determi-
nant in the irreversible neurodegenerative effects of
MDMA.

The biochemical pathway summarized in Supporting
Information, Figure S4 could account for ROS genera-
tion characteristic of MDMA neurotoxicity, as has
been previously postulated for several teratogens (29).
During this process, hydroperoxides of MDMA can
generate ROS which, in the absence of adequate cyto-
protection, can oxidize cellularmacromolecules, leading
to neuronal injury.

In biological responses to external stimuli, PHS-1
knockout mice show gene dosage effects, with hetero-
zygous knockouts being intermediate between null and
wild-type mice (39). Our studies herein parallel this
PHS-1 gene dosage effect for MDMA-initiated DNA
oxidation, nerve terminal degeneration, and motor
coordination deficits, with PHS-1 þ/- mice being
partially protected at least from neuronal degenera-
tion compared to þ/þ PHS-1-normal mice, but not
fully protected compared to homozygous null mice.
Although the heterozygotes were not also significantly
protected from MDMA-initiated motor coordination
deficits based upon statistical analysis, the observed
biological pattern wherein both males and females
consistently exhibited lower function than þ/þ PHS-
1-normal mice for all time points suggests that the
heterozygous genotype likely confers intermediate pro-
tection for this parameter as well.

The PHS-1 -/- mice treated with d-MDMA were
substantially but not fully protected against dopaminer-
gic nerve terminal degeneration. Although PHS-1 -/-
mice do not compensate by up-regulating PHS-2 pro-
tein expression or vice versa (40-42), it is possible
that constitutive PHS-2 contributed to the residual
d-MDMA bioactivation and nerve terminal degenera-
tion observed in the PHS-1-/- knockouts. This would
be consistent with the apparent contribution of consti-
tutive PHS-2 to endogenous oxidative DNA damage,

which for any given brain region was similar in un-
treated þ/þ, þ/-, and -/- mice. If so, then regional
expressionofbothPHS-1 andPHS-2andmodulationof
particularly the latter isozymeby environmental factors,
may play variable roles in the mechanism of MDMA
nerve terminal degeneration. Following initial MDMA
treatment, DNA oxidation appears to be due primarily
to PHS-1-catalyzed bioactivation, particularly in brain
regions where PHS-2 is nonconstitutive. After repetitive
MDMA administration, PHS-2 may be induced in
selective brain regions, which in those tissues could
contribute toMDMA bioactivation and nerve terminal
degeneration. For example, the structurally related
amphetamine, METH, can induce striatal PHS-2 pro-
tein expression within 72 h (43). PHS induction also is
commonly associated with various diseases, including
cancer, Alzheimer’s disease, and other neurodegenera-
tive diseases (44, 45), which in induced cells could
enhance the bioactivation of endogenous substrates or
xenobiotics such as MDMA to toxic free radical inter-
mediates. Although homozygous PHS-1 knockoutmice
were not completely protected against d-MDMA-
initiated neuronal degeneration at the ultrastructural
level, their functional motor coordination was not
measurably affected.This perhaps is not surprising since
d-MDMA-treated homozygous null mice only had a
19 to 28% reduction of striatal dopaminergic neuronal
density. In humans, the clinical manifestations ofmotor
impairment symptoms associated with Parkinson’s dis-
ease occur only after the nigro-striatal dopaminergic
neuronal population has been depleted by 80% (46).
Even the heterozygous PHS-1 knockout mice, in which
d-MDMA caused a 47 to 53% dopaminergic neuronal
depletion, did not exhibit significant motor coordina-
tion deficits, although a consistent trend was observed.

Since there is no evidence of any functional recovery
at 1 month, it appears that even up to a 37% recovery
of dopaminergic nerve terminals (seen at 2 months) in
d-MDMA-treated þ/þ PHS-1-normal mice, assuming
they are biochemically functional, is not adequate to
restore normalmotor coordination.Alternatively, upon
the basis of studies of MDA and METH that showed
motor coordination deficits extending at least 6 months
after treatment (30), these partially recovered nerve
terminals and/or their associated neurons may not be
biochemically normal. It also is possible that additional,
more persistent molecular lesions may contribute to the
observed motor coordination deficits.

Gender differences are evident in several neurode-
generative diseases. Alzheimer’s disease is more preva-
lent in women than in men (47), while Parkinson’s
disease is more prevalent in men (48). We found no
gender differences in DNA oxidation, dopamine nerve
terminal damage, or motor deficits with any MDMA
stereoisomer or PHS-1 genotype tested, although there
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are numerous contradictory gender studies of amphe-
tamine effects (49-51). Our study indicates that gender
specificity is not apparent in any of the steps in the
process of MDMA neurodegeneration in mice, includ-
ing PHS-catalyzed bioactivation, ROS-mediated oxida-
tive DNA damage, nerve terminal degeneration, and
motor coordination deficits. Gender differences re-
ported in other amphetamine studiesmay be due in part
to outcomes modulated by differences in estrogen levels
between females and males (52) that may be age-,
species-, or strain-dependent and more particularly,
due to the measurement of outcomes that do not reflect
molecular and functional changes involved in long-
lasting nerve terminal degeneration confirmed weeks
to months after the last drug treatment.

Higher doses of MDMA cause hyperthermia, which
has been implicated in the mechanism of its neurotoxi-
city. However, in this study of long-term neurodegen-
erative effects following acute exposure toMDMA, it is
unlikely that hyperthermia played a substantial modu-
latory role.Most directly, acute hyperthermia is unlikely
to vary among PHS genotypes, and PHS-dependent
bioactivation andDNAoxidation also occurred in vitro,
where the temperature was constant. Also, lower doses
of MDMA that do not cause hyperthermia are still
neurotoxic. Perhaps more relevant to the current study,
inhibition of hyperthermia does not consistently block
the neurotoxic effects of MDMA, and conversely, the
neurotoxicity of MDMA can be inhibited without
modifying its hyperthermic effect (2, 53-56).

PHS-1 and PHS-2 have been localized to the lumenal
surfaces of the endoplasmic reticulum and the inner and
outer membranes of the nuclear envelope (57), of which
the latter would be particularly conducive for catalyzing
thebioactivationofMDMAandrelatedamphetamines,
as well as endogenous substrates, to free radical inter-
mediates that enhance DNA oxidation. The resistance
of PHS-1 null mice to the neurodegenerative effects of
MDMA herein is consistent with complementary stu-
dies of the MDMA metabolite MDA showing protec-
tion against both nerve terminal degeneration and
functional deficits by pretreatment with a single dose
of the PHS inhibitor acetylsalicylic acid (30). Further-
more, we confirm that oxidative damage to DNA may
be an early macromolecular lesion involved in the
initiationof amphetamine-inducedneurotoxicity.These
results, together with the observed stereoselectivity of
MDMA bioactivation, suggest that the free radical
intermediates characterized for the amphetamines are
relevant to their molecular mechanism of neuronal
damage, which may involve oxidative damage to nuc-
lear and/or mitochondrial DNA. Although this study
focused upon the neurodegenerative role of oxidative
DNAdamage, the results do not preclude the possibility
of complementary or concomitantpathological roles for

oxidative damage to other cellular macromolecules
(RNA, protein, and lipids) or for enhanced ROS-
mediated signal transduction. Oxidative DNA damage
and the resultant gene modifications, which can disrupt
transcription, translation, and DNA replication, are
associated with increased age (58), neurodegenerative
diseases (59), and ROS-initiating xenobiotics and can
ultimately result in mutations, altered cellular function,
and/or cell death. This was evident herein with the
protection against MDMA-initiated ROS-mediated
DNA oxidation in the brains of PHS-1-/-mice, which
prevented thedegenerationof dopaminergic neurons and
associated functional motor deficits. The evidence herein
for damage to monoaminergic neurons, which alters
normal motor and possibly cognitive function (60-62),
is consistentwith the speculation that amphetaminesmay
contribute to a variety of neurodegenerative diseases and
conditions such as Parkinson’s disease and depression.

In summary, our in vitro studies provide the first
direct evidence thatMDMAisbioactivatedbyPHS-1 to
free radical intermediates that initiate ROS-mediated
DNA oxidation. The stereoselective nature of PHS-
dependent oxidative DNA damage was similar to that
observed in our in vivo studies of amphetamine-initiated
macromolecular damage and nerve terminal degenera-
tion in PHS-1 wild-type mice, which are abolished in
PHS-1 null mice, confirming the potential relevance of
this novel mechanism. PHS-dependent bioactivation of
substrates within the brain, as implicated herein with
MDMA,may constitute a commonmolecular mechan-
ism for neurodegeneration caused by ROS-initiating
xenobiotics and possibly endogenous substrates.

Methods

Chemicals
Purified PHS-1 and 8-hydroxy-20-deoxyguanosine were

obtained from Cayman Chemical Co. (Ann Arbor, MI).
Arachidonic acid, hematin, R-phenyl-N-t-butylnitrone (PBN),
20-deoxyguanosine, nuclease P1, and Escherichia coli alkaline
phosphatase were obtained from Sigma-Aldrich (Oakville,
Canada). Redistilled phenol was from Aldrich Chemical Co.
(Oakville, ON, Canada), chloroform/isoamyl alcohol/phenol
(CIP, 24:1:25) from Life Technologies, Inc. (Burlington,
ON, Canada), and proteinase K and complete, Mini, EDTA-
free protease inhibitor cocktail tablets from Roche Dia-
gnostics (Laval, QC, Canada). 5,8,11,14-Eicosatetraynoic
acid (ETYA) was a gift from Hoffmann-La Roche Ltd.
(Etobicoke, ON,Canada). PCRprimerswere purchased from
ACGT Corporation (Toronto, ON, Canada). Taq polymer-
ase and dNTPs were purchased from Perkin-Elmer
(Mississauga, ON, Canada). All other reagents used were of
analytical or HPLC grade.

Drugs
Pure racemic (dl-), d-, and l-isomers of MDMA were

provided by the Research TechnologyBranch of theNational
Institute on Drug Abuse (Rockville, MD).
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PHS-1 Knockout Mouse Colony and Genotyping
Heterozygous (þ/-)-PHS-1 knockout male mice of the

129/B6 strain were provided by Dr. Robert Langenbach
(NIEHS, Research Triangle Park, North Carolina) (40).
These males outbred to CD-1 female mice (Charles River
Canada, St. Constant, QC, Canada) to generate F1 129/B6/
CD-1 offspring. The colony obtained was further inbred by
mating littermates for 7 subsequent generations. F8 litters of
female and male PHS-1 mice were tested for susceptibility to
MDMA-initiated neurodegeneration at 3-4 months of age.
The male to female ratio was 50:50, and the PHS-1 genotypes
followed aMendelian ratio.Micewere housed in plastic cages
with ground corn-cob bedding (Beta Chip; Northeastern
Products, Warrensburg, New York) and maintained in tem-
perature-controlled roomswith a 12-h light-dark cycle. Food
(Laboratory Rodent Chow 5001; Ralston Purina, Strathroy,
ON, Canada) and tap water were provided ad libitum. All
PHS-1 genotypeswere confirmedas previously described (63).
The animal studies were approved by the University of
Toronto Animal Care Committee in accordance with the
Guidelines of the Canadian Council on Animal Care.

In Vitro Bioactivation of MDMA to Free Radical
Reactive Intermediates by PHS-1

PHS-1 (1000 units/mL) was incubated with hematin
(1.0 μM) and phenol (0.5 mM) for 1 min at 37 �C in 80 mM
potassium phosphate buffer at pH 7.9. After the addition of
dl-MDMA (500 μM or 1 mM) or phenytoin (PHT, 0.25 mM
and 0.5 mM), or their vehicle and the free radical spin trap
PBN (1 mM), arachidonic acid (67 μM) was subsequently
added to initiate the reaction. After incubation for 1-10 min
at 37 �C, reactions were terminated and extracted with 2 mL
of ethyl acetate. The ethyl acetate layer was then comple-
tely reduced under nitrogen, reconstituted with 300 μL of
ethyl acetate, and analyzed by EPR spectrometry for free
radical adducts as previously described (29). To block PHS-1-
mediated bioactivation of dl-MDMA, the PHS inhibitor
ETYA (40 μM) was incubated with the PHS-1 enzyme at
37 �C for 1min prior to the addition ofMDMAandarachido-
nic acid.

Oxidation of 20-Deoxyguanosine (2-0dG)
20-Deoxyguanosine (20-dG) (1 mg) was incubated with or

without MDMA in the presence of PHS-1 using the condi-
tions mentioned above with the following alterations: PBN
was replaced with 20-dG, and a higher concentration of
arachidonic acid (140 μM) was used to start the reaction.
The resulting mixture was filtered (0.22 μm), and the filtrate
was analyzed for 8-oxo-20deoxyguanosince (8-oxo-dG) by
high-performance liquid chromatography coupled with elec-
trochemical detection (HPLC-EC) (64). Samples were in-
jected in duplicate.

Animal Treatment and Analysis for DNA Oxidation
Drugs were dissolved with sterilized 0.9% saline, and the

drug or its saline vehiclewas injected intraperitoneally (ip) in a
fixed volume of 0.1 mL/10 g body weight. Female and male
PHS-1 wild-type (þ/þ), heterozygous (þ/-), or homozygous
(-/-) mice were administered 4 doses of dl-, d-, or l-MDMA
(10mg/kg) or 0.9%saline (vehicle), with each dose given at 2 h
intervals. The mice were anesthetized by isofluorane and
sacrificed at various time points. For DNA oxidation, the

brains were isolated, rinsed in ice cold 1.15% KCl solution,
and subsequently microdissected on ice to obtain the cortex,
hippocampus, striatum, substantia nigra, brainstem, and
cerebellum.Dissected brain regionswere snap-frozen in liquid
nitrogen and stored at -80 �C until analyzed as described
elsewhere (64). For immunohistochemistry, mice were per-
fused with PBS, followed by 10% formalin. Brains were
subsequently fixed in 10% formalin. DNA oxidation was
quantified by HPLC-EC as previously described (64, 65).

Immunoblotting
A10-30%homogenate was prepared withmicrodissected

brain tissue in RIPA buffer (1% NP-40, 0.5% Naþ deoxy-
cholate, and 0.1%SDS in PBS) supplementedwithComplete,
Mini, EDTA-free protease inhibitor cocktail tablets (Roche
Diagnostics). The homogenate was allowed to lyse for 3 h at
4 �C and subsequently centrifuged for 10 min at 16,000g. The
supernatant was quantified for total cellular protein using the
modified Lowry Assay (66). An 80 μg sample of cellular
protein was separated using a 12% SDS-PAGE gel under
reducing and denaturing conditions and transferred onto a
nitrocellulose membrane (Bio-Rad Laboratories, Hercules,
CA). Equal protein loading was confirmed by Ponceau S
staining. PHS-1 was detected with rabbit polyclonal antiser-
um against PHS-1 (diluted 1:500, Caymen Chemicals, Ann
Arbor, MI) and goat antirabbit IgG-horseradish peroxidase
(diluted 1:5000, Santa Cruz Biotechnologies Inc., Santa Cruz,
CA). Peroxidase activity was visualized by an enhanced
chemiluminescence (ECL) detection system (Amersham Bio-
sciences, Piscataway, NJ).

Immunohistochemistry
Brain sections (5 μm) were deparaffinized in xylene and

ethanol, followed by a high temperature unmasking in 0.01M
sodium citrate buffer (pH 6.0) for 5 min. Tissue sections were
blocked for at least 2 h with 3% BSA, 20 mM MgCl2, 0.3%
Tween 20, and 5% goat serum in PBS followed by an over-
night incubationwith the goat antirabbit tyrosine hydroxylase
primary antibody (1:600, Chemicon International Inc.,
Temecula, CA). Sections were incubated with biotinylated
goat antirabbit IgG reagent (1:200, Vector Laboratories,
Burlington, ON, Canada) and detection was performed using
the Vectastain Elite ABC Reagent kit and DAB kit (Vector
Laboratories) according to the manufacturer’s specifications.

Quantitation of Immunoblot and
Immunohistochemical Data

Determination of protein level and immunohistochemical
staining was performed using the NIH Imaging freeware
(Scion v4.02). A representative value was taken from the
means of the integrated density acquired from three indepen-
dently obtained measurements from each sample, with a
minimum of n= 3/gender/treatment group.

For Western blots, a representative value was taken from
the means of the integrated density acquired from three
independently obtained measurements from each sample;
with a minimum of n = 6/treatment group. For immuno-
histochemistry, the density of surviving dopamine axon
terminals per square millimeter of tissue area in tyrosine
hydroxylase immunoreactive-stained (TH-IR) sections was
used as an index of striatal density of TH innervation and
was measured in coronal sections in the caudate putamen of
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the striatum. Quantification of TH-IR neurons within a unit
area of tissue was conducted using a Leitz DMIL inverted
microscope (Leica Microsystems Inc., Richmond Hill, ON,
Canada) equipped with a Nikon COOLPIX 995 (Nikon
Corporation,Mississauga,ON,Canada). Digital imageswere
made in a standard frame sample area taken at 400� magni-
fication. TH-IR was assessed using counts of TH-stained
neuropil labeled above the threshold. The threshold was set
at the same level for each section sampled. To minimize
variations attributed to morphometric analysis associated
with immunohistochemical staining and in the quantification
technique, three different coronal sections were employed
for measurements in each PHS-1-normal, heterozygous, or
homozygous PHS-1 knockout mouse treated with (a) saline;
(b) d-MDMA; or (c) l-MDMA. For each section, 9 fields
within the caudate putamen were analyzed bilaterally. Thus,
for onemouse, the analysis of 3 separate coronal sections gave
rise to a representative value taken from the means of the
integrated density acquired from 54 (3� 9� 2) independently
obtained measurements. This value was then divided by the
unit area of tissue and the result expressed as a percentage.
Quantification of tissue staining was performed in a blinded
fashion using experimental codes such that animal treatments
were not known during measuring.

Behavioral Studies
Female and male PHS-1-normal, heterozygous, or homo-

zygous PHS-1 knockout mice were treated with d- or
l-MDMA or saline one week before the assessment of behav-
ioral motor coordination using the rotarod test. Male and
female mice were given 60 min to adjust to their new
surroundings followed by trial conditioning and training
on a constant speed rotarod (rod diameter=3.6 cm). Briefly,
mice were required to perch on the stationary rod for 30 s to
accustom themselves before being allowed to run with a
constant speed of 5 rpm for 90 s. Mice that succeeded 3 trials
(2 h intervals) without fallingwere tested.Micewere tested for
motor coordination at a constant speed of 5 rpm for 90 s, then
gradually increasing to a constant speed of 20-30 rpm for a
maximumof 5min. The performance time and speed atwhich
the mice fell from the rod were recorded.

Statistical Analysis
Statistical significance of differences between paired data

was determined by the two-tailed Student’s t test, while
multiple comparisons among groups were analyzed by the
one-way analysis of variance (ANOVA) with a subsequent
Tukey’s test (GraphPad InStat 3.05, GraphPad Software,
Inc., San Rafael, CA). For data with two independent
variables, two-way ANOVA was performed followed by a
Bonferroni post-test when F ratios were significant. The level
of significance was determined to be at p<0.05.

Supporting Information Available

Postulated bioactivation of xenobiotics to a neurodegenerative
free radical intermediate by prostaglandin H synthase and/or
other peroxidases; differences in constitutive PHS-1 protein
expression in different brain regions; relationship of PHS-1
protein expression and constitutiveDNAoxidation in different
brain regions of PHS-1 wild-type and heterozygous mice; and

postulated mechanism for prostaglandin H synthase-catalyzed
bioactivation of amphetamines. This material is available free
of charge via the Internet at http://pubs.acs.org.
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