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Fig. 1. Chemical structures of MDMA, DHM, THM and 6-hydroxydopamine.

Methods

Animals. Male Sprague-Dawley rats (Simonsen Laboratories Inc.,
Gilroy, CA) weighing 180 to 250 g were housed two per cage in a

temperature-controlled room (24’C) with a 12-h alternating light/dark

cycle; all animals had access to food and water ad libitum.
Drug synthesis. The synthesis of (±)DHM hydrobromide has been

reported elsewhere (Lim and Foltz, 1988; Lim et at., 1991a). (±)THM
hydrobromide was synthesized from 2,4,5-t#{241}methoxyniethamphetam-

me, which was synthesized from 2,4,5-trimethoxybenzaldehyde by mod-
ification of the procedure for 4-hydroxy-3-methoxymethamphetamine

(Lim and Foltz, 1988). The resultant crude 2,4,5-trimethoxymetham-
phetamine was purified by silica gel (60-120 mesh) column chromatog-

raphy and eluted initially with toluene (125 ml), followed by chloroform

(125 ml) and finally with toluene/chloroform/methanol (2:2:1). Evap-

oration of the pooled fractions gave a yellow-brown oil: GC/CI-MS
[trifluoroacetyl derivative], m/z 336 [MH�, base peak. After demeth-

ylation of the 2,4,5-trimethoxymethamphetamine by boron tribromide
and subsequent quenching of the reaction with methanol (Lim and

Foltz, 1988), the solvent was removed using a rotary evaporator before
lyophilization. The resulting residue was identified as THM by high-

resolution mass spectrometry and [‘H]NMR: nI/z 197.1065 (M�) (cal-

culated for C1oH15NO3, 197.1052) [‘Hjnuclear magnetic resonance
(2H20), �S1.20 (d, J = 6.7 Hz, 3H, CCH3), 2.63 (a, 3H, NCH3), 2.77 (m,

2H, CH2), 3.43 (m, 1H, CH), 6.44, 6.66 (2s, 2H, aromatic).

Experimental procedures. The rats were anesthetized with
chloral hydrate (400 mg/kg, i.p.), placed in a stereotaxic apparatus and

injected i.c.v. -0.8 mm from the bregma, 1.4 mm lateral to the midline

and 4.6 mm ventral to the surface of the skull according to Paxinos
and Watson (1982) with THM or DHM dissolved in 0.9% saline
containing 0.1% sodium ascorbate. A 20-gil injection was made at a rate
of 10 �d/min, after which the needle remained in place for an additional

5 mm before being withdrawn. The animals were sacrificed by decapi-

tation 5 days later, and the FCx (corresponding to the pregenual part

of the anteromedial cortex as described by Emson and Lindvall, 1979),

STR and HIP were rapidly removed on a cold plate; all tissues were

stored at -80C until assayed. The SN and the DR and MR were
dissected out from frozen brain slices with a microdissecting knife and
a punch.

Determination of TPH activity. TPH activity was determined
with HPLC-EC by measuring the formation of 5-HTP resulting from
the hydroxylation of tryptophan according to a modification of the

methods described by Boadle-Biber et at. (1986), Friedman et cii. (1972)

and Hotchkiss et al. (1979). Frozen tissues ipsilateral to the side of
THM or DHM injection were weighed and homogenized in 50 mM

HEPES buffer (Sigma Chemical Co., St. Louis, MO), pH 7.4, contain-
ing 0.2% Triton X-100 and 5 mM dithiothreitol (Calbiochem Corp.,

San Diego, CA) using a Potter-Elvejhem homogenizer. The following
volumes, expressed in microliters, were used for these tiesues: FCx,
100; STR, 125; HIP, 200; DR, 100; MR, 100. The protein content in
the DR and MR homogenates was determined using the method of
Bradford (1976). The homogenates were centrifuged at 40,000 x g for
15 mm at 4C and duplicate 7.5-id aliquots of the supernatant were
transferred into 6 x 50-mm glass tubes. Boiled supernatant was used

for blanks. Five �tl ofa reagent mixture containing 240 nmol of HEPES,

10 nmol oftryptophan, 5.8 nmol of m-hydroxybenzylhydrazine (Sigma)

and 17.5 nmol of dl-6-methyl-5,6,7,8-tetrahydropterin (Sigma) were

added to the enzyme extract. The tubes were incubated at 37#{176}Cfor 30
mm and the reaction was stopped by transferring the tubes into an ice
water bath followed by the addition of 100 � of 0.2 N perchioric acid

containing 32 ng of 5-HIAA (used as internal standard). The tubes

were centrifuged at 1,000 X g for 15 mm at 4C; 5 �l of supernatant
were injected onto a 12.5-cm PartiSphere C18 reverse-phase column
(Whatman Inc., Clifton, NJ) equipped with a 1-cm R.P. guard column,
or a 10-cm long 3-micron Microsorb C18 reverse-phase column (Rainin

Instrument Co. Inc., Woburn, MA), using a WISP 710B autosampler
(Waters, Milford, MA). The mobile phase consisted of0.15 M monoch-
loroacetic acid buffer (pH 2.9) containing 2 mM EDTA, 0.1 mM 1-
octanesulfonic acid sodium salt (Eastman Kodak Co., Rochester, NY)

and 12.5% methanol. 5-HTP and 5-HIAA were detected by using an

electrochemical detector (model LC-4B; Bioanalytical Systems, Inc.,

West Lafayette, IN) equipped with a glassy carbon electrode which was
set at a potential of +0.6 V (vs. Ag/AgC1 reference electrode). The
concentrations were quantified by comparing the peak heights with
those of a known standard. Sample chromatograma are shown in figure

2. Striatal TPH activity from animals treated with 200 �g of THM (fig.
3) was assayed by a ‘4C02 trapping procedure (Stone et at., 1988).

Determination of TI! activity. TH activity was determined ac-
cording to the method described by Nagatsu (1983). STR and SN were
respectively homogenized in 125 and 250 �zl of the same homogenizing
buffer used in the TPH assay. The homogenates were centrifuged for
15 mm at 40,000 x g (4CC), and duplicate b-MI aliquots of the super-
natant were added to 40 �zl of double-distilled water. After addition of

50 �l of a reaction mixture, each incubation medium contained 550,000
dpm of [3,5-3HJtyrosine (54.2 Ci/mmol, New England Nuclear Re-
search Products, Boston, MA), 10 nmol of tyrosine, 100 nmol of ferrous
ammonium sulfate, 320 nmol of dl-6-methyl-5,6,7,8-tetrahydrobiop-

term, 10 nmol of 2-mercaptoethanol and 20 �mol of sodium acetate.

The radiolabeled tyrosine was periodically purified on a column con-
taming Dowex-50 resin (Sigma) and stored in absolute ethanol at
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Fig. 2. Chromatographic separation by HPLC of 5-HTP formed in the TPH assay using a 10-cm long 3-micron Microsorb Cl 8 column. A)
Chromatogram from a standard solution containing 0.55 ng of 5-HTP and 1 .4 ng of 5-HIAA per 5 �l. B) Chromatogram from a blank sample
containing boiled cortical TPH. C) Chromatogram from a TPH assay of cortical tissue.

Brain Structures

Fig. 3. Effects of different doses of THM on central TPH activity. The rats received one cv. injection of THM (50, 100 or 200 ,�g THM per 20 �l) or
vehicle and were allowed to recover for 5 days. The results are expressed as percent of their respective control (means ± SE.). The control values
for TPH activity, expressed as nmol of hydroxylated tryptophan/h/g tissue, were: FCx, 69.8 ± 5.4; STR, 109.6 ± 4.7; HIP, 143.8 ± 5.2. TPH activity
in the MA and in the DR were 6 ± 0.4 and 17.3 ± 0.8 nmol of hydroxylated tryptophan/h/mg protein, respectively (n = 3-1 1). * � < .05 vs. 0 gig.

-20’C. The protein content in the SN homogenate was determined
using the method of Bradford (1976).

The reaction medium was incubated for 15 mm at 37*C, after which

the reaction was stopped with the addition of 1 ml of a 7.5% (w/v)

charcoal suspension in 1 N HC1 as described by Reinhard et al. (1986).

The mixture was centrifuged for 30 mm at 2000 X g and an aliquot of
the supernatant was counted on a liquid scintillation detector (Packard,

2000CA tri-carb, Downers Grove, IL).
Determination of neurotransmitter concentrations. Cortical,

striatal and hippocampal 5-HT and 5-HIAA concentrations, as well as
striatal DA, DOPAC and HVA concentrations, were determined by
HPLC-EC in the side contralateral to the drug injection as reported

earlier (Johnson et al., 1988).
Statistical analysis. The results presented in figures 3 to 6 were

analyzed with an analysis of variance followed by a Fisher analysis,

and the results presented in table 1 were analyzed with a Student’s

test.
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Results

Effects of THM on TPH activity. The effect of 50, 100 or
200 �g of THM on central TPH activity after 5 days is shown

in figure 3. Fifty �g of THM decreased HIP TPH activity to

58% of control increasing TPH activity in the MR to 132% of
control. Enzymatic activity remained normal in the FCx and

in the STR, whereas a trend toward an increase is observed in

the DR (123% of control). After 200 �g of THM, TPH activity
was reduced to 53, 70 and 10% of control in the FCx, STR and

HIP, respectively, whereas a dose of 100 �g gave an interme-

diate response. The 100- and 200-pg doses of THM increased

TPH activity in the DR to 154 and 144% of control, respec-

tively, but failed to alter the enzyme activity in the MR.

Effects of THM on 5-HT and 5-HIAA concentrations.

The effect of 50, 100 or 200 �g of THM on contralateral 5-HT
and 5-HIAA concentrations after 5 days is shown in figure 4,

A and B, respectively. Fifty �g of THM reduced cortical and
HIP 5-HT concentrations to 89 and 79% of control, respec-

tively, whereas 100 �g of THM reduced HIP 5-HT concentra-

tions to 60% of control. At 200 �g of THM, 5-HT concentra-
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Brain Structures

Fig. 4. Effects of different doses of THM on central 5-HT
and 5-HIAA concentrations measured contralateral to the
side of injection. The animals were treated as described in
figure 3. The results are expressed as percent of their
respective control (means ± SE.). The control values for
5-HT concentrations, expressed as �.ig/g tissue, were: FCx,
0.84 ± 0.02; STR, 0.59 ± 0.02; HIP, 0.45 ± 0.01. 5-HIAA
concentrations, expressed as �g/g tissue, were: FCx, 0.24
± 0.01; STA, 0.50 ± 0.03; HIP, 0.27 ± 0.01 (n = 3-11). *

P< .O5vs. 0�tg.

tions were reduced to 70, 83 and 30% of control in the cortex,
STR and HIP, respectively. 5-HIAA concentrations were not
statistically different from control in the cortex, STR and HIP

(fig. 4B).
Effects of THM on the central dopaminergic system.

THM reduced striatal TH activity in a dose-dependent manner,
whereas nigral TH activity remained unaltered (fig. 5). THM

administered at a dose of 50, 100 or 200 �g reduced striatal TH

activity to 76, 56 and 21% of control, respectively. DA, DOPAC
and HVA concentrations were also decreased by THM in the
striatum (fig. 6). Fifty zg of THM reduced DOPAC and HVA

concentrations to 77 and 74% of control, respectively. DA,

DOPAC and HVA concentrations were reduced to 36, 44 and
37% of control, respectively, after 200 �g of THM, whereas a
dose of 100 � produced a less extensive decrease.

Effects of DHM on central TPH and TH activity. DHM
(135 �g) failed to alter significantly cortical, striatal and hip-

pocampal TPH activity (table 1). However, DHM increased
the activity of striatal TH to 115% of control. When higher

doses of DHM were tried, all the animals expired.

Discussion

This study demonstrated that THM produced a long-term

decline in the activity of TH and TPH, as well as in the

Fig. 5. Effects of different doses of THM on STA and SN
TH activity. The animals were treated as described in figure
3. The results are expressed in nmol of hydroxylated
tyrosine/h/g tissue (means ± SE.) (n = 3-1 1). * � < .05
vs. 0 �zg.
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Fig. 6. Effects of different doses of THM on stnatal DA, DOPAC and HVA concentrations. The animals were treated as described in figure 3. The
results are expressed as percent of control (means ± S.E.). The control values for TPH activity, expressed as �g/g tissue, were: DA, 10.3 ± 0.3;
DOPAC, 0.81 ± 0.05; HVA, 0.85 ± 0.08 (n = 3-1 1). * � < .05 vs. 0 �zg.
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TABLE 1
Effect of DHM on brain IPH and TH activities after 5 days
The rats received DHM (135 �g, cv.) and were sacrificed 5 days later. TPH and
TH activities are expressed as the mean ± SE. The number of animals in each
group is shown in parentheses.

Brain structures Contn� DHM

nrnci/h/g tissue

TRH activity
FCx 95.5±3.5(7) 91.4±5.0(7)
STR 30.0±1.8(6) 24.4±3.7(7)
HIP 109.3 ± 2.0 (7) 99.6 ± 8.3 (7)

TH activity
STR 1582±76(7) 1823±79(7)*
* P < 05 vs. control.

concentrations of DA and 5-HT located in nerve terminals
after a single i.c.v. administration. This direct effect of THM
is in contrast to the lack of effect of centrally administered

MDMA. Molliver et at. (1986), as well as Paris and Cunningham
(1990), observed that MDMA administered locally into the
brain produced no long-term neurochemical changes. This in-
dicates that THM may prove useful in elucidating the toxic
mechanism whereby MDMA alters brain monoaminergic sys-
tems. Interestingly, DHM, the dihydroxy analog of THM, had
no effect on the serotonergic system. This difference may be
related to the ease by which this catechol oxidizes after addition
of a hydroxyl in position 2.

There are some similarities in the neurochemical changes
induced by MDMA and THM. MDMA produces a long-lasting

decrease in the concentration of 5-HT and in the activity of
TPH (Schmidt et at., 1986; Stone et a!., 1986, 198Th). These
changes are accompanied by a decline in the number of 5-HT
reuptake sites, which also suggests the destruction of 5-HT

nerve terminals (Battaglia et at., 1987; Commins et al., 1987;

Schmidt, 1987). This has been verified by immunocytochemis-
try visualizing the destruction of the fine axonal structures
projecting from the DR (O’Hearn et at., 1988). Interestingly,
the axons with large varicosities projecting from the MR are
resistant to the action of M.DMA. The cell bodies from these
two types of 5-HT neurons are not damaged after MDMA

treatment. These observations are consistent with the changes

induced by THM in the serotonergic system. The ability of
THM to reduce TPH activity in brain areas containing sero-

tonergic nerve terminals, but not in structures containing their

cell bodies, suggests that THM destroys only nerve endings.
However, the possibility that a loss in TPH activity may be
masked by an increase in activity in the surviving cells must

be considered as well, with the possibility that the destruction
of cell bodies may take more than 5 days to occur. A compen-

sation to the loss in enzyme and serotonergic transmission in

the nerve terminal region is suggested by the increased TPH
activity measured in the DR after 100 and 200 �g of THM.
This adaptation would be consistent with the apparent increase
in 5-HT release after THM, as suggested by the lack of change

in 5-HIAA concentrations in those brain structures showing a

decline in 5-HT levels (fig. 4, A and B). Interestingly, the lack

of change in TPH activity measured in the MR for two of the

three largest THM doses tested coincide with the reported

resistance of this serotonergic system to the action of MDMA

(O’Hearn et al., 1988).

Our results also demonstrate that THM has properties dis-
tinct from those of MDMA because it produces profound alter-
ations in the dopaminergic system (figs. 5 and 6). Multiple

administrations of large doses of MDMA fail to alter the
concentration of DA or the activity of TH when measured 18
h or 2 weeks after the last drug administration (Stone et at.,

1986, 1987a). This is in contrast to the ability of MDMA to
produce a neurotoxic response in the serotonergic system after

a single administration (Schmidt et at., 1986; Schmidt, 1987).

Thus, the decrease in activity of striatal TH and in the concen-
tration of DA after THM clearly differs from MDMA and may
be attributed to the structural similarity of 6-hydroxydopamine
and THM (fig. 1). Presently, our results suggest that THM
toxicity is more like that of methamphetamine, an MDMA
analog, which alters both the dopaminergic and serotonergic

systems (Hotchkiss et a!., 1979).

Apparently, 6-hydroxydopamine differs from THM in its

ability to destroy dopaminergic cell bodies. Intracerebroven-

tricular administration of 6-hydroxydopamine was reported to

destroy nigral cell bodies within 2 days of administration (Hed-

reen, 1978), although others failed to see a change at such an
early time (Constantinidis et at., 1971). Onn et at. (1986)

observed that the complete loss of TH-positive cells in the SN
requires more than 2 weeks after intraventricular injection of
6-hydroxydopamine. The results presented in figure 5 suggest
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cause this compound produced alterations at doses equivalent

that THM does not kill dopaminergic cell bodies. However, an
effect of THM on nigral TH activity could become apparent
over a period of 2 weeks. Thus, our results do not allow us to

identify with certainty a difference in properties between THM

and 6-hydroxydopamine.

It is important to note that THM is uniquely different from
MDMA and the other amphetamine analogs because it induces
long-term alterations in monoaminergic systems after i.c.v.

injection. Intracerebroventricular administration of ampheta-

mine analogs fails to induce the neuronal damage and biochem-
ical alterations observed after the peripheral administration of

the drugs (Berger et at., 1990; Gal et at., 1975; Molliver et at.,

1986; Paris and Cunningham, 1990). Thus, until now, it has
been difficult to study the central toxicity of amphetamine
analogs because it was impossible to determine whether the
disturbances generated in the periphery have an impact on the
central response. For instance, we reported that corticosterone
and adrenalectomy modify the MDMA-induced changes in
hippocampal TPH activity (Johnson et at., 1989). Because of
its central action, THM is a useful tool for studying MDMA

toxicity. Use ofTHM will require intracranial injection because

the polarity of the compound may prevent it from crossing the
blood-brain barrier after its injection in the periphery.

The magnitude of the decrease in TPH activity after THM
varied in the FCx, STR and HIP (fig. 3). The hippocampal

serotonergic system was most sensitive to the effect of THM.
The greater sensitivity of the hippocampal serotonergic system
compared to the FCx may be explained by the proximity of the
lateral ventricles to the HIP, thus permitting greater access to
THM. However, this difference in exposure to THM would not
explain the lower sensitivity of the striatal system because it is

also close to the ventricles. We are currently investigating the

brain distribution of THM in an attempt to explain this dis-
crepancy. Another explanation might be that the hippocampal
serotonergic system is more susceptible to the action of THM
than is the serotonergic system of other brain areas. It is also
interesting that THM induced a greater decline in striatal TH
activity compared to striatal TPH activity. This suggests that
the striatal dopaminergic system may be more vulnerable to
THM than the serotonergic system. This observation is remi-
niscent of the greater vulnerability of the dopaminergic system

to 6-hydroxydopamine (Kostrzewa and Jacobowitz, 1974). Pref-
erential uptake of THM into dopaminergic nerve terminal

could explain such a difference. This is not unexpected in view
of the presence of the catechol moiety in the chemical structure
of THM.

The neurochemical alterations induced in TH and TPH
activities by THM are not produced by DHM. Because this

catecholamine metabolite of MDMA is closely related to THM,
it is unlikely that the difference could be explained by access
to different compartments. Our results confirm the recent
report by Steele et at. (1991), who demonstrated that 5-HT and
DA concentrations were unaltered by DHM. McCann and
Ricaurte (1991) also reported that a-methyl-DA, the N-de-
methylated analog of DHM, is also devoid of neurotoxic prop-
erties. Contrary to Steele et at., we were unable to investigate

DHM at higher concentrations because of the high mortality
observed at these doses within 6, h of administration. The
discrepancy in tolerance to the drug may be due to the presence
of anesthetics when we injected DHM. The results on this

metabolite in table 1 allow some comparisons with THM be-

to or lower than the dose used for DHM. The lack of change in

the dopaminergic and serotonergic systems after DHM stresses

the critical role of the hydroxy group in position 2 in THM,

and indicates that the mechanism of action of THM may be
similar to 6-hydroxydopamine, which involves the generation

of quinones, hydrogen peroxide and reactive radicals (Kos-
trzewa and Jacobowitz, 1974). Thus, access of THM into the
nerve terminal followed by its auto-oxidation and the genera-

tion of reactive chemicals may be a prerequisite for producing
the loss in enzyme activity measured in this study.

From these results, it is not possible to conclude that THM

is responsible for the MDMA-induced neurotoxicity because
the drugs produce different effects in the dopaminergic system.
The lack of a significant role for THM in MDMA toxicity is
also suggested, as we and others failed to induce neurotoxicity
by i.c.v. administration of 6-hydroxy-MDMA, the precursor of
THM and a metabolite of MDMA (Zhao et at., 1990, personal

results). Moreover, recent evidence suggests that a mechanism

other than the generation of a metabolite may be responsible

for MDMA toxicity because administration of a 5-HT2 receptor
antagonist, or the depletion of central DA, prevents MDMA-

induced toxicity (Schmidt et aL, 1990, 1991; Stone et at., 1988).

However, THM cannot be totally excluded as a causative agent

in MDMA-induced neurotoxicity because 6-hydroxy-MDMA
can be metabolized to THM (Lim and Foltz, 1991b; Lint et aL,
1991b). The selective neurotoxic effect of MDMA could result
from the generation of THM exclusively in serotonergic nerve
terminals. Moreover, 5-HT2 receptor antagonists and central
DA depletion may exert a protective effect by preventing the
conditions favoring the metabolism of MDMA into THM.

In summary, THM, but not DHM, produced a long-term

decline in activity of TH and TPH as well as in the concentra-
tions of DA and 5-HT after a single i.c.v. administration. The
dopaminergic system was more sensitive than the serotonergic
system while the enzymatic activity in the cell bodies of the

two transmitter systems remained unaltered after THM. Al-

though THM was not established as the neurotoxic metabolite
explaining MDMA toxicity, we demonstrated the possibility

that this metabolite could account for some of MDMA prop-
erties. It is possible that other substances analogous to THM
could be generated from the metabolism of other amphetamine
analogs and participate in their neurotoxic effects.

Acknowledgments

This research was supported by United States Public Health Service Grants
DA 00869, DA 04221 (M.J., G.RH., J.W.G.) and DA 05860 (R.LF.). The authors
thank M. Keith Elkins for his technical assistance.

References

BATTAGLIA, G., YEH, S. Y., O’HE�aN, E., MoLLIvEn, M. E., KUHAR, M. J. AND

DE SOUZA, E. B.: 3,4-Methylenedioxyinethamphetamine and 3,4-methylene-
dioxyamphetamine destroy serotonin terminals in rat brain: quantification of
neurodegeneration by measurement of [‘H]paroxetine-labeled serotonin uptake
sites. J. Pharmacol. Exp. Ther. 242: 911-916, 1987.

BERGER, U. V., MOLLIVER, M. E. AND GRZANNA, R.: Unlike systemic adminis-
tration ofp-chloroaniphetaniine, direct intracerebral injection does not produce
degeneration of 5-HT axons. Exp. NeuroL 109: 257-268, 1990.

BOADLE-BIBER, M. C., JOHANNESSEN, J. N., NAIta5IMHAcHAiu, N. AND PHAN,
T. H.: Tryptophan hydroxylase: increase in activity by electrical stimulation
of serotonergic neurons. Neurochem. mt. 8: 83-92, 1986.

BRADFORD, M.: A rapid and sensitive method for the quantification of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal.
Biochem. 72: 248-254, 1976.

COMMINS, D. L., VOSMER, G., VIRUS, R. M., WOOLVERTON, W. L., ScHuwrER,
C. R. AND SEIDEN, L. S.: Biochemical and histological evidence that methyle.
nedioxyniethylamphetaniine (MDMA) is toxic to neurons in the rat brain. J.
Pharmacol. Exp. Ther. 241: 338-345, 1987.

CONSTANTINIDIS, J., GEISSBUHLER, F. AND TIS5OT, R.: Histochemical study on
the effect of intraventricular administration of 6-hydroxydopainine on mono-

http://jpet.aspetjournals.org/


1992 MDMA Metabolftes on 5-HI and DA 453

amine-containing neurons in the CNS. In 6-Hydroxydopamine and Catechol-
amine Neurons, ed. by T. Maimfors and H. Thoenen, pp. 101-127, North-
Holland Publishers, London, 1971.

EMSON, P. C. AND LINDvALL, 0.: Distribution of putative neurotransmitters in
the neocortex. Neuroscience 4: 1-30, 1979.

FRIEDMAN, P. A., KAPPELMAN, A. H. AND KAUFMAN, S.: Partial purification
and characterization oftryptophan hydroxylase from rabbit hindbrain. J. BioL
Chem. 247: 4165-4173, 1972.

GAi�, E. M., CHRISTIAN5EN, P. E. AND YUNGER, L M.: Effects of p-chloroam-

phetamine on cerebral tryptophan.5-hydroxylase in vivo: a reexamination.
Neuropharmacology 14: 31-39, 1975.

HEDREEN, J.: Neuronal degeneration caused by lateral ventricular injection of 6-
hydroxydopamine. I. The ventral premammillary nucleus and other cell groups.
Brain Bee. 157: 129-135, 1978.

HIRAMATSU, M., KUMAGAI, Y., UNGER, S. E. AND CH0, A. K.: Metabolism of

niethylenedioxyinethamphetamine: formation of dihydroxymethamphetamine
and a quinone identified as its glutathione adduct. J. PharmacoL Exp. Ther.
254: 521-527, 1990.

HoTcHius8, A. J., MORGAN, M. E. AND Gina, J. W.: The long-term effects of

multiple doses of methamphetamine on neostriatal tryptophan hydroxylase,
tyrosine hydroxylase, choline acetyltransferase and glutamate decarboxylase
activities. Life Set 25: 1373-1378, 1979.

JOHNSON, M., Lrrran, A. A., MancH�’r, K., HANsoN, G. R. AND GIBB, J. W.:
Effects of 3,4.-methylenedioxyamphetamine and 3,4-methylenedioxyamphe-
tamine isomers on central serotonergic, dopaminergic and nigral neurotensin
systems ofthe rat. J. PharmacoL Exp. Ther. 244: 977-982, 1988.

JOHNSON, M., SToNE, D. M., BUSH, L G., HANSON, G. R. AND GIBB, J. W.:
Glucocorticoids and 3,4-methylenedioxyniethamphetamine (MDMA)-induced
neurotoxicity. Eur. J. PharinaCOL 161: 181-188, 1989.

KOSTRZEwA, R. M. AND JAcoBowrrz, D. M.: Pharmacological actions of 6-
hydroxydopainine. PharmacoL Rev. 26: 199-288, 1974.

LIM, H. K. AND FOLTZ, R. L: In vivo and in vitro metabolism of 3,4-(methyle-
nedioxy)methamphetamine in the rat: identification of metabolites using an
ion trap detector. Chem. Ree. ToxicoL 1: 370-378, 1988.

LIM, H. K. AND F0L’rz, R. L.: Ion trap MS/MS techniques: structural elucidation
of potentially neurotoxic aromatic hydroxylated metabolites of 3,4-(methyle-

nedioxy)methamphetamine (MDMA). Procedures of the 38th ASMS Confer-
ence on Mass Spectrometry Allied Topics 38: 1002-1003, 1990.

La.i, H. K. AND FOLrz, R. L.: In vivo formation of aromatic hydroxylated
metabolites of 3,4-(methylenedioxy)methamphetamine in the rat: Identifica-
tion by ion trap ms/ms and ms/ms/ms techniques. BioL Mass Spectrom. 20:
677-686, 1991a.

L1M, H. K. AND FOLTZ, R. L.: Ion trap tandem mass spectrometric evidence for

the metabolism of 3,4-(methylenedioxy)methamphetamine to the potent neu-

rotoxins 2,4,5-trihydroxymethamphetamineand 2,4,5-trthydroxyamphetamine.

Chem. Rae. Toxicol. 4: 626-632, 1991b.
LIM, H. K., SAKASHITA, C. 0. AND FOLTZ, R. L.: Temperature-dependent,

collision-induced dissociations in an ion-trap mass spectrometer. mt. J. Mass
Spectrom. Ion Processes 106: 191-196, 1991a.

LIM, H. K., S’rzvzNs, W. AND FOLTZ, R. L: In vitro metabolism of 6-hydroxy-
3,4-(methylenedioxy)methamphetamine to the neurotoxin, 2,4,5-trihydroxy-
methaznphetamine. Soc. Neuroeci. Abet. 17: 1248, 1991b.

MCCANN, U. D. AND RICAURTE, G. A.: Major metabolites of (±)3,4-methylene-
dioxyamphetamine (MDA) do not mediate its toxic effects on brain serotonin
neurons. Brain Res. 545: 279-282, 1991.

MOLLIVER, M. E., O’HEARN, E., BATFAGLIA, G. AND DE Souz.�, E. B.: Direct

intracerebral administration of MDA and MDMA does not produce serotonin
neurotoxicity. Soc. Neurosci. Abstr. 12: 1234, 1986.

NAGATSU, T.: Analysis of monoxygenases in catecholamine biosynthesis: tyrosine

hydroxylase and dopamine-fi-hydroxylase. In Methods in Biogenic Amine
Research, ed. by S. Parvez, T. Nagatsu, I. Nagatsu and H. Parvez, pp. 329-357,
Elsevier Science Publisher B.V., Amsterdam, 1983.

O’HEARN, E., BATFAGLIA, G., DE SoUz�, E. B., KUHAR, M. J. AND MOLLIvER,

M. E.: Methylenedioxyamphetamine (MDA) and methylenedioxymethamphe-
tamine (MDMA) cause selective ablation of serotonergic axon terminals in
forebrain: immunocytochemical evidence for neurotoxicity. J. Neurosci. 8:
2788-2803, 1988.

ONN, 5.-P., BERGER, T. W., STRIKER, E. M. AND ZIGMOND, M. J.: Effects of
intraventricular 6-hydroxydopamine on the dopaminergic innervation of stria-
turn: Histological and neurochemical analysis. Brain Bee. 376: 8-19, 1986.

PARIS, J. M. AND CUNNINGHAM, K. A.: Lack of neurotoxicity after intra-raphe
microinjection of MDMA (“Ecstacy”). NIDA Res. Monogr. 105: 333, 1990.

PAxINos, G. AND WATSON, C.: The Rat Brain in Stereotaxic Coordinates,
Academic Press, Sydney, Australia 1982.

REINHARD JR, J. F., SMITH, G. K. AND NIcH0L, C. A.: A rapid and sensitive
assay for tyrosine-3-monooxygenase based upon the release of 3H,O and ad-
sorption of [3HJ-tyrosine by charcoal. Life Sci. 39: 2185-2189, 1986.

SCHMIDT, C. J.: Neurotoxicity of the psychedelic amphetamine, methylenediox-
ymethamphetamine. J. PharmacoL Exp. Ther. 240: 1-7, 1987.

SCHMIDT, C. J., BLACK, C. K. AND TAYLOR, V. L.: Antagonism of the neurotox-
icity due to a single administration of methylenedioxymethamphetamine. Eur.
J. Pharmacol. 181: 59-70, 1990.

ScHMm’r, C. J., TAYLOR, V. L., AnsATE, G. M. AND NIEDUZAK, T. R.: 5-HT,
antagonists stereoselectively prevent the neurotoxicity of 3,4-methylenedioxy-
methamphetamine by blocking the acute stimulation of dopamine synthesis:
reversal by L-DOPA. J. PharmacoL Exp. Ther. 256: 230-235, 1991.

SCHMIDT, C. J., WU, L. AND LOVENBERG, W.: Methylenedioxymethamphetam-
ine: a potentially neurotoxic amphetamine analogue. Eur. J. Pharmacol. 124:
175-178, 1986.

STEELE, T. D., Banwsm, W. K., JOHNSON, M. P., NICHOLS, D. E. AND YIM,
G. K. W.: Assessment of the role of a-methylepinine in the neurotoxicity of
MDMA. Pharmacol. Biochem. Behav. 38: 345-351, 1991.

STONE, D. M., JOHNSON, M., HANSON, G. R. AND GIBB, J. W.: A comparison of
the neurotoxic potential of methylenedioxyamphetainine (MDA) and its N-
methylated and N-ethylated derivatives. Eur. J. Pharmacol. 134: 245-248,
1987a.

STONE, D. M., JOHNSON, M., HANSON, G. R. AND GIBB, J. W.: Role of endoge-
nous dopamine in the central serotonergic deficits induced by 3,4-methylene-
dioxymethamphetamine. J. PharmacoL Exp. Ther. 247: 79-87, 1988.

STONE, D. M., MERCHANT, K. M., HANSON, G. R. AND GIBB, J. W.: Immediate
and long-term effects of 3,4-methylenedioxyinethamphetainine on serotonin
pathways in brain of rat. Neuropharmacology 26: 1677-1683, 198Th.

STONE, D. M., STAHL, D. C., HANSON, G. R. AND GIBB, J. W.: The effects of
3,4-methylenedioxymethamphetamine (MDMA) and 3,4-methylenedioxyani-
phetamine (MDA) on monoaminergic systems in the rat brain. Eur. J. Phar-
macol. 128: 41-48, 1986.

ZHAO, Z., RICAURTE, G. AND CASTAGNOLI JR., N.: Evaluation of the neurotoxic
potential of 2-hydroxy-4,5-methylenedioxyinethamphetamine (2-HOMDMA),
a reported metabolite of MDMA. Soc. Neurosci. Abstr. 16: 1031, 1990.

Send reprint requests to: Dr. Michel Johnson, Department of Pharmacology
and Toxicology, University of Utah, 112 Skaggs Hall, Salt Lake City, UT 84112.

http://jpet.aspetjournals.org/

	Page1
	Johnson_JPET261.2_447_may1992.pdf



