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BACKGROUND AND PURPOSE

The cardiovascular effects produced by 3,4-methylenedioxymethamphetamine (MDMA; ‘Ecstasy’) contribute to its acute
toxicity, but the potential role of its metabolites in these cardiovascular effects is not known. Here we examined the effects of
MDMA metabolites on cardiovascular function in rats.

EXPERIMENTAL APPROACH
Radiotelemetry was employed to evaluate the effects of s.c. administration of racemic MDMA and its phase | metabolites on
BP, heart rate (HR) and locomotor activity in conscious male rats.

KEY RESULTS

MDMA (1-20 mg-kg™") produced dose-related increases in BP, HR and activity. The peak effects on HR occurred at a

lower dose than peak effects on BP or activity. The N-demethylated metabolite, 3,4-methylenedioxyamphetamine (MDA),
produced effects that mimicked those of MDMA. The metabolite 3,4-dihydroxymethamphetamine (HHMA; 1-10 mg-kg™)
increased HR more potently and to a greater extent than MDMA, whereas 3,4-dihydroxyamphetamine (HHA) increased HR,
but to a lesser extent than HHMA. Neither dihydroxy metabolite altered motor activity. The metabolites 4-hydroxy-3-
methoxymethamphetamine (HMMA) and 4-hydroxy-3-methoxyamphetamine (HMA) did not affect any of the parameters
measured. The tachycardia produced by MDMA and HHMA was blocked by the B-adrenoceptor antagonist propranolol.

CONCLUSIONS AND IMPLICATIONS

Our results demonstrate that HHMA may contribute significantly to the cardiovascular effects of MDMA in vivo. As such,
determining the molecular mechanism of action of HHMA and the other hydroxyl metabolites of MDMA warrants further
study.

Abbreviations

HHA, 3,4-dihydroxyamphetamine; HHMA, 3,4-dihydroxymethamphetamine; HMA, 4-hydroxy-3-methoxyamphetamine;
HMMA, 4-hydroxy-3-methoxymethamphetamine; HR, heart rate; MDA, 3,4-methylenedioxyamphetamine; MDMA,
3,4-methylenedioxymethamphetamine
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Introduction

Recreational use of 3,4-methylenedioxymethamphetamine
(MDMA; ‘Ecstasy’) remains a significant public health
concern. Based on survey data from high school and college
students in the USA, the use of MDMA peaked more than a
decade ago (Johnston etal., 2011), yet reports from emer-
gency departments show that the incidence of MDMA-
induced adverse effects has actually increased over the past
few years (Drug Abuse Warning Network, 2010). MDMA can
produce robust hyperthermia, and it is well established from
animal studies that high doses of the drug can lead to per-
sistent deficits in brain 5-HT systems (Baumann and
Rothman, 2009). It is also recognized that cardiovascular
effects of MDMA contribute significantly to its adverse
health effects in humans (Suarez and Riemersma, 1988;
Shenouda et al., 2010). Hypertension is often reported in
patients presenting to the emergency room after MDMA use
(Halpern etal., 2011), and laboratory studies of MDMA
administration in humans have universally shown that
doses of 1 mg-kg"' and above increase both BP and heart
rate (HR; Mas et al., 1999; Lester et al., 2000; Kolbrich et al.,
2008a). In conscious rats, MDMA increases BP and HR at
doses comparable with those used by humans (O’Cain et al.,
2000), but at higher doses, the HR actually decreases due to
reflex bradycardia (O’Cain et al., 2000; Bexis and Docherty,
2006).

The molecular mechanism of action of MDMA involves
the interaction of the drug with monoamine transporter
proteins expressed on neurons and other cell types (Green
etal.,, 2003; Baumann and Rothman, 2009). More specifi-
cally, MDMA serves as a substrate for monoamine transport-
ers, thereby evoking non-exocytotic release of monoamine
transmitters (i.e. noradrenaline, dopamine and 5-HT).
MDMA is distinguished from prototypical stimulants like
amphetamine by its preferential effects on 5-HT transport-
ers, whereas amphetamine is selective for catecholamine
transporters. Nevertheless, an effect of MDMA on
noradrenaline transporters in the brain and periphery has
been implicated in the mechanism underlying the increases
in HR and BP (Fitzgerald and Reid, 1994; McDaid and
Docherty, 2001; Shenouda etal., 2010). MDMA and
amphetamine display similar in vivo potency in their ability
to increase cardiovascular parameters in rats and humans
(Mas et al., 1999; O’Cain et al., 2000), even though MDMA
is 10-fold less potent than amphetamine as a substrate for
noradrenaline transporters (Baumann and Rothman, 2009).
Such observations suggest that the cardiovascular effects of
MDMA may involve non-catecholamine mechanisms,
or perhaps these effects are produced by its bioactive
metabolites.

MDMA is rapidly metabolized by hepatic enzymes in vivo
to form a variety of metabolites, some of which may possess
bioactivity (Maurer et al., 2000; de la Torre et al., 2004). Little
information is available regarding the effects of MDMA
metabolites on cardiovascular function. As shown in Figure 1,
there are two primary pathways for the metabolism of
MDMA in humans (de la Torre et al., 2004). For the major
O-demethylenation pathway, MDMA is metabolized to
3,4-dihydroxymethamphetamine (HHMA) and then to
4-hydroxy-3-methoxymethamphetamine (HMMA). This
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Figure 1

Metabolism of MDMA in humans and rats. Abbreviations for drug
names are found in the text. The main cytochrome p450 (CYP)
isoforms responsible for specific biotransformation reactions are
given for humans (H) and rats (R). Catechol-O-methyltransferase is
abbreviated as COMT. Thick arrows represent major pathways of
metabolism, whereas thin arrows represent minor pathways.

pathway accounts for >80% of MDMA metabolism in
humans. A minor N-demethylation pathway involves the
initial production of 3,4-methylenedioxyamphetamine
(MDA), and then follows the O-demethylenation pathway to
form 3,4-dihydroxyamphetamine (HHA) and 4-hydroxy-3-
methoxyampetamine (HMA). Hydroxyl-containing metabo-
lites of MDMA are conjugated to sulfate or glutathione and
excreted. It is noteworthy that the metabolic pathways for
MDMA biotransformation in rodents are similar to those
described for humans (Baumann et al., 2009; Scheidweiler
et al., 2010), although there are species differences in hepatic
enzymes involved and time intervals for drug clearance (de la
Torre and Farre, 2004).

With the exception of MDA (Bexis and Docherty,
2006), the cardiovascular effects of MDMA metabolites
have not been investigated. Bexis and Docherty (2006)
found that MDA has similar effects to MDMA, with both
drugs increasing BP. However, because these investigators
only studied a high dose of MDMA and MDA (20 mg-kg™),
the primary effect on HR was a decrease. The purpose of
the present study was to investigate the effects produced
by a range of doses of MDMA and its metabolites on BP
and HR in conscious animals. Rats received surgically
implanted telemetric recording devices that allowed for the
long-term measurement of BP and HR, as well as a meas-
urement of gross locomotor activity. Our results show that
the hydroxyl metabolites of MDMA, in particular HHMA,
may contribute significantly to cardiovascular effects of
MDMA in vivo.



Methods

Animals and housing

Nine adult male Sprague-Dawley rats were used in the fol-
lowing experiments. They were individually housed in a
temperature- and humidity-controlled room with a 12 h
light/dark cycle (lights on at 07:00 h). All animals used in this
study were maintained in facilities fully accredited by the
Association for the Assessment and Accreditation of Labora-
tory Animal Care. All procedures were conducted in accord-
ance with the guidelines of the Institutional Care and Use
Committee of the National Institute on Drug Abuse/
Intramural Research Program and the Guide for the Care and
Use of Laboratory Animals. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny etal.,
2010; McGrath et al., 2010).

Surgical procedures

Following their arrival in the laboratory, the rats were given 1
week to adapt. Rats were anaesthetized with an isoflurane-
oxyen mixture (3% isoflurane for induction, maintenance
anaesthesia of 1-2% isoflurane). Depth of anaesthesia was
evaluated with tail or paw pinch. After surgery the rats were
given 2.5 mg kg' Banamine s.c for analgesia. If there were
signs of distress the day after surgery, the rat was given a
subsequent injection of the same dose of Banamine. Surgery
was performed to implant telemetry transmitters (Data Sci-
ences International, St. Paul, MN, USA) for the measurement
of BP. Details of the surgery are given elsewhere (Tella et al.,
1999). Briefly, under isoflurane anaesthesia, a 4-5 cm long
incision was made on the midline of abdomen. The descend-
ing aorta was exposed below the level of the renal arteries. A
vascular clamp was placed immediately posterior to the renal
arteries and a curved 21 G needle was used to puncture the
vessel anterior to the bifurcation of the common iliac arteries.
The catheter of the transmitter was inserted about 2 cm into
the aorta, the area was dried and a drop of adhesive (Vetbond,
3M, St. Paul, MN, USA) was applied to the catheter entry
point. The transmitter was then sutured to the abdominal
musculature, and the abdominal incision and the skin were
closed. An i.p. injection of 50 000 U-kg™' dual penicillin was
given to safeguard against infections.

Telemetric measurements

One to 2 weeks following surgery, experimental procedures
began. All testing occurred in a room separate from the
housing room. Testing was typically performed 5 days per
week (Monday-Friday) at approximately the same time each
day for any individual animal. During the experimental
session, the animal’s entire home cage (with food and water
removed) was placed on top of the telemetry receiver. Three
telemetry receivers were located in three separate, but iden-
tical, sound attenuation (experimental) chambers. Mean arte-
rial BP and HR were sampled for 10 s every minute and were
then monitored for up to 2 h. Activity measurements were
taken continuously throughout the session with the total
activity counts saved every minute. Two antennae within the
telemetry receiver (one in the x-axis and one in the y-axis)
monitor the signal emitted from the implanted transmitter.

Effects of MDMA and its metabolites

As the rat moves, the signal strength changes in relation to
the two antennae. This change in signal strength is computed
as a count, but has no direct relationship to distance trav-
elled. Therefore, the activity measure presented is a qualita-
tive one with no units. Higher counts simply indicate more
activity relative to lower counts. At the onset of the study, rats
(in their home cages) were placed into the telemetry cham-
bers without receiving injections, and this acclimatization
process continued until cardiovascular parameters were stable
from session to session. Animals were then given a s.c. injec-
tion of saline just prior to placement of the cage on the
telemetry receiver, at least twice a week, until cardiovascular
parameters following saline injection remained stable. The
cardiovascular response to the injection of saline was indis-
tinguishable from that observed when the animals were
placed in the telemetry chamber with no prior injection.
Testing then began with MDMA or the metabolites, with test
drugs given s.c. no more frequently than twice a week,
usually on Tuesdays and Fridays, with control saline injec-
tions given typically once a month on Thursdays. All the rats
were tested with multiple drugs, but not every rat received
every drug (MDMA, rats 31, 32, 35, 38, 43a, 45, 46; HHMA
and HMMA, rats 31, 35, 43a, 45, 46; MDA, rats 31, 35, 38, 39,
43a, 45, 46; HHA and HMA, rats 31, 35, 38, 43a; propranolol
study, rats 43a, 44a, 45, 46). All rats received multiple injec-
tions of saline, but for any one drug not all rats received every
dose. When a pretreatment injection of propranolol was
given, it was administered s.c. 5 min before either MDMA or
HHMA, which were given just prior to placement of the rats
in the testing chamber. Appropriate controls for propranolol
alone, MDMA or HHMA, and saline were also given in the
same manner. Testing continued for up to 5 months, with an
average of just over 2 months for any individual rat and up to
30 drug treatments were tested over that period. The rat’s
food intake was restricted to maintain their wt over that
period. The average starting wt was 441.0 + 29.4 g and the
average wt at the end of the experiment was 413.8 £ 11.5 g.
Order of drug treatment and dose administered was non-
systematic, with the exception of the experiment with pro-
pranolol treatments. For example, 10 mg-kg' HHMA was
given as early as the third drug treatment for one rat or as late
as the ninth drug treatment for a different rat, with a variety
of other drugs and doses given in between. There was no
indication that the order of treatment affected the results.
Treatments with propranolol always occurred last for those
subjects.

Drugs and injection procedures

MDMA, MDA, HHMA, HHA, HMMA and (+)-4-hydroxy-3-
methoxyamphetamine HCI (HMA) were synthesized as either
racemic HCI or HBr salts and analysed for purity in the
laboratory of Bruce E. Blough at RTI. Propranolol was pur-
chased from Sigma Chemical (St. Louis, MO, USA). All drugs
were dissolved in sterile saline and administered s.c. in a
volume of 1 mL-kg™ of body wt. We chose to use the s.c. route
in these experiments for several reasons: (i) most importantly,
the s.c. route minimizes metabolism of the injected drugs or
metabolites, which is an essential attribute for the present
investigation; (ii) the s.c. route affords the slowest possible
pharmacokinetics in rats and is therefore most similar to
humans (Baumann etal.,, 2009); and (iii) because the
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implanted transmitters were in the peritoneal cavity, we
could not use the i.p. route as this would risk damaging the
implanted devices. For all drugs tested, baseline values of BP
and HR had recovered before the administration of any other
treatment. Furthermore, occasionally, treatments or doses
were repeated in the same animal and the results of those
tests were always in close agreement. As a result, the repeated
tests were averaged for final analysis.

Data analysis and statistics

For the time course data presentation, BP and HR were aver-
aged over 5 min periods, and activity was summed over the
5 min period (from the 1 min samples). As time course data
showed that effects in general persisted throughout most of
the 2 h session, data for statistical comparisons were per-
formed using mean values across the entire session for BP and
HR, and summed values for activity (Matthews et al., 1990).
Statistical comparisons among different drug treatments were
made using ANova, followed by Tukey’s post hoc test to test for
significance compared with saline. For graphic presentation,
a change score (A) was calculated using the saline average for
all the rats tested on a particular drug as the baseline from
which the change score was calculated.

Results

Dose-related effects of MDMA and its
hydroxyl metabolites

Table 1 presents BP, HR and activity measurements for the
averaged saline control sessions for each drug. For HHMA and
HMMA, and for HHA and HMA, the same rats were tested
with each drug. Due to the substantial overlap in the rats
tested across drugs, the values for saline control were remark-
ably consistent across the drugs. Values for all three measures
were also consistent across the multiple injections of saline
that each rat received through the course of the study (data
not shown).

Figure 2 (A, C and E) shows the time courses for BP, HR
and activity following saline administration for those rats
tested with MDMA and the metabolites generated via the
O-demethylenation pathway (HHMA and HMMA). Typically,
both BP and HR were slightly elevated after the rats were
given an s.c. saline injection and placed in the experimental
chamber. Over the first 30 min of the session, both BP and HR
decreased steadily and stabilized through the remaining

Table 1

BP, HR and activity following saline treatment for the rats used in dose-effect studies for specific drugs

90 min of the session. Like BP and HR, activity was also
elevated at the beginning of the experimental session follow-
ing saline administration, but then decreased to near zero for
the last 90 min of the session.

The time course data in Figure 2 show that MDMA
(10 mg-kg") and HHMA (10 mg-kg™") produced significant
effects. MDMA increased BP, HR and activity. HHMA
increased only HR, but to a much greater extent than that
seen for MDMA. The significant effects on BP and HR per-
sisted through the session. Figure 2 (B, D and F) present
change scores from saline baseline for all doses of MDMA,
HHMA and HMMA tested. For BP, significant increases from
saline were seen only for MDMA [F 419 = 5.59, P < 0.01] at the
two highest doses (10 and 20 mg-kg™"). Neither HHMA nor
HMMA significantly changed BP. MDMA increased HR com-
pared with saline [Fy10) = 6.99, P < 0.01] at the intermediate
doses (3 and 10 mg-kg™"), but not at the higher dose, suggest-
ing that MDMA had a biphasic effect on HR. In contrast, large
increases in HR were observed for every dose of HHMA [F3 15,
=107.69, P < 0.0001]. The increase in HR induced by HHMA
was larger than that induced by MDMA. HMMA did not
increase HR. Neither HHMA nor HMMA increased activity,
but MDMA [F,19 = 12.77, P < 0.0001] produced a clear dose-
dependent increase in activity, with significant effects seen at
the higher doses.

Dose-related effects of MDA and its

hydroxyl metabolites

Figure 3 presents the results for those drugs in the
N-demethylation metabolic pathway (MDA, HHA and HMA).
The time course data shown in Figure 3, A, C and E, reveal
that the effects of saline administration were nearly identical
to those seen in Figure 2. These results illustrate the stability
of the responses to saline injections between testing sessions
over time, as many of the same rats were used for the MDMA
and MDA treatment studies. The time course data are also
shown for doses of MDA (10 mg-kg™') and HHA (10 mg-kg™)
that had significant effects. Like MDMA, MDA produced
increases in BP, HR and activity. Unlike HHMA, HHA
increased BP as well as HR. Figure 3, B, D and F, show the
change scores for the three measures for this set of drugs.
Both MDA [F3 15y = 9.43, P < 0.01] and HHA [F;0) = 18.10, P <
0.001] increased BP compared to saline at the 10 mg-kg™
dose. Like MDMA, the effect of MDA on HR peaked at an
intermediate dose and then decreased at the highest dose
tested. This effect of MDA on HR failed to reach significance
[Fs15 = 2.73, P = 0.08]. Like HHMA, HHA also increased HR

BP (mmHg)
MDMA 7 96.3 £ 1.9
HHMA and HMMA 5 96.8 + 2.7
MDA 7 95.7 £ 2.0
HHA and HMA 4 943 +2.7

HR (beats per minute) Activity
284.8 +4.3 172.5+13.7
285.7 £ 6.1 186.9 + 14.6
282.8 +4.7 178.7 £ 2.0
2859+7.6 170.9 £19.0

Data are mean + SEM for n = number of rats tested.
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Figure 2

Effects of MDMA, HHMA, HMMA and saline on BP (A, B), HR (C, D) and activity (E, F). Left-hand panels (A, C and E) depict time course data for
a selected dose of MDMA (10 mg-kg™") and HHMA (10 mg-kg™") compared with saline. Each point represents mean + SEM during a 5 min period.
Right-hand panels (B, D and F) show the mean change scores (A) over the entire 120 min session for all doses tested. Change scores are compared
with saline control. Filled symbols indicate significant difference (P < 0.05) with respect to saline-treated rats. Number of rats per dose is given
for MDMA in (B) and for HHMA and HMMA in (D). Number of rats for saline for each drug is given in Table 1. Both MDMA and HHMA significantly

increased HR. Only MDMA significantly increased BP and activity.

[Fi20 = 6.86, P < 0.05], with significant differences from saline
seen at both doses tested. Only MDA produced a significant
increase in activity [F315)= 13.93, P < 0.001], with the effect at
the highest dose being significantly different from saline.
Similar to HMMA, HMA had no significant effects on any of
the variables.

Propranolol pretreatment experiments

Because of the large and sustained increases in HR observed
with HHMA, the pharmacological mechanism for this effect
was investigated using the f-antagonist propranolol
(1 mg-kg™) as a pretreatment. For comparison, propranolol

was also used as a pretreatment for MDMA. For the rats tested
with propranolol, BP following saline (Sal + Sal) ranged from
94.8 to 106.3 mmHg and HR ranged from 258.5 to 287.8.
Figure 4 shows the results for HR for both HHMA (3 mg-kg™)
and MDMA (3 mg-kg™). For statistical analysis, the results for
HHMA and MDMA were analysed separately. HHMA signifi-
cantly increased HR compared with the saline (Sal + Sal)
condition [Fz12 = 117.71, P < 0.0001], an effect that was
antagonized by pretreatment with propranolol. Like HHMA,
3 mg-kg' MDMA increased HR [F3 12 = 57.62, P < 0.0001], an
effect that was also blocked by propranolol. Although pro-
pranolol (Prop + Sal) itself slightly decreased HR, this effect
was not significantly different from saline. Propranolol did
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Figure 3

Effects of MDA, HHA, HMA and saline on BP (A, B), HR (C, D) and activity (E, F). Left-hand panels (A, C and E) depict time course data for a selected
dose of MDA (10 mg-kg™") and HHA (10 mg-kg™") compared with saline. Each point represents mean + SEM during a 5 min period. Right-hand
panels (B, D and F) show the mean change scores (A) over the entire 120 min session for all drugs tested. Change scores are compared with saline
control. Filled symbols indicate significant difference (P < 0.05) with respect to saline-treated rats. Number of rats per dose is given for MDA in
(B) and for HHA and HMA in (D). Number of rats for saline for each drug is given in Table 1. Both MDA and HHA significantly increased BP. HHA

also increased HR and MDA significantly increased activity.

not alter the effect of MDMA on BP or activity (data not
shown).

Discussion

Amajor aim of the present experiments was to characterize the
cardiovascular effects of MDMA and its phase I metabolites in
conscious rats. For MDMA, the peak increase in HR was
observed at 3 mg-kg™', with higher doses producing smaller
effects. The biphasic dose-response for HR could be the result
of robust elevations in BP after high doses producing reflex
bradycardia that overrides the tachycardia seen at low doses.

88 British Journal of Pharmacology (2014) 171 83-91

However, this explanation may not totally explain the bipha-
sic effect, as the 20 mg-kg! dose of MDMA showed a continued
decrease in HR despite no further increase in BP. Similar
cardiovascular effects of MDMA have been reported in both
conscious (Badon et al., 2002; Bexis and Docherty, 2006) and
anaesthetized (O’Cain et al., 2000; McDaid and Docherty,
2001) rats. For BP and HR measures, our time course data show
that effects often lasted for the entire length of the 2 h session,
indicating a long duration of action. The cardiovascular effects
of MDMA seen here in rats closely resemble those observed in
humans given recreational doses of the drug under controlled
laboratory conditions (Vollenweider et al., 1998; Mas et al.,
1999; Liechti et al., 2001a,b; de la Torre et al., 2004).
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Figure 4

Effects of MDMA (3 mg-kg™") and HHMA (3 mg-kg™) alone and in
combination with propranolol (1 mg-kg™") on HR. The filled bars
indicate that both MDMA and HHMA significantly (P < 0.05)
increased HR compared with saline-treated controls. Significant
increases in HR were not observed for MDMA and HHMA following
pretreatment with propranolol. Propranolol alone did not signifi-
cantly affect HR. n = 4 for every condition.

Like MDMA, MDA also increased BP. The effect of MDA
on HR was less clear, but an intermediate dose of MDA
(3 mg-kg™") increased HR analogous to MDMA, although the
rise did not reach statistical significance. The effect of MDA
on BP had returned to saline control levels by the end of the
2 h session, suggesting that MDA might have a shorter dura-
tion of action than MDMA. However, MDA and MDMA have
similar #, when administered systemically to rats (Fonsart
et al., 2009), therefore, the differences in the cardiovascular
effects between these drugs must be due to factors other than
pharmacokinetics.

The effects of MDMA and MDA on BP and HR are similar
to other sympathomimetic agents. In particular, elevations in
BP and biphasic HR responses have been seen with both
amphetamine (O’Cain et al., 2000) and cocaine (Kiritsy-Roy
et al., 1990; Branch and Knuepfer, 1992). The mechanism of
cardiovascular stimulation produced by amphetamine and
cocaine involves central and peripheral sympathetic compo-
nents (Schindler et al., 1992a,b; Schindler, 1996). Similarly,
pharmacological studies in animals and humans suggest that
sympathetic activation is responsible for the cardiovascular
effects of MDMA. Hysek etal. (2010) found that the
B-adrenoceptor antagonist pindolol blocks the HR increase
observed following MDMA administration in humans. The
present data showing that propranolol reduces MDMA-
induced tachycardia in rats are consistent with these human
data. Hysek et al. (2011) also showed that the noradrenaline
uptake blocker reboxetine reduces elevations in BP and HR
seen following MDMA administration in human volunteers,
indicating that noradrenaline transporters are involved in
these effects. Vandeputte and Docherty (2002) concluded
that a-adrenergic mechanisms contribute to BP increases fol-
lowing MDMA in humans. Previously, O’Cain et al. (2000)
reported that the a-antagonist phentolamine reduces the
duration of action of MDMA on BP in rats, but it does not
reduce the peak effects. McDaid and Docherty (2001) showed
that the pressor response to MDMA in rats could be changed

Effects of MDMA and its metabolites

to a depressor response by treatment with prazosin. Taken
together, these data indicate that the adrenergic system is a
primary mediator of MDMA-induced cardiovascular effects,
but the underlying receptor mechanisms are complex.
Moreover, the S5-hydroxytryptaminergic system may also
influence the cardiovascular actions of the drug in humans
(Liechti and Vollenweider, 2000b; Liechti and Vollenweider,
2001; Tancer and Johanson, 2007).

In addition to their effects on BP and HR, MDMA and
MDA dose-dependently increased locomotor activity. The
method used here to measure locomotor activity with telem-
etry does not allow for an accurate determination of dis-
tanced travelled or the determination of finer detailed
measures of activity like stereotypy. Nevertheless, the increase
in activity observed with MDMA agrees with results from
other studies where infrared photo-beams were used to
measure locomotion (Bankson and Cunningham, 2001;
2002; Baumann et al., 2008). In general, forward locomotion
produced by MDMA appears to involve a primary dopamin-
ergic component (Baumann et al., 2008), but actions at 5-HT
transporters and receptors also contribute to the motor effects
of the drug (Bankson and Cunningham, 2001; 2002). In
humans, dopamine receptor blockade can reduce the subjec-
tive effects of MDMA, but dopaminergic mechanisms do not
appear to contribute to cardiovascular effects (Liechti and
Vollenweider, 2000a; Liechti et al., 2001b).

In contrast to MDMA and MDA, none of the hydrox-
ylated metabolites altered locomotor activity. Furthermore,
the O-methylated metabolites HMMA and HMA did not
affect any cardiovascular parameters measured. However, the
dihydroxy metabolites HHMA and HHA displayed powerful
cardiovascular actions. Both compounds significantly
increased HR, with the rise in HR produced by HHMA clearly
exceeding that of the parent compound MDMA. This effect of
HHMA on HR was mediated by a mechanism involving
B-adrenoceptors, as propranolol was able to completely block
the effect. Although HHMA had no significant effect on BP,
HHA also significantly increased BP at the highest dose tested
comparable with the effects of MDA. The fact that both
HHMA and HHA had sympathomimetic effects on cardiovas-
cular function, but failed to affect locomotor activity, indi-
cates that these metabolites do not readily cross the blood-
brain barrier, as suggested by others (Escobedo et al., 2005;
Mueller et al., 2009). Little information is available regarding
the molecular mechanism of action of HHMA and HHA, but
the potent tachycardia produced by these compounds sug-
gests they might target noradrenaline transporters or recep-
tors. One recent study reported that HHA interacts with
dopamine transporters more potently than MDMA, and this
effect appears to be long lasting (Escubedo et al., 2011).

An important limitation of our study is the lack of phar-
macokinetic data for circulating concentrations of MDMA or
its metabolites after systemic injection, and future studies of
this type should be carried out. Nevertheless, the results with
HHMA and HHA raise the question of whether cardiovascular
effects of these metabolites might contribute significantly to
the overall profile of actions induced by systemically admin-
istered MDMA. As the N-demethylation pathway leading to
the formation of MDA accounts for less than 20% of MDMA
metabolism in humans (de la Torre et al., 2004; Kolbrich
etal.,, 2008b), the role of HHA is likely to be minimal.
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However, the effect of HHMA could be significant. Pharma-
cokinetic studies in human subjects receiving recreational
doses of MDMA have shown that circulating levels of HHMA
are nearly equivalent to those of MDMA (Segura et al., 2001;
de la Torre et al., 2004) and reach plasma concentrations of
150 ng-mL™! (~1 uM). Furthermore, concentrations of MDMA
and HHMA follow a parallel time course of elimination in
men. We found that 1 mg-kg"' HHMA produced more robust
effects on HR than 3 mg-kg' MDMA in rats, therefore, it
seems feasible that HHMA formed in vivo contributes to the
effects of systemically administered MDMA in humans. Addi-
tionally, the effect of HHMA on HR was longer lasting than
that of MDMA, with HR still elevated 2 h following the
administration of HHMA.

To summarize, in agreement with previous human and
animal studies, MDMA increases BP, HR and locomotor activ-
ity. The possible role of MDMA metabolites in mediating the
cardiovascular effects of this drug has not been well studied.
Here, we show that the N-demethylated metabolite MDA has
similar effects to MDMA. Perhaps, more importantly, the
dihydroxy metabolite HHMA induced powerful and sus-
tained tachycardia, and HHA increased both HR and BP.
Plasma concentrations of HHMA are similar to those of the
parent compound in humans receiving psychoactive doses of
MDMA, which suggests that the effects of HHMA could con-
tribute significantly to the tachycardia produced by systemi-
cally administered MDMA. Elevations in HR produced by
MDMA and HHMA were reversed by propranolol pretreat-
ment indicating a role for B-adrenoceptors in this effect.
Based on the in vivo data presented here, determining the
precise molecular mechanism of action of HHMA and the
other hydroxylated metabolites of MDMA warrants further
investigation.
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