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ABSTRACT This study investigated the effects of chlorpheniramine (CPA, 10–25
mg/kg), diphenhydramine (DIPH, 20 mg/kg), tripelennamine (TRIP, 20 mg/kg), and
pyrilamine (PYRI, 20 mg/kg) on 3,4-methylenedioxymethamphetamine (MDMA, 20
mg/kg 3 2)-induced hyperthermia and depletion of indoles in rat brains, on the uptake of
serotonin and dopamine into rat synaptosomes, on the binding affinity of CPA for biogenic
amine transporters in the synaptosomes of rat brain, and on the scavenging hydroxyl free
radicals activity. Rats were treated with two injections of MDMA, CPA, DIPH, TRIP,
PYRI, and saline, alone or in combination of MDMA with one of the antihistamines, 6 h
apart and sacrificed 5 days later. Rectal temperature was measured prior to and hourly
following the drug injections for 13 h. As compared to saline controls, MDMA increased
body temperature and decreased levels of indoles, measured by HPLC, in several brain
regions of rats. CPA attenuated and DIPH had no effect on MDMA-induced hyperther-
mia, yet both attenuated the depletion of indoles, whereas PYRI and TRIP potentiated
these effects. CPA inhibited the binding of [3H]paroxetine and [3H]nisoxetine to the
synaptosomes of cerebral cortex and of [3H]win 35,428 to the synaptosomes of striatum.
CPA, DIPH, TRIP, and PYRI inhibited [3H]serotonin uptake. CPA, PYRI, and TRIP, but
not DIPH, scavenge hydroxyl radicals. Possible mechanisms of the different effects of the
antihistamines on MDMA-induced hyperthermia and depletion of serotonin are dis-
cussed. Synapse 33:207–217, 1999. Published 1999 Wiley-Liss, Inc.†

INTRODUCTION

3,4-Methylenedioxymethamphetamine (MDMA), an
amphetamine analog, is well known as a drug of abuse
in both the U.S. and Europe and is a neurotoxin. The
neurotoxic effects of MDMA have been shown to cause a
decrease of serotonin (5-HT) and its metabolite, 5-hy-
droxyindole-3-acetic acid (5-HIAA), of 5-HT transporter
and in tryptophan hydroxylase activity in several brain
regions of rodents and nonhuman primates (Battaglia
et al., 1987; Commins et al., 1987; Insel et al., 1989;
Schmidt, 1987; Stone et al., 1986). These MDMA-
induced deleterious effects are associated with hyper-
thermia in both rodents and humans at ambient tem-
peratures above 23°C (Nash et al., 1988; Henry et al.,
1992). The hyperthermia induced by MDMA in rodents
is potentiated in a hyperthermic environment and is
attenuated both in a hypothermic environment and by
drugs that attenuate MDMA-induced hyperthermia

(Miller and O’Callaghan, 1994; Farfel and Seiden,
1995; Malberg et al., 1996).

The neurotoxicity of MDMA has been attributed to its
metabolites, 2,3,4-trihydroxymethamphetamine (Tri-
OH-MDMA; Elayan et al., 1993) or 3,4-dihydroxymeth-
amphetamine quinone (Hiramatsu et al., 1990). Forma-
tion of these metabolites of MDMA involves cytochrome
P-450 enzymes (Hiramatsu et al., 1990). It is hypoth-
esized that inhibition of P-450 enzymatic activity may
attenuate the neurotoxicity of MDMA. Antihistamine
blockers such as chlorpheniramine (CPA), diphenhydra-
mine (DIPH), and pyrilamine (PYRI) have been shown
to bind to cytochrome P-450 enzymes and to inhibit
cytochrome P-450 hydroxylase activity (Hiroi et al.,
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1995). In addition, CPA inhibits 5-HT uptake (Carlsson
and Lindqvist, 1969) and attenuates p-chloroamphet-
amine (PCA)-induced depletion of 5-HT (Fuller et al.,
1975).

In view of these earlier reports, the present studies
were undertaken to examine the effects of the antihista-
mines on MDMA-induced hyperthermia, depletion of
5-HT and 5-HIAA in the brain of rats, the uptake of
serotonin and dopamine into rat synaptosomes, the
binding affinity of CPA for biogenic amine transporters
in the synaptosomes of rat brain, and scavenging of
hydroxyl radicals.

MATERIALS AND METHODS
Animals and housing

Male Sprague-Dawley rats (250–275 g, Harlan Indus-
tries, Indianapolis, IN) were housed, three per polycar-
bonate cage bedded on chipped corn cobs, in an air-
conditioned room (22 6 1°C) with 12/12 h light-dark
cycles (lights on 7:00 to 19:00). Rats had free access to
Purina chow and water and were allowed at least a
1-week adjustment period before being used for an
experiment. Animals used in this study were main-
tained in facilities accredited by the Association for the
Accreditation of LaboratoryAnimal Care and the experi-
ments were conducted in accordance with the Guide for
Care and Use of Laboratory Animals provided by the
NIH and adopted by the NIDA.

Dose regimen

Based on results obtained from a preliminary study
(see below), the following dose regime was selected.
(Doses of drugs used in this study are expressed as free
base.) In the first series of experiments, MDMA (20
mg/kg) was administered s.c., 6 h apart to produce the
neurotoxic effects. In the second series of experiments,
MDMA (20 mg/kg) was administered s.c., twice, 7 h
apart in order to study the timing effect of CPA, which
was injected at 6 h after MDMA. CPA (10 or 20 and 25
mg/kg), or DIPH (20 mg/kg), tripelennamine (TRIP, 20
mg/kg), PYRI (20 mg/kg), and saline (2 ml/kg) was i.p.
injected alone or in combination with MDMA, twice, 6 h
(first series of experiments) or 7 h (second series of
experiments) apart. Saline was used as the control,
both alone or co-injection with MDMA or the antihista-
mines. The doses of CPA (10, 20, and 25 mg/kg) for the
present study were chosen from the literature (Carls-
son and Lindqvist, 1969), the results of interactions of
MDMA and CPA (see below), and after determining
that a 5 mg/kg dose of CPA did not attenuate fenflur-
amine-induced depletion of 5-HT (Yeh, 1999b). The
doses of DIPH, TRIP, and PYRI are based on that of
CPA.

Temperature experiments

In the first series of experiments, rats were trans-
ferred to an air-conditioned room (22 6 0.5°C), weighed,

and housed individually in hanging metal wire mesh
cages (25 3 20 3 18 cm), and provided with chow and
water ad libitum for at least 1 h before temperature
measurement. Rectal temperature was measured with
a thermal probe connected to a digital readout (Yellow
Spring Co., Columbus, OH) prior to and then hourly
following drug injection for 5 h, as described previously
(Yeh, 1997a). MDMA (20 mg/kg, s.c.) and CPA (10 or 25
mg/kg, i.p.) were administered either separately or
MDMA plus CPA were administered concurrently. The
animals were returned to the animal quarters and
housed in groups of three after the second drug injec-
tion (6 h after the first injection).

In the second series of experiments, rectal tempera-
ture was measured as mentioned above except that the
rats were housed three per polycarbonate cage bedded
on chipped corn cobs during the experimental period.
Following the initial temperature measurement, MDMA
(20 mg/kg, s.c.), CPA, DIPH, TRIP, and PYRI (20 mg/kg,
i.p.) and saline were injected at 0 and 7 h. Other
animals were injected concurrently with MDMA plus
either CPA, DIPH, TRIP, and PYRI, or saline at 0 and 7
h. In addition, CPA was injected 3 or 6 h after MDMA
alone, to examine if CPA attenuated either the MDMA-
induced depletion of 5-HT or its hyperthermic effects.
This was done with a view toward clinical treatment of
MDMA intoxication. It was necessary to inject the
second dose of drug at 7 h to study the timing effect of
CPA, which was injected at 6 h after MDMA. Control
rats were injected with saline. The animals were re-
turned to the animal quarters 14 h after the first drug
injection. Six rats were used in the beginning for each
treatment group in the first and second series of
experiments.

Neurochemical experiments

Based on the results obtained in a previous study
(Yeh, 1998), the rats were sacrificed by decapitation 5
days following the last drug injection. Brains were
removed rapidly. Brain regions were dissected over ice
according to the method of Glowinski and Iversen
(1966), frozen immediately in liquid nitrogen, and
stored at 275°C until the monoamines and their metabo-
lites were measured by high performance liquid chroma-
tography (HPLC) as described previously (Yeh, 1997a).

Measurement of uptake of [3H]-serotonin and
[3H]-dopamine and transporters binding

Experiments determining the uptake of [3H]-seroto-
nin and [3H]-dopamine were performed as previously
described, with the modification that [3H]-serotonin
uptake was performed on cerebral cortex (Rothman et
al., 1993). Uptake of [3H]-NE was not measured be-
cause CPA did not affect [3H]-nisoxetine binding to the
synaptosomes of cerebral cortex and treatment of
MDMA and antihistamines alone or in combination did
not alter the content of NE.
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Receptor ligand binding of transporters of serotonin,
norepinephrine, and dopamine were performed as de-
scribed previously (Boja et al., 1995). Ki values were
calculated from the radioligand binding analysis pro-
grams (McPherson, 1988). Proteins were determined
according to the method of Lowry et al. (1951).

Measurement of scavenging of hydroxyl radical
activity

Scavenging of hydroxyl radicals activity of antihista-
mines was measured by the method of Rehman et al.
(1997). In brief, hydroxyl radicals were generated by a
mixture containing deoxyribose (2.8 mM), KH2PO4-
KOH buffer, pH 7.4 (10 mM), FeCl3 (25 µM), EDTA (100
µM), H2O2 (2.8 mM), and ascorbic acid (100 µM). After
incubation at 37°C for 60 min, 1 ml each of 2.8% of
trichloroacetic acid and 1% (w/v) of thiobarbituric acid
in 50 mM of NAOH was added to the mixture. The
mixture was heated at 100°C for 20 min. The absor-
bance of the colored solution measured at 532 nm was
taken as the amount of hydroxyl radicals (100%) gener-
ated by the system. Decrease in absorbance of a solu-
tion of the system containing an antihistamine was
taken as scavenging of hydroxyl radical activity by the
antihistamine. A proper control containing various
concentrations of maleic acid was included for measure-
ment of the scavenging of hydroxyl radicals by CPA
maleate and PYRI maleate.

Data analysis

The overall significance of the data on the content of
monoamines in various brain regions was assessed by a
two-way ANOVA with the software BMDP program 7D
and the data of body temperature was assessed by
BMDP program 2V and 7D (Dixon et al., 1990). When
the F and P values were significantly different between
the treatment groups, a post-hoc comparison, with
Bonferroni test, was used to assess differences between
the individual pairs of means. Criteria for significance
were set at the P # 0.05 level.

Drugs

d,1–3,4-Methylenedioxymethamphetamine HCl was
provided by Research Triangle Institute (Research Tri-
angle Park, NC) through an arrangement with NIDA
(Rockville, MD). d,1-Chlorpheniramine maleate, diphen-
hydramine HCl, tripelennamine HCl, pyrilamine male-
ate, sodium heptane sulfonate, perchloric acid, citric
acid, sodium acetate, and acetonitrile were purchased
from Sigma Chemical Co. (St. Louis, MO).

RESULTS
Effects of MDMA dose regimen on serotonin

levels in the brain

The effects of MDMA dose on neurotoxicity and the
effect of CPA dose on MDMA-induced neurotoxicity

were studied prior to the current investigation (Yeh,
1997b). The results showed that both a single dose of 40
mg/kg of MDMA (Fig. 1) or a dose of 20 mg/kg of MDMA
given twice 6 h apart significantly depleted levels of
5-HT and 5-HIAA (50–60% of saline controls) in the
frontal cortex, hippocampus, brain stem, and striatum
compared to saline controls (Fig. 1). A single dose of 20
mg/kg of MDMA decreased serotonin about 15% in
these regions, not significantly different from that of
controls (Yeh, 1997a). A dose of 20 mg/kg of MDMA
given twice, 6 h apart, was chosen in the present study
in view of the LD50, 49 mg/kg, of MDMA (Hardman et
al., 1973). A dose of CPA at 10 or 25 mg/kg blocked the
MDMA-induced depletion of serotonin (Yeh, 1997b).

Effect of CPA on MDMA-induced depletion of
5-HT and 5-HIAA

In the first series of experiments, concurrent injec-
tions of MDMA plus saline significantly decreased
levels of 5-HT and 5HIAA (53–61% of saline controls) in
the frontal cortex, hippocampus, brain stem, and stria-
tum (P , 0.01) (Fig. 2). MDMA-induced depletion of
5-HT and 5-HIAA in the frontal cortex, hippocampus,
brain stem, and striatum was completely blocked by 10
or 25 mg/kg of CPA (i.p.) administered concurrently
(Fig. 2). In comparison to controls, 5-HT levels were

Fig. 1. Effects of MDMA dose regimen (20 or 40 mg/kg s.c., once, or
20 mg/kg, s.c., twice, 6 h apart) on serotonin levels in the frontal
cortex, hippocampus, brain stem, and striatum. Levels of 5-HT and
5-HIAA (pg/mg wet tissue, mean 6 SEM) of saline-treated rats in the
frontal cortex were 516 6 26 and 287 6 13, respectively; in the
hippocampus 360 6 10 and 413 6 13, respectively (n 5 6). *P # 0.05,
**P # 0.01 vs. saline.
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significantly higher in the frontal cortex and brain stem
of rats treated with MDMA plus 25 mg/kg dose of CPA
(Fig. 2). The levels of 5-HT in the frontal cortex and
hippocampus of rats treated with MDMA plus 25 mg/kg
of CPA were significantly higher than those treated
with MDMA plus 10 mg/kg CPA (symbols not shown in
the graph). There were no significant differences be-
tween saline-, CPA- (10 or 25 mg/kg), and MDMA plus
CPA (10 mg/kg)-treated rats, except for a significantly
lower value in the hippocampus of rats treated with
MDMA plus 10 mg/kg of CPA (Fig. 1).

Time course effects of chlorpheniramine on
MDMA-induced depletion of 5-HT and 5-HIAA

The levels of 5-HT and 5-HIAA in the frontal cortex,
hippocampus, brain stem, and striatum of rats treated
with MDMA, obtained from the second series of experi-
ments, were significantly decreased, similar to the
results obtained in the first series of experiments (Fig.
3). MDMA-induced depletion of 5-HT and 5-HIAA in
these brain regions was completely blocked by CPA
administered either concurrently or 3 and 6 h after

MDMA (Fig. 2). There were no significant differences
between saline- and CPA-treated animals.

Effect of diphenhydramine on MDMA-induced
depletion of 5-HT and 5-HIAA

MDMA-induced depletion of 5-HT and 5-HIAA in the
frontal cortex, hippocampus, brain stem, and striatum
was completely blocked by DIPH administered concur-
rently (Fig. 4). There were no significant differences
between saline- and DIPH-treated animals.

Effect of tripelennamine on MDMA-induced
depletion of 5-HT and 5-HIAA

Treatment of MDMA plus TRIP produced variable
levels of 5-HT and 5-HIAA. In three of the four surviv-
ing rats (two died apparently from hyperthermia and
the survival of the four rats appears to be due to biologic
variation via absorption and metabolism of drugs), the
mean levels of 5-HT and 5-HIAA in the frontal cortex
were 90.01 6 4.75 and 101.66 6 5.08% of saline control,
respectively, whereas in one rat with hyperthermia, the

Fig. 2. Effects of CPA dose (C10 or C25
mg/kg, i.p.) on MDMA (20 mg/kg, s.c. twice, 6
h apart)-induced depletion of serotonin in the
frontal cortex, hippocampus, brain stem, and
striatum. Levels of 5-HT and 5-HIAA (pg/mg
wet tissue, mean 6 SEM) of saline-treated
rats in the frontal cortex were 516 6 26 and
287 6 13, respectively; in the hippocampus
360 6 10 and 413 6 13, respectively; in the
brain stem, 744 6 22 and 744 6 51, respec-
tively; and in the striatum 441 6 19 and 570
6 22, respectively (n 5 6). *P # 0.05, **P #
0.01 vs. saline; 11P # 0.01, M 1 C vs. M 1 S.
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respective values were 21.18 and 27.62% of saline
control. The overall results (n 5 4) of levels of 5-HT and
5-HIAA in the frontal cortex, brain stem, and striatum
were not significantly different from that of the saline
group (Fig. 4). The level of 5-HT and 5-HIAA in the
hippocampus of rats treated with MDMA plus TRIP
decreased significantly (Fig. 4). There were no signifi-
cant differences between saline- and TRIP-treated ani-
mals.

Effect of pyrilamine on MDMA-induced
depletion of 5-HT and 5-HIAA

The levels of 5-HT and 5-HIAA in the frontal cortex,
hippocampus, brain stem, and striatum of the two
surviving rats (four died apparently from hyperthermia
and those that survived possibly due to biologic varia-
tion via absorption and metabolism of drugs) treated
with MDMA plus PYRI were decreased significantly
from both those of the saline controls (about 40%) and
those of the MDMA plus saline treatment group (Fig.
3). There were no significant differences between sa-
line- and PYRI-treated animals.

The levels of NE in the frontal cortex, hippocampus,
brain stem, and striatum of rats treated with MDMA,

CPA, DIPH, TRIP, and PYRI alone and in combination
of MDMA with one of the antihistamines were not
significantly different from that of saline control (data
not shown).

Effects of antihistamines on the uptake of
[3H]5-HT and [3H]-dopamine, ligand binding

to 5-HT, DA, and NE transporters
in the brain tissue

The Ki values of CPA on the binding of [3H]paroxetine
to the presynaptic 5-HT transporters, of [3H]Win 35,428
to the DA transporters, and of [3H]nisoxetine to the NE
transporters were 30.6, 973, and 4,275 nM, respec-
tively. CPA, TRIP, and PYRI were potent inhibitors of
the uptake of [3H]5-HT into synaptosomes of cerebral
cortex, with IC50 values of 89, 90, and 141 nM, respec-
tively (Table I). DIPH did not inhibit the uptake of
[3H]5-HT into synaptosomes of cerebral cortex, with an
IC50 value of 11,095 nM (Table I). TRIP was a strong
inhibitor, whereas CPA, DIPH, and PYRI had a moder-
ate effect on the uptake of [3H]-dopamine into synapto-
somes of striatum, with IC50 values of 214, 1,157, 3,042,
and 2,935 nM, respectively.

Fig. 3. Time course effects of CPA (20
mg/kg, i.p. administered concurrently (C0) or
3 (C3) and 6 (C6) h after MDMA) on MDMA
(20 mg/kg, i.p. twice, 7 h apart)-induced deple-
tion of serotonin in the frontal cortex (upper
panel) and hippocampus (lower panel). Levels
of 5-HT and 5-HIAA of saline-treated rats in
the frontal cortex were 642 6 27 and 470 6 26
(pg/mg wet tissue, mean 6 SEM), respec-
tively (n 5 6). **P # 0.01 vs. saline; 1P #
0.05, 11P # 0.01, M 1 C vs. M 1 S.
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Effects of antihistamines on the scavenging of
hydroxyl radicals

CPA and PYRI were potent hydroxyl radicals scaven-
gers, whereas TRIP had a moderate effect and DIPH
had no effect on scavenging of hydroxyl radicals (Ta-
ble II).

Effects of MDMA and CPA on body temperature

Results from the first experiment indicated that
there was a significant effect on body temperature of
rats following treatment with MDMA, CPA (10 and 25

mg/kg), and saline alone or in combination [F(5,47) 5
37.32, P , 0.00001]. Rectal temperature of rats in-
creased significantly from 2–5 h postinjection of 20
mg/kg of MDMA as compared with saline controls (P ,
0.01). In contrast, temperature decreased significantly
after MDMA plus CPA (10 or 25 mg/kg). An injection of
CPA (25 but not 10 mg/kg) alone also significantly
lowered rectal temperature of rats (Fig. 5).

Results from the second series of experiments indi-
cated that there was also a significant effect on body
temperature of rats following treatment of CPA, MDMA,
MDMA plus CPA, and saline [F(3,20) 5 9.37, P ,
0.0004]. Rectal temperature of rats increased after the
first injection of MDMA, about 0.80°C at 4 and 5 h
postinjection, significantly higher than that of saline
control (Fig. 6A). There was no increase in temperature
over saline controls after the second injection of MDMA
at Hour 7. In contrast, animals treated concurrently
with MDMA plus CPA showed significant decreases in
rectal temperatures at both 1 h after the first and the
second injection of MDMA plus CPA. The temperatures
were significantly lower than those of rats treated with
MDMA plus saline at 1 to 4 h after the second injection
of MDMA plus CPA (Fig. 6A).

Fig. 4. Effects of DIPH (D), TRIP (T), and
PYRI (P) (20 mg/kg, i.p.) on MDMA (20 mg/kg,
s.c., twice, 7 h apart)-induced depletion of
serotonin in the frontal cortex (upper panel)
and hippocampus (lower panel). Treatment of
animals and levels of 5HT and 5-HIAA levels
in the frontal cortex and hippocampus of
saline control rats are stated in the legend of
Figure 1. Number of rats in M treatment
group is 6; in M 1 CPA group 5; in M 1 DIPH
group 5; in M 1 TRIP group 4; and in M 1
PYRI group 2. *P # 0.05, **P # 0.01 vs.
saline; 1P # 0.05, 11P 0.01, M 1 antihista-
mine vs. M 1 S.

TABLE I. Effects of antihistamines on uptake of [3H]-serotonin in the
synaptosomes of cerebral cortex and of [3H]-dopamine in the striatum

of rats

Antihistamine

IC50 (nM, Mean 6 SD)

Uptake of
[3H]-serotonin

Uptake of
[3H]-dopamine

Chlorpheniramine 88.7 6 4.8 1,157 6 71
Diphenhydramine 11,095 6 4.06 3,042 6 124
Tripelennamine 89.6 6 14 214 6 9
Pyrilamine 141 6 17 2,935 6 192

Data were obtained from three experiments in triplicate for each experiment.
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As compared with both saline controls and those
treated with MDMA plus saline, rectal temperatures of
animals injected with CPA 3 h after MDMA signifi-
cantly decreased at 1–5 h (Hours 4–8) after the first
CPA injection and again at 1–3 h (11–13 h) after the
second CPA injection (3 h after the second MDMA
injection) (data not shown). As compared to saline
controls, rectal temperatures of rats injected with CPA
6 h after MDMA significantly increased at 5 h, and
decreased at 1–3 h (Hours 7–9) after the first CPA
injection. Rectal temperatures were significantly lower
than those treated with MDMA plus saline at 1–6 h
(Hours 7–12) after the second CPA injection (data not
shown).

Effects of DIPH, TRIP, and PYRI on
MDMA-induced hyperthermia

There was a significant effect on body temperature of
rats following treatment of DIPH, MDMA, and saline,
alone or in combination [F(3,20) 5 6.39, P , 0.0033]. As
compared to the saline controls, rectal temperature of

rats treated with MDMA plus DIPH increased slightly
but significantly at 4- and 5-h intervals after the first
drug injection. There was no significant alteration of
body temperature after the second injection of MDMA
plus DIPH. Rectal temperature of DIPH-treated rats
decreased at 1 h after the first or the second injection
(i.e., Hour 8) (Fig. 6B).

There was a significant effect on body temperature of
rats treated with MDMA, TRIP, and saline, alone and
in combination [F(3,20) 5 3.70, P , 0.031]. After the
first injection of MDMA plus TRIP and as compared to
the saline-treated rats, rectal temperature of rats

TABLE II. Effects of antihistamines on scavenging of hydroxyl radicals

Concentration of
antihistamine

Hydroxyl radicals (Mean 6 SD)

CPA
(n 5 4)

DIPH
(n 5 3)

TRIP
(n 5 3)

PYRI
(n 5 3)

Maleic acid
(n 5 2)

0 100.78 6 1.15 100.12 6 0.18 100.14 6 0.17 100.14 6 0.17 100, 100
10 mM 57.26 6 6.07** 122.74 6 9.66 76.54 6 4.68** 52.45 6 6.72** 113, 100

3.0 mM 60.72 6 6.97** 115.56 6 6.17 98.59 6 1.87 61.26 6 13.31* 120, 134
1.0 mM 75.23 6 10.32** 109.85 6 11.98 115.16 6 1.19* 83.59 6 14.12 121, 116
0.3 mM 95.57 6 6.32 105.26 6 5.72 106.34 6 5.92 91.75 6 6.13 110, 123

The hydroxyl radicals generated by the reaction mixture (see text, without antihistamine and maleic acid) measured as
the absorbance at 532 nm was assigned as 100%. Alteration of the absorbance of the solution indicated alteration in
formation of hydroxyl radicals. N indicates the number of experiments with triplicate for each of experiment.
*P , 0.05.
**P , 0.01 vs. appropriate controls.

Fig. 5. Effects of CPA (C) on MDMA (M)-induced hyperthermia in
rats. C10 and C25 indicate the dose of CPA, mg/kg. Results are mean 6
SEM.

Fig. 6. Effects of chlorpheniramine (A) and diphenhydramine (B)
(20 mg/kg, i.p.) on MDMA (20 mg/kg, s.c. twice, 7 h apart)-induced
hyperthermia in rats (n 5 6). Results are mean 6 SEM.
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treated with MDMA plus TRIP increased from 1–4 h
(significantly higher at 4 h) and was significantly
decreased at 6 and 7 h. After the second injection of the
drugs, two out of six rats showed hyperthermia (above
39°C) at 10 h, which was brought down with crushed ice
(Fig. 7A). Rectal temperature of rats decreased signifi-
cantly at 1 h after the first injection of TRIP and at 1–3
h (i.e., Hours 8–10) after the second injection of TRIP.

There was a significant effect on body temperature of
rats treated with MDMA, PYRI, and saline, alone and
in combination [F(3,20) 5 33.22, P , 0.00001]. After the
first injection of MDMA plus PYRI, rectal temperatures
of rats increased significantly to above 39°C (five out of
six rats) from 1–5-h intervals and again at 1–4 h (Hours
8–10) after the second injection of MDMA plus PYRI.
The temperature was brought down with crushed ice at
10 h after the second dose of MDMA plus PYRI (Fig.
7B). The rectal temperature of PYRI-treated rats de-
creased at 3 h after the first injection and decreased at 4
and 5 h (i.e., Hours 11 and 12) after the second injection
of PYRI.

Interaction of MDMA and antihistamines
Interaction of MDMA and CPA

Three out of four rats died between 1 and 18 h after a
concurrent injection of 40 mg/kg of MDMA plus 50

mg/kg of CPA. Likewise, three out of six rats died
between 0.5 and 72 h after a concurrent injection of 20
mg/kg of MDMA plus 50 mg/kg of CPA. There was no
mortality in rats treated with either a dose of 40 mg/kg
of MDMA alone or a dose of 20 mg/kg of MDMA plus 25
mg/kg of CPA and a dose of 50 mg/kg of CPA alone.

Interaction of MDMA with DIPH, TRIP,
and PYRI

One rat died between 7- and 15-h intervals (i.e.,
Hours 14 and 22) after the second concurrent injection
of MDMA (20 mg/kg) plus DIPH (20 mg/kg). One rat
died between 5 and 6 h after the first injection and one
died between 7 and 15 h (Hours 14 and 22) after the
second injection of MDMA (20 mg/kg) plus TRIP (20
mg/kg). Rats sweated profusely, with hyperthermia at
1–5 h after the first injection of MDMA (20 mg/kg) plus
PYRI (20 mg/kg). One rat died at 5 h after the first
concurrent injection of MDMA plus PYRI and three
died between 7 and 15 h (Hours 14 and 22) after the
second injection of MDMA plus PYRI.

DISCUSSION

The present results show that CPA attenuated
MDMA-induced depletion of serotonin when adminis-
tered concurrently with MDMA, or 3 and 6 h after
MDMA administration. MDMA-induced depletion was
also attenuated by lowering the environmental tempera-
ture (Broening et al., 1995; Che et al., 1995; Colado et
al., 1993; Miller and O’Callaghan, 1994; Yeh, 1999a), by
treatment with 5-HT uptake inhibitors, fluoxetine and
citalopram (Schmidt, 1987; Fuller et al., 1975), and by
CuZn-superoxide dismutase (Cadet et al., 1994, 1995).
Release of 5-HT by MDMA, methamphetamine, PCA,
and FEN is thought to be through a common mecha-
nism, since it was blocked by fluoxetine and cocaine
(Berger et al., 1992). Thus, the mechanism(s) of MDMA-
induced neurotoxicity appears to be due to a series of
reactions, e.g., release of 5-HT and DA, then transport
into 5-HT neurons and oxidation by enzymes of P-450
and monoamine oxidase to 5-hydroxyindoleacetic acid,
superoxide anions, and catechol quinones (Kuhn and
Arthur, 1998). MDMA is also oxidized to a quinone
(Hiramatsu et al., 1990). The superoxide anions and
catechol quinones interact with the tryptophan hydroxy-
lase and 5-HT transporters via lipid peroxidation and
covalent binding, finally destroying 5-HT neurons.

It is well known that MDMA-induced depletion of
5-HT is temperature-dependent; higher body tempera-
ture caused higher decreased of 5-HT (Miller and
O’Callaghan, 1994, and references cited above). In-
creased body temperature probably speeds up the meta-
bolic process, which in turn increases the rate of
transport of 5-HT and MDMA into 5-HT neurons and
increases in the enzymatic activity of P-450 and mono-
amine oxidase. The overall result is that these reactions
yield more superoxide anions, catechol quinones, and

Fig. 7. Effects of tripelennamine (A) and pyrilamine (B) (20 mg/kg,
i.p.) on MDMA (20 mg/kg, s.c. twice, 7 h apart)-induced hyperthermia
in rats (n 5 6). Results are mean SEM.
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the toxic metabolites of MDMA, 3,4-dihydroxymetham-
phetamine quinoine and 2,4,5-trihydroxymethamphet-
amine (Tri-OH-MDMA). CPA decreased MDMA-in-
duced hyperthermia. Attenuation of MDMA-induced
depletion of 5-HT by CPA probably involves one or all
the possible mechanisms mentioned above.

The substituted amphetamines- [e.g. p-chlorometh-
amphetamine (PCMA)-, p-chloroamphetamine (PCA)-,
4-methyl-a-ethyl-m-tyramine (MET)- and fenfluramine
(FEN)]-induced depletion of 5-HT is attenuated by CPA
(Meek et al, 1971; Schmidt 1987; Fuller, et al, 1975;
Carlsson and Lindqvist, 1969; Yeh, 1999b). The mecha-
nism(s) of these substituted amphetamine-induced
depletion of 5-HT is not clear but may share some
mechanism(s) of MDMA-induced depletion of 5-HT.

The present results show that the rank order of
protection of the antihistamines against MDMA-
induced depletion of 5-HT and 5-HIAA in the brain
regions is CPA . DIPH . TRIP, and agree with a report
of protection against acute MET-induced depletion of
serotonin (3 h) in mice, and with potencies for CPA (85%
of controls) . DIPH (64%) . TRIP (33%) (Carlsson and
Lindqvist, 1969). It is unlikely that the antihistamines
prevent MDMA’s neurotoxicity by altering brain 5-HT
levels, as they did not alter 5-HT and 5-HIAA levels
when given alone, a finding consistent with a previous
report (Nowak and Zawilska, 1985).

Effects of antihistamines on MDMA-induced
depletion of 5-HT and 5-HIAA and alteration of

MDMA-induced body temperature

The present results 1) indicate that the effect of the
antihistamines on alteration of MDMA-induced hyper-
thermia correlates well with the effect of the antihista-
mines on MDMA-induced depletion of 5-HT examined 5
days later, and 2) agree with the finding that MDMA-
induced hyperthermia correlates inversely with levels
of 5-HT in the brain tissue of mice and rats 3 h after
MDMA (McNamara et al., 1995; Colado et al., 1997).
MDMA-induced neurotoxicity can be attenuated by
lowering the environmental temperature or by drugs
which attenuate MDMA-induced hyperthermia (i.e.,
dizocilpine, ethanol, pentobarbital, diethyldithiocarba-
mate, chloral hydrate, d-fenfluramine, and N-t-butyl-a-
phenylnitrone (PBN)L) (Broening et al., 1995; Che et
al., 1995; Colado et al., 1993; Miller and O’Callaghan,
1994; Yeh, 1999a). The mechanism of protection of
MDMA-induced neurotoxicity by lowering body tem-
perature could be due to decreases of 5-HT release and
formation of superoxide radicals and catechol quinones.
Indeed, the lowering of body temperature has been
shown to decrease catabolic function, yielding lesser
amounts of hydrogen peroxide and hydroxyl radicals in
the brain (Chiueh et al., 1994; Kil et al., 1996; Lei et al.,
1997). Furthermore, temperature also affects the up-
take of [3H]5-HT into and release of [3H]5-HT from
isolated rabbit platelets (Cusimano and Sankar, 1977),

and the absorption and metabolism of drugs. Higher
temperature increases the uptake and release of 5-HT,
as well as increased absorption and metabolism of
drugs (Kalser et al., 1965; Holtzman and Carr, 1972;
Clausing et al., 1998). MDMA-induced neurotoxicity
has also been attributed to its metabolites (Elayan et
al., 1993) and formation of MDMA metabolites involves
superoxide radicals (Hiramatsu et al., 1990). Thus,
reduction of body temperature induced by CPA could
contribute to the protection of MDMA-induced deple-
tion of 5-HT via decreasing the absorption and meta-
bolism of MDMA, thus yielding lesser amounts of
superoxide anions and catechol quinones, of 3,4-
dihydroxymethamphetamine quinone and the toxic me-
tabolite of MDMA, Tri-OH-MDMA (Elayan et al., 1993).

The decrease in body temperature after treatment
with MDMA plus CPA depends on the dose of CPA. The
body temperature of rats treated with MDMA plus 25
mg/kg of CPA administered concurrently was lower and
its duration longer than that of rats treated with
MDMA plus 10 mg/kg of CPA (Fig. 5). The content of
5-HT and 5-HIAA in the brain tissues of rats treated
with MDMA plus 25 mg/kg of CPA appeared higher
than that of rats treated with MDMA plus 10 mg/kg of
CPA (Fig. 2). CPA (20 mg/kg) administered 3 or 6 h after
MDMA also attenuated MDMA-induced hyperthermia
and MDMA-induced depletion of 5-HT. A dose of CPA
smaller than 10 mg/kg was not tested because 5 mg/kg
of CPA did not protect FEN-induced depletion of 5-HT
(Yeh, 1999b).

A comparison was made of the effect of different
antihistamines on MDMA-induced hyperthermia; a 20
mg/kg dose of CPA, DIPH, TRIP, and PYRI was used. As
compared to MDMA-treated rats, the body temperature
of rats treated with MDMA plus CPA (20 mg/kg)
decreased significantly at 1–4-h intervals after the
second injection, whereas it showed a downward trend
after the first injection. Treatment with MDMA plus
DIPH did not result in significant difference from that
of rats treated with MDMA after the first and second
injection. Treatment with MDMA plus TRIP showed an
increasing trend in temperature after the first injection
which was significantly higher than that of MDMA-
treated rats. The body temperature of some rats was
brought down with crushed ice after the second injec-
tion. Treatment with MDMA plus PYRI significantly
increased the temperature after the first and the second
injection and crushed ice brought down this tempera-
ture.

There was a correlation between the body tempera-
ture of rats and the depletion of 5-HT induced by
MDMA plus an antihistamine. These results suggest
that temperature plays an important role in the MDMA-
induced depletion of 5-HT. It is unclear why MDMA
plus different antihistamines yielded different body
temperature alterations, but this does not appear to be
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related to the antihistamine’s ability to prevent trans-
port into 5-HT neurons.

The effect of time of CPA administration on MDMA-
induced depletion of 5-HT observed in the present
study is similar to the protection against MDMA- and
PCA-induced depletion of serotonin by fluoxetine in
rats (Schmidt, 1987) and mice (Fuller et al., 1975). They
reported that administration of fluoxetine at 6 h after
MDMA in rats and at 8, 16, and 24 h after PCA in mice
protects against MDMA- and PCA-induced depletion of
5-HT, respectively. Both CPA (Table I) and fluoxetine
inhibit 5-HT uptake (references cited above), decrease
MDMA-induced hyperthermia (after fluoxetine plus
MDMA, the body temperature decreased, but not signifi-
cantly, from that of rats treated with saline plus
MDMA) (Malberg et al., 1996) and attenuate MDMA-
induced depletion of serotonin. Thus, it appears that
protection of MDMA-induced depletion of 5-HT by CPA
and fluoxetine may be through the same mechanisms,
i.e., via inhibition of 5-HT uptake and attenuation of
MDMA-induced hyperthermia, although fluoxetine is
not an antihistamine.

Effect of antihistamines on uptake of [3H]5-HT
and binding of [3H]paroxetine

The effects of antihistamines on uptake of [3H]5-HT
and binding of [3H]paroxetine were studied in vitro to
elucidate the different effects of antihistamine on
MDMA-induced depletion of 5-HT. The results show
that CPA, PYRI, and TRIP, but not DIPH, are potent
inhibitors of [3H]5-HT uptake into synaptosomes of the
cerebral cortex and that CPA is potent inhibitor of the
binding of [3H]paroxetine to the presynaptic 5-HT
transporter, in agreement with a report of Cusimano
and Sankar (1977). The IC50 values of CPA, DIPH,
TRIP, and PYRI on [3H]5-HT uptake were 89, 11,095,
90, and 141 nM, respectively (Table I), which did not
correlate with their protection of MDMA-induced deple-
tion of 5HT. DIPH did protect against MDMA-induced
depletion of serotonin, although it was a weak inhibitor
of 5-HT uptake.

Effect of antihistamines on scavenging of
hydroxyl radicals

Effects of antihistamines on scavenging of hydroxyl
radicals were studied in vitro to elucidate the different
effects of antihistamine on MDMA-induced depletion of
5-HT. The efficacy of the antihistamines on scavenging
of hydroxyl radicals was CPA 5 PYRI . TRIP ...
DIPH (Table II) and agrees with the report of inhibition
of hydroxylation of lidocaine; the rank order was PYRI
(9% of control) . CPA (35%) . DIPH (47%) (Hiroi et al.,
1995). Yet the effectiveness of the antihistamines to
scavenge hydroxyl radicals did not correlate with their
protection against MDMA-induced 5-HT depletion, i.e.,
CPA . DIPH . TRIP ... PYRI. DIPH did protect

against MDMA-induced depletion of serotonin, al-
though it had no effect on scavenging of hydroxyl
radicals (Tables I, II; Brown and Vernikos, 1980). This
discrepancy could be due to the fact that the depletion
of 5-HT by MDMA is probably mediated through the
superoxide anions and catechol quinones, not hydroxyl-
free radicals.

The degree of protection against MDMA-induced
depletion of 5-HT provided by the antihistamines corre-
lated better with the data on body temperature alter-
ation by MDMA plus the antihistamines rather than
with other biochemical parameters. These results sug-
gest that protection against MDMA neurotoxicity by
CPA or DIPH may be due to a decrease in body
temperature. The effect of antihistamines on absorp-
tion and metabolism of MDMA and MDMA-induced
stimulatory activity on behavior and the effect of other
nonsedative antihistamines on MDMA-induced 5-HT
depletion have yet to be examined.
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