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Abstract

ABBREVIATIONS

5-HT:  5-Hydroxytryptamine;
edioxymethamphetamine; T, :
3,3',5-triiodo-L-thyronine

INTRODUCTION

MDMA:  3,4-Methylen-

Body-Core Temperature; T,:

High hyperthermia is a critical sign of MDMA intoxication,
indicating that the syndrome is serious and likely life-threatening
[1,2]. While there is no doubt that a high dose of MDMA is toxic,
many users perceive recreationally relevant doses as a “safe” drug
at parties [3,4]. There have been numerous reports of fatalities
associated with recreational uses of MDMA [5-7]. Of those,
Martin and colleagues (2007) reported that the recreational use
of MDMA caused hyperthermia and then death to a 24-year-old
woman who was found to have hyperthyroidism in postmortem
examination [7].

Hyperthyroidism is known as a common endocrine disorder,
affecting approximately 0.1% of the worldwide population [8,9].
Users with hyperthyroidism have an excess of thyroid hormones
(e.g., triiodothyronine, T,; thyroxine, T,) that exert effects on
neuronal activity through regulating gene expression, likely
impairing mental function [9,10]. In rodents, hyperthyroidism
is found to cause a robust presynaptic modulation at
neurotransmissions, including the serotonergic system [11].
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In a recreational use of 3,4-methylenedioxymethamphetamine (MDMA, “Ecstasy”), some but not all users are stricken with a serious serotonin
(5-hydroxytryptamine; 5-HT) syndrome. This raises a question as to whether there exist subpopulations that are more susceptible to MDMA intoxication.
The hypothesis was tested with hyperthyroid versus euthyroid rats by measuring changes in body-core temperature (T ) and 5-HT in the hypothalamus. In
the euthyroid rats, injection of MDMA at a recreationally relevant dose had no serious effect on T_ . In contrast, the same dose was sufficient to evoke life-
threatening hyperthermia in hyperthyroid rats. Neurochemical studies revealed that there was greater 5-HT efflux in the hyperthyroid than the euthyroid rats.
These effects were blocked by pretreatment with M100907, a 5-HT,, receptor antagonist. In summary, our data support the hypothesis that individuals with
hyperthyroidism are more susceptible to having a serious serotonin syndrome following MDMA administration.

In addition, some 5-HT receptors, particularly postsynaptic
5-HT,,Rs are likely to be up-regulated in the hyperthyroid
brain, resulting in overexpression [12,13]. However, 5-HT,,Rs
are a major mediator of 5-HT action involved in MDMA-elicited
autonomic dysfunction [14]. Less is known about whether these
modulations of serotonergic activity in the hyperthyroid brain
have an impact on serotonin syndrome caused by MDMA.

In this study, we aimed to test the hypothesis that individuals
with hyperthyroidism are more susceptible to having a serious
serotonin syndrome in response to MDMA administration.
This hypothesis was examined in rats by measuring changes in
body-core temperature (T, ) and 5-HT in the brain. The MDMA
dose examined in this study was 2 mg/kg, corresponding to
recreational doses used in human [15]. For comparison, 15 mg/

kg as a high dose was also examined.
MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats weighing 250 - 275 g were
purchased from Charles River Laboratories (Raleigh, NC, USA)
and housed in pairs under a 12-h light/dark cycle (lights on
7:00 am) in a temperature- and humidity-controlled facility.
Food and water were available ad libitum at all times. Animal
use procedures were in strict accordance with the NIH Guide
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for the Care and Use of Laboratory Animals and approved by
the Florida Atlantic University and Ross University Veterinary
School Institutional Animal Care and Use Committees (IACUCs).
All efforts were made to reduce the number of animals used and
their suffering.

Drugs and chemicals

3,3',5-Triiodo-L-thyronine (T,) was purchased from EMD
Chemicals (San Diego, CA, USA). MDMA and M100907 were
generously obtained from the National Institute on Drug Abuse
Supply Program (RTI International, Research Triangle Park, NC,
USA). T, was first dissolved in 0.1 N NaOH as a high concentration
and then further diluted with 0.9% NaCl to pH ~7.4. MDMA and
M100907 were directly dissolved in 0.9% NaCl. Injection volume
was made at 1 ml/kg of body weight.

Induction of hyperthyroidism

Procedures for inducing hyperthyroid rats were based on
previous studies with a minor modification [16,17]. Briefly,
animals received intraperitoneal injection of 75 pg/100 g of T,
once daily for consecutive 2 weeks. Control groups received
only vehicle solution on the same schedule. Note that vehicle
and T, pretreatments were carried out between 8:00 - 8:30 am,
and experiments were performed on day 14, 4-h after the last
treatment.

Body-core temperature (T_)

cor-

Body temperature measurements were carried out in a
temperature-controlled chamber consisting of temperature
controller, heater and refrigerator as described in literature
[18-20]. Rectal T, was continuously measured at a 5-min
interval with a flexible, 4.6-cm thermoprobe connected to a
digital thermometer (Traceable® Fisher Science; Pittsburgh,
PA, USA). Note that the thermoprobe was secured in place
throughout experiments while animals were freely behaving
and thus no physical restraints interfered with the T results.
Recordings included four baseline samples and 18 post-
MDMA measurements. Changes in T, were categorized into
high hyperthermia, low hyperthermia, normothermia and
hypothermia. High hyperthermia is defined as an elevationin T
over +2.1°C above its baseline while hypothermia as a reduction
at least -0.5°C below its baseline. Changes between -0.4 and
+0.4°C are considered as normothermia, and between +0.5 and
+2.0C as low hyperthermia.

5-HT efflux assay

In vivo microdialysis was used to measure 5-HT efflux in the
brain. Guide cannulas were surgically implanted. Briefly, rats
anesthetized by a combination of xylazine (4 mg/kg i. p.) and
ketamine (80 mg/kg i. p.) were mounted in a Kopf stereotaxic
frame in a flat skull position. Guide cannulas were implanted,
targeting toward the hypothalamus, mainly the preoptic/anterior
area (POA; AP - 1.1 mm relative to the bregma, ML 0.9 mm
relative to the midline, DV -9.5 mm relative to the skull surface).
After surgery, rats were allowed to recover for one week prior to
experiments.

One day before microdialysis, rats were briefly anesthetized
with isoflurane for a probe insertion. I-shaped microdialysis

probes (molecular weight cut-off 18 kD and exchange surface 2.0
mm in length) were inserted through the guide cannulas targeting
at the hypothalamus and then secured in place with the dental
cement. The probe inlets were attached to a perfusion line from
Raturn system (Bioanalytical System Inc., W. Lafayett, IN), and
infused with the artificial cerebrospinal fluid (aCSF; containing
140 mM NaCl, 3 mM KCl, 1.5 mM CaCl,, 1 mM MgCl,, 0.25 mM
NaH,PO,, and 1.0 mM Na,HPO,; pH: 7.4) at a flow rate of 1 ul/
min. On the following day, four dialysate samples were collected
to obtain basal values before administration of drugs, followed by
six drug-response samples at 15-min intervals.

A reverse-phase column (150 mmx1 mm i. d., packed with
a TSK gel ODS-80 TM, 5 pm particle size) was used for 5-HT
separation, and its concentration was determined by HPLC-
electrochemical detection (HTEC-500; EICOM, Japan). The
composition of mobile phase was 0.1 M phosphate buffer (pH 6.0)
consisting of 1% methanol, 500 mg/L sodium-1-octanesulfonate,
and 50 mg/L ethylene diamine-tetracetic acid. The flow rate was
500 pl/min. The potential set on the graphite electrode was +450
mV (relative to an Ag/AgCl reference electrode).

Upon completion of an experiment, the rats were deeply
anesthetized with pentobarbital (100 mg/kg, i.p.) for verifying
probe location. After infusing the probe with a 2% fast green
dye for 10 min, the animals were decapitated and brains were
removed, frozen in -80°C, and then sliced freehand with a razor
blade. The probe location was visually inspected by comparison
to the rat brain atlas [21]. Data were excluded from analysis
when probes were located outside the target boundary.

Data analysis

To minimize individual differences, T data are expressed as
a mean change relative to the respective baseline (+ S.E.M), and
5-HT efflux are expressed as mean (* S.E.M) fold increases above
respective baseline. Repeated measures ANOVA followed by the
post-hoc Scheffe test were used to determine statistical difference
between groups. The t-test was also used when appropriate,
Statistical significance was achieved only when P-value was less

than 0.05.
RESULTS AND DISCUSSION

Results

Experiment 1: Effects on T_ : The first set of experiments
aimed to evaluate effects on T of drug dose levels at the normal
ambient temperature of 22°C. Compared to saline (SAL) contro],
MDMA at 2 mg/kg, i.p., caused a time-dependent reduction in
T . of euthyroid rats (Figure 1A; hypothermia, F, =26.85, P
=0.0006). Very interestingly, the high dose (15 mg/kg, i.p.) had

a ‘net-zero’effect on T (normothermia, Fio =0.053, P =0.8227).

The following set of experiments was designed to explore the
interaction of environments on MDMA toxicity. Previous studies
showed that T would become hyperthermia as rodents were
examined at a warm ambient temperature, particularly at a high
MDMA dose [18]. We found thateuthyroid rats were unsusceptible
to having hyperthermia even though the chamber temperature
being increased to 26°C (N =3, data not shown), and thus further
increased to 30°C. As shown in Figure 1B, the high dose eventually
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euthyroid (F,,,,=101.369, P<0.0001) and hyperthyroid rats (F
O SAL coentrol _ a0 ith th i i i [11,9]
® 2 mglkg =68.79, P <0.0001), with the maximum increase at approximately
W15 mg/kg ~20-fold and 40-fold , respectively. The increase in hyperthyroid
A: 22 °C B: 30 °C rats was significantly greater than that of euthyroid rats (Fm]
— =7.77, P =0.0236).
O 1
9_.‘_ In a separate set of experiments, the involvement of 5-HT,,Rs
8 ]’H H in MDMA-induced increase in 5-HT efflux of hyperthyroid
= ol 117313 H ;;ﬁg : :
= iﬁ {ﬂ rats was examined. In this study, 2 mg/kg M100907 (s.c.) was
P LT i administered 15 min before 2 mg/kg MDMA or SAL injection. As
g-‘l- ':‘*: shown in Figure 3B, M100907 alone had no effect on the 5-HT
E: 3 *:'5 * efflux, but attenuated MDMA-induced increase in 5-HT efflux
i: - -
T (F 12.336, P =0.0056).
0-2 giffk (1,10)
0 30 80 90 30 60 90 Discussion
TIME (min) TIME (min) The main finding of this study is that MDMA at a recreationally

Figure 1 Interaction of environmental temperature on MDMA-evoked
changes in T_ . All rats were euthyroid. Arrows denote the time point
of vehicle or MDMA injection.

A: Chamber temperature was set at 22°C. Compared to SAL control
(N =6), the recreationally relevant dose (2 mg/kg, i.p.; N =5) caused a
reduction in T_ . In contrast, the high dose (15 mg/kg, i.p.; N =5) had a
‘net-zero’ effecton T _(the increase was equal to the decrease).

B: Chamber temperature was set at 30°C. Compared to SAL control (N
=6), the recreationally relevant dose (N =5) caused a smaller extent
reduction in T_ . In contrast, high hyperthermia of 2°C above baseline
was elicited in euthyroid rats following the high dose (N =5).

Note in this study that basal T _('C) was 38.4 £ 0.2 (N =16) at 22°C
and 38.7 £ 0.1 (N =16) at 30°C. *p<0.05, **p<0.01, ***p<0.001 vs.
the respective SAL control examined by repeated measures ANOVA
followed by post-hoc Scheffe test.

caused an over 2.1°C increase in T__(high hyperthermia; Fio
=105.511, P <0.0001) in euthyroid rats, as compared to the
saline control group. In contrast, the recreationally relevant dose
still caused a time-dependent reduction in T (F,, =7.983, P
=0.0199) in euthyroid rats examined at ambient temperature of
30°C. Compared to that at 22°C, the reduction was significantly
attenuated (F . , =18.957, P =0.0024).

8

Next, hyperthyroid rats were examined at the normal ambient
temperature of 22°C. As shown in Figure 2A, the recreational
relevant dose was sufficient to cause high hyperthermia (F(Lw)
=51.166, P<0.0001). To test the involvement of 5-HT,,Rs, 2 mg/
kg M100907 was subcutaneously (s.c.) administered 15 min prior
to 2 mg/kg MDMA. M100907 significantly attenuated the MDMA-
induced high hyperthermia (F(w] =17.52, P =0.0024). Given
that the recreationally relevant dose at 22°C already produced
the life-threatening high hyperthermia, higher dose or higher
ambient temperature was not investigated with hyperthyroid
rats. Taken together, Figure 2B shows a remarkable difference
in T between two thyroid statuses, changing from hypothermia
in euthyroid rats to high hyperthermia in hyperthyroid rats
following the same MDMA dosage (Figure 2B).

Experiment 2: Effects on 5-HT efflux: Basal 5-HT was 0.29
+ 0.04 pg/sample (N =11) of the hypothalamus from euthyroid
rats and 0.45 * 0.09 pg/sample (N =16) in hyperthyroid rats.
Time-dependent changes in hypothalamic 5-HT efflux are shown
in Figure 3A. Compared to the respective SAL group, 2 mg/
kg MDMA caused a remarkable increase in 5-HT efflux in both

relevant dose that usually caused only hypothermia of a mild
serotonin syndrome in the euthyroid rats would elicit high
hyperthermia of a serious syndrome in hyperthyroid rats. The
present study experimentally demonstrated that hyperthyroid
users are susceptible to MDMA toxicity at the recreationally
relevant dose.

We found that MDMA injected to euthyroid rats caused
hypothermia or a reduction in T, . Hypothermia is not life
threatening. However, it does not necessarily indicate that these
MDMA doses are safe or free from adverse effects. In rodents,
the syndrome exhibits a wide spectrum of T __ abnormalities,

including hypothermia indicative of a mild syndrome,

B: Comparison of
two phenotypes

A: Hyperthyroidism

= SAL control
- 2 mg/kg MDMA
» M100907 +2 mg/kg

g 4 4]

S
= n
.E O N .
5 2]
=
© y ; -+ Normal Hyper-

0 30 60 ¢0 thyroid thyroid
Time (min)

Figure 2 Effects of thyroid status on MDMA-evoked changes in
under the chamber temperature at 22°C.

A: All rats were hyperthyroid. Open arrow denotes the time point of
2 mg/kg, s.c, M100907 injection and solid arrow stands for SAL or 2
mg/kg,i.p., MDMA injection. Compared to SAL control (N =6), injection
of the recreationally relevant MDMA dose caused high hyperthermia
(N =6). **p<0.01 and ***p<0.001 vs. the respective time point of
SAL control. Pretreatment with M100907 significantly attenuated
the MDMA-induced high hyperthermia. *p<0.05 and **p<0.01 vs.
the respective time point of MDMA group examined with repeated
measures ANOVA followed by post-hoc Scheffe test. Note that basal
T, ('C) was 39.0 + 0.3 in SAL group (N =6), 38.7 0.3 in MDMA group
(N =6) and 38.9 + 0.4 in M100907+MDMA group (N =5).

B: Comparison of euthyroid and hyperthyroid rats in response to the

recreationally relevant MDMA dose. Data are expressed as maximum
changesin T (+ S.E.M), replotting the response in Figure 1A and 2A.

cor

cor
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normothermia associated with a moderate syndrome as well
as high hyperthermia linked with a severe and life-threatening
syndrome [22]. In humans, relatively low doses of MDMA
are sufficient to increase T, to a low hyperthermia [23], and
therefore the mechanisms of thermoregulation may not be
the same across species. In addition to T , changes in 5-HT
efflux could also be used to estimate the occurrence of MDMA
toxicity [24,25]. Although it is an essential neurotransmitter in
the brain, too much 5-HT is toxic, causing serotonin syndrome
as the extracellular level exceeds multifold above baseline
[19,26]. In the present study, we found that there were over a
20-fold increase in 5-HT efflux of euthyroid rats following the
recreationally relevant dose. These data are consistent with
previous reports [24,25] demonstrating that the recreationally
relevant MDMA dose was toxic enough to cause “excessive”
5-HT efflux in the brain. Taken together, only a mild syndrome
developed in euthyroid rats following the recreationally relevant
dose.

While in the chamber temperature of 22°C, we found
that increasing MDMA dose up to 15 mg/kg did not cause a
significant change in T, of euthyroid animals. The finding seems
paradoxical, which cannot be interpreted simply as that such a
high dose had ‘no effect’ on T_ . Given that MDMA is known to
cause, not only increasing ‘heat-gain’ showing hyperthermia [27],
but simultaneously initiating ‘heat-loss’ resulting in hypothermia
([28], also in this study). In rodents, the heat-loss and -gain are
ascribed to activation of 5-HT ,Rs and 5-HT,,Rs, respectively
[29-33]. It has been suggested that 5-HT ,R-mediated heat-
loss or hypothermia is neuroprotective [34]. The 5-HT binding
affinity is much higher for 5-HT ,Rs than 5-HT,,Rs [35]. Thus at
the low MDMA dose that causes a small 5-HT elevation, 5-HT, ,Rs
but not 5-HT,,Rs could have reached a full activity. Nevertheless,
changes in T, reflect the net effect of two opposite pathways,
respectively underlying neuroprotection and toxicity [36,37]. As
there is a large 5-HT elevation at the high dose, both 5-HT, ,Rs
and 5-HT,,Rs would be fully activated, resulting in the ‘net-
zero’ effect on T, - Under such circumstances, MDMA induced
normothermia, indicative of a moderate serotonin syndrome [22].
The results are consistent with previous reports demonstrating
that MDMA is not life-threatening when examined at normal and
cool environmental temperatures [18,27,37]. When experiments
were conducted in the warm chamber temperature (e.g.,, 30°C),
the activity balance between two opposite pathways was shifted
towards heat-gain. Neurologically, this effect may be due to
increased responsivity of 5-HT,,Rs which show high sensitivity
to the environmental temperatures [33,38]. This is consistent
with the in vitro study that 5-HT,,R affinity to 5-HT ligand was
temperature-dependently increased [35].

In contrast to euthyroids, hyperthyroid rats had high
hyperthermia in response to the recreational relevant dose.
In addition, other symptoms indicating deterioration of the
syndrome such as head shaking behavior, salivation, and high
locomotion (naked-eye observation) were also apparent, which
is worthy of further characterization. Our results demonstrated
experimentally that the recreationally relevant dose was
potentially life-threatening to hyperthyroid users. Although little
information is available on how many people taking MDMA are
hyperthyroid, this specific subpopulation may be at high risk.

A: Comparison of
two phenotypes

< Normal; SAL B: Hyperthyroidism
« Normal; 2 mg/kg o SAL +2 mg/kg
< Hyper; SAL = M100907 +SAL

« Hyper; 2 mg/kg ~ M100907 +2 mg/kg

5 60,

2 #

£ 40

i 20] i} \
ﬁ 04 H—.—‘/—; S A )

30 0 30 60 90
Time (min)

.30 0 30 60 90
Time (min)

Figure 3 Effects of thyroid status on MDMA-evoked changes in 5-HT
efflux in the hypothalamus under the chamber temperature at 22°C.
Basal 5-HT was 0.29 + 0.04 pg/sample in euthyroid rats (N =11) and
0.45 * 0.09 pg/sample in hyperthyroid rats (N =16).

A: Arrow denotes the time point of SAL or 2 mg/kg, ip, MDMA
injection. The recreationally relevant dose produced a significant
increase in extracellular 5-HT in both hyperthyroid and euthyroid
rats. There was a significant difference between euthyroid and
hyperthyroid rats. #p<0.05 vs. The respective time point of euthyroid
group.

B: Open arrow denotes the time point of SAL or 2 mg/kg, s.c., M100907
injection and solid arrow stands for SAL or 2 mg/kg, i.p., MDMA
injection. Pretreatment with M100907 significantly attenuated the
MDMA-induced increase in hypothalamic 5-HT efflux. *p<0.05 and
*p<0.01 vs. the respective time point of MDMA alone.

In addition to the potentiated effect on T _, basal 5-HT was
higher in hyperthyroid rats than the normal control rats. This
is consistent with a previous study demonstrating that the 5-HT
neurotransmission can be centrally upregulated by hormonal T,
[11]. Furthermore, MDMA elicited more 5-HT in hyperthyroid
rats, seemingly supporting there was more toxicity with this
phenotype. However, accumulative evidence suggests that there
is no direct proportional relationship between the 5-HT level and
syndrome intensity [19,24], suggesting the causing mechanisms
different from the development of a syndrome. While an excess
of 5-HT efflux is known as the initial cause, the syndrome
development to a mild or life-threatening intensity is likely
attributed to postsynaptic circuits and 5-HT receptor components
that can be functionally altered by environmental factors and
hormones. In the brain, the thyroid hormones exert a broad
action in regulating gene expression, resulting in up-regulation
of 5-HT2ARS [12,13]. Under such a circumstance, the 5-HT2AR
response to 5-HT would be greater than 5-HT,,Rs, thereby
aggravating toxicity, which may interpret our findings that the
low dose to the hyperthyroid rats caused high hyperthermia.
Our data showed that pretreatment with M100907 partially but
significantly attenuated the recreationally relevant dose-induced
hyperthermia and 5-HT efflux, supporting the suggestion that
5-HT,,R upregulation is likely one of the mechanisms responsible
for the syndrome intensification in the hyperthyroid rats. The
finding that M100907 could not completely block the effect of
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MDMA in hyperthyroid rats suggests that, in addition to 5-HT,,R
upregulation in the brain, other mechanisms may also contribute
to the syndrome intensification. Muscle contraction is known to
generate heat for hyperthermia in the serotonin syndrome [39].
Thyroid hormones have been shown to facilitate the activity
of uncoupling protein-3(UCP3) in the skeletal mitochondria,
resulting in hyperthermia [40,41]. However, how thyroid
hormones modulate 5-HT,,Rs or UCP3 is still unknown, and thus
further investigation is warranted.

CONCLUSION

In summary, the T and 5-HT response to a recreationally
relevant MDMA dose have been experimentally examined with
hyperthyroid rats compared to the control group with the normal
thyroid function. All results indicate that the recreationally
relevant dose that was not life-threatening to the euthyroids
was sufficient to cause severe intoxication manifested as high
hyperthermia in hyperthyroid rats. This study has important
clinical implications that MDMA users with hyperthyroidism are
at high risk in MDMA abuse [7] and also other 5-HT-promoting
drugs [42]. Thus, we propose that hyperthyroid animals could
be used as a model organism for understanding the neurological
aspects of a molecular process involving life-threatening
serotonin syndrome.

ACKNOWLEDGEMENTS
We would like to thank the National Institute
on Drug Abuse (Rockville, MD) for  providing

(£)3,4-methylenedioxymethamphetamine (+ MDMA) for this
work. Authors wish to acknowledge Mary Rudacille for her
skillful technical assistance.

FUNDING

This study was supported by the NIH grant (R15DA029863),
the Ross University School of Veterinary Medicine research grant,
and the Florida Atlantic University undergraduate research
program. The funders did not play any role in the experimental
design, data collection or interpretation.

ETHICS APPROVAL

Animal handling and tests were approved with a number of
A1005 by the Florida Atlantic University and Ross University
School of Veterinary Medicine Institutional Animal Care and Use
Committee (IACUC).

REFERENCES

1. Thakkar A, Parekh K, El Hachem K, Mohanraj EM. A Case of MDMA-
Associated Cerebral and Pulmonary Edema Requiring ECMO. Case
Rep Crit Care. 2017; 2017: 1-4.

2. Obiechina NE, Jayakumar A, Khan Y, Bass J. Bilateral pneumothorax,
surgical emphysema and pneumomediastinum in a young male
patient following MDMA intake. BM] Case Rep. 2018; 2018.

3. Bahora M, Sterk CE, Elifson KW. Understanding recreational ecstasy
use in the United States: a qualitative inquiry. Int ] Drug Policy. 2009;
20: 62-69.

4. Morgan CJ, Noronha LA, Muetzelfeldt M, Fielding A, Curran HV. Harms
and benefits associated with psychoactive drugs: findings of an
international survey of active drug users. ] Psychopharmacol. 2013;

27:497-506.

5. Ben-Abraham R, Szold O, Rudick V, Weinbroum AA. ‘Ecstasy’
intoxication: life-threatening manifestations and resuscitative
measures in the intensive care setting. Eur ] Emerg Med. 2003; 10:
309-313.

6. Patel MM, Belson MG, Longwater AB, Olson KR, Miller MA.
Methylenedioxymethamphetamine (ecstasy)-related hyperthermia. ]
Emerg Med. 2005; 29: 451-454.

7. Martin TL, Chiasson DA, Kish S]. Does hyperthyroidism increase risk
of death due to the ingestion of ecstasy? ] Forensic Sci. 2007; 52: 951-
953.

8. Laurberg P, Berman DC, Biillow Pedersen I, Andersen S, Carlé A.
Incidence and clinical presentation of moderate to severe graves’
orbitopathy in a Danish population before and after iodine fortification
of salt. ] Clin Endocrinol Metab. 2012; 97: 2325-2332.

9. Hu LY, Shen CC, Hu YW, Chen MH, Tsai CF, Chiang HL, et al
Hyperthyroidism and risk for bipolar disorders: a nationwide
population-based study. PLoS One. 2013; 8: e73057.

10.Wu EL, Chien IC, Lin CH, Chou Y], Chou P. Increased risk of
hypothyroidism and hyperthyroidism in patients with major
depressive disorder: a population-based study. ] Psychosom Res.
2013; 74: 233-237.

11.Hassan WA, Rahman TA, Aly MS, Shahat AS. Alterations in monoamines
level in discrete brain regions and other peripheral tissues in young
and adult male rats during experimental hyperthyroidism. Int ] Dev
Neurosci. 2013; 31: 311-318.

12.Kulikov AV, Zubkov EA. Chronic thyroxine treatment activates the
5-HT2A serotonin receptor in the mouse brain. Neurosci Lett. 2007;
416:307-309.

13.Zubkov EA, Kulikov AV, Naumenko VS, Popova NK. Chronic actions of
thyroxine on behavior and serotonin receptors in mouse strains with
contrasting predispositions to catalepsy. Neurosci Behav Physiol.
2009; 39: 909-914.

14.Liechti ME, Saur MR, Gamma A, Hell D, Vollenweider FX. Psychological
and physiological effects of MDMA (“Ecstasy”) after pretreatment
with the 5-HT(2) antagonist Kketanserin in healthy humans.
Neuropsychopharmacology. 2000; 23: 396-404.

15.Morefield KM, Keane M, Felgate P, White ]M, Irvine R].
Pill content, dose and resulting plasma concentrations of
3,4-methylendioxymethamphetamine (MDMA) in recreational
‘ecstasy’ users. Addiction. 2011; 106: 1293-1300.

16.Atherton HJ, Dodd MS, Heather LC, Schroeder MA, Griffin JL, Radda GK,
et al. Role of pyruvate dehydrogenase inhibition in the development
of hypertrophy in the hyperthyroid rat heart: a combined magnetic
resonance imaging and hyperpolarized magnetic resonance
spectroscopy study. Circulation. 2011; 123: 2552-2561.

17.Tavares FM, da Silva IB, Gomes DA, Barreto-Chaves ML. Angiotensin II
type 2 receptor (AT2R) is associated with increased tolerance of the
hyperthyroid heart to ischemia-reperfusion. Cardiovasc Drugs Ther.
2013; 27: 393-402.

18.Malberg JE, Seiden LS. Small changes in ambient temperature cause
large changes in 3,4-methylenedioxymethamphetamine (MDMA)-
induced serotonin neurotoxicity and core body temperature in the rat.
] Neurosci. 1998; 18: 5086-5094.

19.Ma Z, Rudacille M, Prentice HM, Tao R. Characterization of
electroencephalographic and biochemical responses at 5-HT
promoting drug-induced onset of serotonin syndrome in rats. ]
Neurochem. 2013; 125: 774-789.

Ann Forensic Res Anal 5(1): 1052 (2018)

5/6


https://www.hindawi.com/journals/cricc/2017/6417012/
https://www.hindawi.com/journals/cricc/2017/6417012/
https://www.hindawi.com/journals/cricc/2017/6417012/
https://www.ncbi.nlm.nih.gov/pubmed/29627778
https://www.ncbi.nlm.nih.gov/pubmed/29627778
https://www.ncbi.nlm.nih.gov/pubmed/29627778
https://www.ncbi.nlm.nih.gov/pubmed/18068967
https://www.ncbi.nlm.nih.gov/pubmed/18068967
https://www.ncbi.nlm.nih.gov/pubmed/18068967
https://www.ncbi.nlm.nih.gov/pubmed/23438502
https://www.ncbi.nlm.nih.gov/pubmed/23438502
https://www.ncbi.nlm.nih.gov/pubmed/23438502
https://www.ncbi.nlm.nih.gov/pubmed/23438502
https://www.ncbi.nlm.nih.gov/pubmed/14676510
https://www.ncbi.nlm.nih.gov/pubmed/14676510
https://www.ncbi.nlm.nih.gov/pubmed/14676510
https://www.ncbi.nlm.nih.gov/pubmed/14676510
https://www.ncbi.nlm.nih.gov/pubmed/16243206
https://www.ncbi.nlm.nih.gov/pubmed/16243206
https://www.ncbi.nlm.nih.gov/pubmed/16243206
https://www.ncbi.nlm.nih.gov/pubmed/17524054
https://www.ncbi.nlm.nih.gov/pubmed/17524054
https://www.ncbi.nlm.nih.gov/pubmed/17524054
https://www.ncbi.nlm.nih.gov/pubmed/22518849
https://www.ncbi.nlm.nih.gov/pubmed/22518849
https://www.ncbi.nlm.nih.gov/pubmed/22518849
https://www.ncbi.nlm.nih.gov/pubmed/22518849
https://www.ncbi.nlm.nih.gov/pubmed/24023669
https://www.ncbi.nlm.nih.gov/pubmed/24023669
https://www.ncbi.nlm.nih.gov/pubmed/24023669
https://www.ncbi.nlm.nih.gov/pubmed/23438714
https://www.ncbi.nlm.nih.gov/pubmed/23438714
https://www.ncbi.nlm.nih.gov/pubmed/23438714
https://www.ncbi.nlm.nih.gov/pubmed/23438714
https://www.ncbi.nlm.nih.gov/pubmed/23501473
https://www.ncbi.nlm.nih.gov/pubmed/23501473
https://www.ncbi.nlm.nih.gov/pubmed/23501473
https://www.ncbi.nlm.nih.gov/pubmed/23501473
https://www.ncbi.nlm.nih.gov/pubmed/17316999
https://www.ncbi.nlm.nih.gov/pubmed/17316999
https://www.ncbi.nlm.nih.gov/pubmed/17316999
https://www.ncbi.nlm.nih.gov/pubmed/19826957
https://www.ncbi.nlm.nih.gov/pubmed/19826957
https://www.ncbi.nlm.nih.gov/pubmed/19826957
https://www.ncbi.nlm.nih.gov/pubmed/19826957
https://www.ncbi.nlm.nih.gov/pubmed/10989266
https://www.ncbi.nlm.nih.gov/pubmed/10989266
https://www.ncbi.nlm.nih.gov/pubmed/10989266
https://www.ncbi.nlm.nih.gov/pubmed/10989266
https://www.ncbi.nlm.nih.gov/pubmed/21320226
https://www.ncbi.nlm.nih.gov/pubmed/21320226
https://www.ncbi.nlm.nih.gov/pubmed/21320226
https://www.ncbi.nlm.nih.gov/pubmed/21320226
https://www.ncbi.nlm.nih.gov/pubmed/21606392
https://www.ncbi.nlm.nih.gov/pubmed/21606392
https://www.ncbi.nlm.nih.gov/pubmed/21606392
https://www.ncbi.nlm.nih.gov/pubmed/21606392
https://www.ncbi.nlm.nih.gov/pubmed/21606392
https://www.ncbi.nlm.nih.gov/pubmed/23807455
https://www.ncbi.nlm.nih.gov/pubmed/23807455
https://www.ncbi.nlm.nih.gov/pubmed/23807455
https://www.ncbi.nlm.nih.gov/pubmed/23807455
https://www.ncbi.nlm.nih.gov/pubmed/9634574
https://www.ncbi.nlm.nih.gov/pubmed/9634574
https://www.ncbi.nlm.nih.gov/pubmed/9634574
https://www.ncbi.nlm.nih.gov/pubmed/9634574
https://www.ncbi.nlm.nih.gov/pubmed/23286698
https://www.ncbi.nlm.nih.gov/pubmed/23286698
https://www.ncbi.nlm.nih.gov/pubmed/23286698
https://www.ncbi.nlm.nih.gov/pubmed/23286698

Tao et al. (2018)
Email: rtao@health.fau.edu

@Scﬂ\/ledCentra‘i

20.Tao R, Shokry IM, Callanan JJ, Adams HD, Ma Z. Mechanisms
and environmental factors that underlying the intensification of
3,4-methylenedioxymethamphetamine (MDMA, Ecstasy)-induced
serotonin syndrome in rats. Psychopharmacology (Berl). 2015; 232:
1245-1260.

21.Paxinos G, Watson C. The rat brain in stereotaxic coordinates. San
Diego: Academic Press. 1998.

22.Ma Z, Zhang G, Jenney C, Krishnamoorthy S, Tao R. Characterization
of serotonin-toxicity syndrome (toxidrome) elicited by 5-hydroxy-1-
tryptophan in clorgyline-pretreated rats. Eur ] Pharmacol. 2008; 588:
198-206.

23.Liechti ME. Effects of MDMA on body temperature in humans.
Temperature (Austin). 2014; 1: 192-200.

24.Baumann MH, Clark RD, Franken FH, Rutter JJ, Rothman RB. Tolerance
to 3,4-methylenedioxymethamphetamine in rats exposed to single
high-dose binges. Neuroscience. 2008; 152: 773-784.

25.Rodsiri R, Spicer C, Green AR, Marsden CA, Fone KC. Acute concomitant
effects of MDMA binge dosing on extracellular 5-HT, locomotion
and body temperature and the long-term effect on novel object
discrimination in rats. Psychopharmacology (Berl). 2011; 213: 365-
376.

26.Zhang G, Krishnamoorthy S, Ma Z, Vukovich NP, Huang X, Tao R.
Assessment of 5-hydroxytryptamine efflux in rat brain during a mild,
moderate and severe serotonin-toxicity syndrome. Eur ] Pharmacol.
2009; 615: 66-75.

27.Rusyniak DE, Ootsuka Y, Blessing WW. When administered to rats in
a cold environment, 3,4-methylenedioxymethamphetamine reduces
brown adipose tissue thermogenesis and increases tail blood flow:
effects of pretreatment with 5-HT1A and dopamine D2 antagonists.
Neuroscience. 2008; 154: 1619-1626.

28.Shortall SE, Green AR, Swift KM, Fone KC, King MV. Differential effects
of cathinone compounds and MDMA on body temperature in the
rat, and pharmacological characterization of mephedrone-induced
hypothermia. Br ] Pharmacol. 2013; 168: 966-977.

29.Mazzola-Pomietto P, Aulakh CS, Tolliver T, Murphy DL. Functional
subsensitivity of 5-HT2A and 5-HT2C receptors mediating
hyperthermia following acute and chronic treatment with 5-HT2A/2C
receptor antagonists. Psychopharmacology (Berl). 1997; 130: 144-
151.

30.Lin MT, Tsay HJ, Su WH, Chueh FY. Changes in extracellular serotonin
in rat hypothalamus affect thermoregulatory function. Am J Physiol.
1998; 274: R1260-R1267.

31.Salmi P, Ahlenius S. Evidence for functional interactions between

5-HT1A and 5-HT2A receptors in rat thermoregulatory mechanisms.
Pharmacol Toxicol. 1998; 82: 122-127.

32.0erther S, Ahlenius S. Involvement of 5-HT1A and 5-HT1B receptors
for citalopram-induced hypothermia in the rat. Psychopharmacology
(Berl). 2001; 154: 429-434.

33.Zhang G, Tao R. Enhanced responsivity of 5-HT,, receptors at warm
ambient temperatures is responsible for the augmentation of the
1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI)-induced
hyperthermia. Neurosci Lett. 2011; 490: 68-71.

34.Farfel GM, Seiden LS. Role of hypothermia in the mechanism of
protection against serotonergic toxicity. 1. Experiments using
3,4-methylenedioxymethamphetamine, dizocilpine, CGS 19755 and
NBQX. ] Pharmacol Exp Ther. 1995; 272: 860-867.

35.Dalpiaz A, Gessi S, Borea PA, Gilli G. Binding thermodynamics of
serotonin to rat-brain 5-HT,,, 5-HT,, and 5-HT, receptors. Life Sci.
1995; 57: PL141-PL146.

1A’

36.Bhide NS, Lipton JW, Cunningham ]I, Yamamoto BK, Gudelsky GA.
Repeated exposure to MDMA provides neuroprotection against
subsequent MDMA-induced serotonin depletion in brain. Brain Res.
2009; 1286: 32-41.

37.Mueller M, Maldonado-Adrian C, Yuan ], McCann UD, Ricaurte GA.
Studies of (#)3,4-Methylenedioxymethamphetamine (MDMA)
Metabolism and Disposition in Rats and Mice: Relationship to
Neuroprotection and Neurotoxicity Profile. ] Pharmacol Exp Ther.
2013; 344: 479-488.

38.Krishnamoorthy S, Ma Z, Zhang G, Wei ], Auerbach SB, Tao R.
Involvement of 5-HT2A receptors in the serotonin (5-HT) syndrome
caused by excessive 5-HT efflux in rat brain. Basic Clin Pharmacol
Toxicol. 2010; 107: 830-841.

39.Zaitsu K, Noda S, Iguchi A, Hayashi Y, Ohara T, Kimura Y, et al.
Metabolome analysis of the serotonin syndrome rat model: Abnormal
muscular contraction is related to metabolic alterations and hyper-
thermogenesis. Life Sci. 2018; 207: 550-561.

40.Mills EM, Rusyniak DE, Sprague JE. The role of the sympathetic
nervous system and uncoupling proteins in the thermogenesis
induced by 3,4-methylenedioxymethamphetamine. ] Mol Med (Berl).
2004; 82: 787-799.

41.Sprague JE, Mallett NM, Rusyniak DE, Mills E. UCP3 and thyroid
hormone involvement in methamphetamine-induced hyperthermia.
Biochem Pharmacol. 2004; 68: 1339-1343.

42.Leung YY, Tang KS, Tsang CC, Chan CK, Wong KK, Yu AW. Pulmonary
hypertension, hyperthyroidism, and fenfluramine: a case report and
review. MedGenMed. 2006; 8: 29.

Cite this article

Shokry IM, DeSuza K, Callanan JJ, Shim G, Ma Z, Tao R (2018) Individuals with Hyperthyroidism are More Susceptible to having a Serious Serotonin Syndrome
Following MDMA (Ecstasy) Administration in Rats. Ann Forensic Res Anal 5(1): 1052.

Ann Forensic Res Anal 5(1): 1052 (2018)

6/6


https://www.ncbi.nlm.nih.gov/pubmed/25300903
https://www.ncbi.nlm.nih.gov/pubmed/25300903
https://www.ncbi.nlm.nih.gov/pubmed/25300903
https://www.ncbi.nlm.nih.gov/pubmed/25300903
https://www.ncbi.nlm.nih.gov/pubmed/25300903
https://www.scirp.org/(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1672059
https://www.scirp.org/(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1672059
https://www.ncbi.nlm.nih.gov/pubmed/18499101
https://www.ncbi.nlm.nih.gov/pubmed/18499101
https://www.ncbi.nlm.nih.gov/pubmed/18499101
https://www.ncbi.nlm.nih.gov/pubmed/18499101
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5008716/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5008716/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2390896/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2390896/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2390896/
https://www.ncbi.nlm.nih.gov/pubmed/20645080
https://www.ncbi.nlm.nih.gov/pubmed/20645080
https://www.ncbi.nlm.nih.gov/pubmed/20645080
https://www.ncbi.nlm.nih.gov/pubmed/20645080
https://www.ncbi.nlm.nih.gov/pubmed/20645080
https://www.ncbi.nlm.nih.gov/pubmed/19464285
https://www.ncbi.nlm.nih.gov/pubmed/19464285
https://www.ncbi.nlm.nih.gov/pubmed/19464285
https://www.ncbi.nlm.nih.gov/pubmed/19464285
https://www.ncbi.nlm.nih.gov/pubmed/18534763
https://www.ncbi.nlm.nih.gov/pubmed/18534763
https://www.ncbi.nlm.nih.gov/pubmed/18534763
https://www.ncbi.nlm.nih.gov/pubmed/18534763
https://www.ncbi.nlm.nih.gov/pubmed/18534763
https://www.ncbi.nlm.nih.gov/pubmed/23043631
https://www.ncbi.nlm.nih.gov/pubmed/23043631
https://www.ncbi.nlm.nih.gov/pubmed/23043631
https://www.ncbi.nlm.nih.gov/pubmed/23043631
https://www.ncbi.nlm.nih.gov/pubmed/9106912
https://www.ncbi.nlm.nih.gov/pubmed/9106912
https://www.ncbi.nlm.nih.gov/pubmed/9106912
https://www.ncbi.nlm.nih.gov/pubmed/9106912
https://www.ncbi.nlm.nih.gov/pubmed/9106912
https://www.ncbi.nlm.nih.gov/pubmed/9644038
https://www.ncbi.nlm.nih.gov/pubmed/9644038
https://www.ncbi.nlm.nih.gov/pubmed/9644038
https://www.ncbi.nlm.nih.gov/pubmed/9553989
https://www.ncbi.nlm.nih.gov/pubmed/9553989
https://www.ncbi.nlm.nih.gov/pubmed/9553989
https://www.ncbi.nlm.nih.gov/pubmed/11349398
https://www.ncbi.nlm.nih.gov/pubmed/11349398
https://www.ncbi.nlm.nih.gov/pubmed/11349398
https://www.ncbi.nlm.nih.gov/pubmed/21172407
https://www.ncbi.nlm.nih.gov/pubmed/21172407
https://www.ncbi.nlm.nih.gov/pubmed/21172407
https://www.ncbi.nlm.nih.gov/pubmed/21172407
https://www.ncbi.nlm.nih.gov/pubmed/7531765
https://www.ncbi.nlm.nih.gov/pubmed/7531765
https://www.ncbi.nlm.nih.gov/pubmed/7531765
https://www.ncbi.nlm.nih.gov/pubmed/7531765
https://www.ncbi.nlm.nih.gov/pubmed/7674802
https://www.ncbi.nlm.nih.gov/pubmed/7674802
https://www.ncbi.nlm.nih.gov/pubmed/7674802
https://www.ncbi.nlm.nih.gov/pubmed/19555677
https://www.ncbi.nlm.nih.gov/pubmed/19555677
https://www.ncbi.nlm.nih.gov/pubmed/19555677
https://www.ncbi.nlm.nih.gov/pubmed/19555677
https://www.ncbi.nlm.nih.gov/pubmed/23209329
https://www.ncbi.nlm.nih.gov/pubmed/23209329
https://www.ncbi.nlm.nih.gov/pubmed/23209329
https://www.ncbi.nlm.nih.gov/pubmed/23209329
https://www.ncbi.nlm.nih.gov/pubmed/23209329
https://www.ncbi.nlm.nih.gov/pubmed/20456331
https://www.ncbi.nlm.nih.gov/pubmed/20456331
https://www.ncbi.nlm.nih.gov/pubmed/20456331
https://www.ncbi.nlm.nih.gov/pubmed/20456331
https://www.sciencedirect.com/science/article/abs/pii/S0024320518303722
https://www.sciencedirect.com/science/article/abs/pii/S0024320518303722
https://www.sciencedirect.com/science/article/abs/pii/S0024320518303722
https://www.sciencedirect.com/science/article/abs/pii/S0024320518303722
https://www.ncbi.nlm.nih.gov/pubmed/15602689
https://www.ncbi.nlm.nih.gov/pubmed/15602689
https://www.ncbi.nlm.nih.gov/pubmed/15602689
https://www.ncbi.nlm.nih.gov/pubmed/15602689
https://www.ncbi.nlm.nih.gov/pubmed/15345323
https://www.ncbi.nlm.nih.gov/pubmed/15345323
https://www.ncbi.nlm.nih.gov/pubmed/15345323
https://www.ncbi.nlm.nih.gov/pubmed/17415311
https://www.ncbi.nlm.nih.gov/pubmed/17415311
https://www.ncbi.nlm.nih.gov/pubmed/17415311

	Individuals with Hyperthyroidism are More Susceptible to having a Serious Serotonin Syndrome Followi
	Abstract
	Abbreviations
	Introduction
	Materials and Methods
	Results and Discussion 
	Conclusion
	Acknowledgements
	Funding
	Ethics Approval 
	References
	Figure 1
	Figure 2
	Figure 3

