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1 Studies were designed to examine the effects of a1 (a1AR)- plus b3-adrenoreceptor (b3AR)
antagonists on 3,4-methylenedioxymethamphetamine (MDMA, Ecstasy)-induced hyperthermia and
measures of rhabdomyolysis (creatine kinase (CK)) and renal function (blood urea nitrogen (BUN)
and serum creatinine (sCr)) in male Sprague–Dawley rats.

2 MDMA (40mgkg�1, s.c.) induced a rapid and robust increase in rectal temperature, which was
significantly attenuated by pretreatment with the a1AR antagonist prazosin (100mg kg�1, i.p.) plus the
b3AR antagonist SR59230A (5mgkg�1, i.p.).

3 CK levels significantly increased (peaking at 4 h) after MDMA treatment and were blocked by the
combination of prazosin plus SR59230A.

4 At 4 h after MDMA treatment, BUN and sCr levels were also significantly increased and could be
prevented by this combination of a1AR- plus b3AR-antagonists.

5 The results from this study suggest that a1AR and b3AR play a critical role in the etiology of
MDMA-mediated hyperthermia and subsequent rhabdomyolysis.
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Introduction

One of the most life-threatening consequences of the abuse of

phenethylamines such as, 3,4-methylenedioxymethamphetamine

(MDMA, Ecstasy) is hyperthermia (Logan et al., 1993), with

maximum body temperature correlating with mortality (Gow-

ing et al., 2002). MDMA-induced hyperthermia is commonly

associated with skeletal muscle breakdown, rhabdomyolysis

(Coore, 1996; Mallick & Bodenham, 1997; Walubo & Seger,

1999) and renal failure. A quantitative marker of rhabdomyo-

lysis is serum creatine kinase (CK), an enzyme released from

injured myocytes (Slater & Mullins, 1998). Renal failure often

follows rhabdomyolysis, which accounts for 5–7% of all cases

of acute renal failure in the United States (Slater & Mullins,

1998). Along with rhabdomyolysis, hyperthermia induced by

MDMA has also been ostensibly linked to serotonergic

neurotoxocity (Malberg et al., 1996), disseminated intravascular

coagulation (Henry et al., 1992) and death (Dar & McBrien,

1996). Current treatment strategies for MDMA-induced hy-

perthermia are plagued by a lack of a thorough understanding

of its thermogenic and myonecrotic mechanisms.

Mechanisms of MDMA-induced hyperthermia are complex

and appear to involve a combination of (1) vasoconstriction

(Pedersen & Blessing, 2001) and thermogenesis mediated

through the activation of a1-adrenoreceptor (a1AR) (McDaid

& Docherty, 2001; Sprague et al., 2003) and resultant blood

pooling, (2) b3-adrenoreceptor (b3AR) activation resulting in

skeletal muscle thermogenesis (Sprague et al., 2003) and (3)

activation of the skeletal muscle thermogenic protein, uncou-

pling protein-3 (UCP3, Mills et al., 2003). We previously

observed that the a1AR antagonist prazosin, when combined

with the b3AR antagonist cyanopindolol, prevents hyperther-

mia induced by MDMA in rodents (Sprague et al., 2003).

Unfortunately, a clear role for b3AR in this previous study was

not established because cyanopindolol also antagonizes brain

5HT-1A/1B receptors and thus may block hyperthermia

centrally (Hoyer et al., 1994).

Consistent with their well-described effects on oxygen

consumption, respiratory exchange ratios and thermogenesis

in animals, b3AR may regulate the levels and activity of

mitochodrial UCP (Gong et al., 1997; Nakamura et al., 2001).

Although its precise roles in physiological thermoregulation

is controversial, UCP3 appears to play a critical role in the

thermogenesis and death induced by MDMA (Mills et al.,

2003). In particular, knockout mice deficient in UCP3 are

protected against the hyperthermic and lethal effects of

MDMA (Mills et al., 2003). UCP3 is highly expressed in

skeletal muscle and has recently been associated with ex vivo
*Author for correspondence; E-mail: j-sprague@onu.edu
Advance online publication: 24 May 2004

British Journal of Pharmacology (2004) 142, 667–670 & 2004 Nature Publishing Group All rights reserved 0007–1188/04 $30.00

www.nature.com/bjp



skeletal muscle thermogenesis in transgenic mice overexpres-

sing UCP3 (Curtin et al., 2002). Uncoupling proteins have also

been associated with cell lysis or oncosis (Mills et al., 2002).

In the present study, we sought to better understand the

involvement of the sympathetic nervous system and the

adrenergic receptor subtypes in MDMA-induced hyperthermia

and rhabdomyolysis using specific inhibitors of adrenergic

receptors with the aim of providing an experimental basis

for a therapeutic intervention in psychostimulant-mediated

hyperthermia and death. Here, we extend our previous

results (Sprague et al., 2003) to show that pretreatment

with a combination of an a1AR antagonist (prazosin) and a

newly developed, peripherally selective b3AR-antagonist

(SR59230A), markedly attenuates MDMA-induced hyperther-

mia. We also for the first time quantify MDMA-induced

rhabdomyolysis and muscle breakdown in an animal model

and further show that a1AR and b3AR antagonism also

significantly protects against the development of muscle

breakdown and rhabdomyolysis.

Methods

All of the studies were carried out in accordance with protocols

approved by the Ohio Northern University Animal Care and

Use Committee.

Animals

Adult, male, jugular vein cannulated (JVC), Sprague–Dawley

rats (Harlan Sprague–Dawley, Indianapolis) weighing 180–

220 g were used in these experiments. All animals were

individually housed and given access ad libitum to food and

water. Housing conditions were maintained at a temperature

of 22–241C and a 12 : 12 light–dark cycle. JVC rats received

complete cannula heparin (20Uml�1) maintenance upon

arrival.

Drugs and chemicals

SR59230A, prazosin and all other reagents were purchased

from Sigma Chemical Company (St Louis, MO, U.S.A.) or

VWR Scientific Products (Columbus, OH, U.S.A.). MDMA

was a generous gift from Dr David E. Nichols (Purdue

University, West Lafayette, IN, U.S.A.).

Core temperature

Core (rectal) temperatures were taken in all animals before

administering MDMA or saline and 1, 2 and 3 h after

treatment. Rectal temperatures were measured using a

Thermalet TH-8 (Physitemp Instruments, Clifton, NJ,

U.S.A.) temperature monitor with a (RET-2) rectal probe

attached to the thermocouple and white petrolatum was

applied to the probe before insertion. During the experiment,

the rats were housed three per cage (size:

21.0� 41.9� 20.3 cm3) in cages fit with wire-top lids. The

average room temperature during the experiments was

24.270.21C.

Blood samples for CK, BUN and sCr assessment

JVC rats were administered MDMA (40mgkg�1, s.c.; n¼ 5),

MDMAþ prazosin (100mg kg�1, i.p.) and SR59230A

(5mg kg�1, i.p.; n¼ 5), or prazosin and SR59230A alone

(n¼ 2). The doses utilized in the present study were in

accordance with those studied previously (Lenard et al.,

2003; Sprague et al., 2003) and represent a severe human

poisoning model because the degree change in temperature

elevation correlates with human mortality rates of B45%

(Gowing et al., 2002). Animals in the treatment group were

given prazosin/SR59230 combination 30min prior to MDMA

administration. Animals given MDMA alone were injected

with MDMA and simultaneously DMSO. At baseline, 4, 12

and 24 h post-MDMA administration for each group, 500 ml of
blood was collected through the JVC cannula and replaced

with an equal volume of saline. Collected blood was allowed

to clot for 30min at room temperature and centrifuged at

14,000� g at 41C. After serum was collected, the samples were

immediately frozen at �801C. CK levels were determined by

using the Vitros analyzer (Johnson and Johnson), using Vitros

CK slides. An 11 ml drop of sample was placed on the slide and

distributed by the spreading layer to underlying layers.

Reflection densities were monitored, with a 670 nm wave-

length, during incubation (5min at 371C). The rate of change

in reflection density was then converted to enzyme activity.

The upper and lower detectable limits were 2000 and 20 IU l�1,

respectively. Measurements of indicators of kidney function

including sCr and BUN were obtained similarly using the

Vitros analyzer by measuring the reaction product reflection

densities spectrophotometrically at 670 nm. The dynamic

range for serum BUN (mgdl�1) measurement is 2.0–120.0

and for sCr (mg dl�1) is 0.05–14.0.

Analysis

Rectal temperatures were compared within each treatment

group with an ANOVA and a Dunnett’s post hoc test to

determine the significant differences from baseline levels.

Between treatment groups, rectal temperatures and CK,

BUN, sCr were compared with an ANOVA with a Student–

Newman–Kuels post hoc test. A Student’s t-test was used to

compare changes between two groups. Statistical significance

was set a priori at Pp0.05.

Results

a1- and b3-adrenergic regulation of MDMA-induced
hyperthermia and rhabdomyolysis

To determine the role of a1AR and b3AR in mediating the

hyperthermia and rhabdomyolysis associated with MDMA,

we treated rats with prazosin (100mg kg�1, i.p.), a1AR

antagonist, and SR59230A (5mgkg�1, i.p.), b3AR antagonist,

30min before MDMA (40mgkg�1, s.c.). MDMA-treated

animals had significantly higher core temperatures at 1 and

2 h post-MDMA administration compared to baseline. The

combination of prazosin plus SR59230A significantly attenu-

ated the peak rise in core temperature seen 1 h after treatment

with MDMA (Figure 1a).

668 J.E. Sprague et al MDMA-induced rhabdomyolysis

British Journal of Pharmacology vol 142 (4)



We assessed renal function by measuring blood urea

nitrogen (BUN) and serum creatinine (sCr) levels. MDMA

induced a greater than 10-fold increase in CK levels 4 h after

treatment. The CK levels demonstrated a monophasic decline

over the 24 h monitoring period. Prazosin plus SR59230A

significantly blocked the rise in CK levels (Figure 1b).

Accompanying this rise in CK, BUN and sCr also significantly

rose following MDMA treatment. As was seen with tempera-

ture and CK levels, combining prazosin with SR59230A

blocked the rise in these measures of renal function (Figures 1c

and d, respectively).

Discussion

Hyperthermia, a complication of MDMA use, is many times

accompanied by rhabdomyolysis, which may ultimately lead to

death (Dar & McBrien, 1996; Mallick & Bodenham, 1997).

This study demonstrates that by using a combination of

prazosin, an a1AR-antagonist, and SR59230A, a selective

b3AR-antagonist, MDMA-induced hyperthermia was signifi-

cantly attenuated (Figure 1a). MDMA-induced hyperthermia

can lead to skeletal muscle breakdown in humans (Fahal et al.,

1992; Screaton et al., 1992; Murthy et al., 1997), which

increases serum myoglobin and creatinine kinase levels. In

turn, myoglobinuria can lead to rhabdomyolysis and acute

renal failure (Slater & Mullins, 1998). In the present study,

MDMA induced a robust increase in core temperatures and

serum CK levels, both of which were markedly attenuated by

blocking a1AR and b3AR with prazosin plus SR59230A prior

to MDMA treatment. Furthermore, prazosin plus SR59230A

blunted MDMA-induced derangements in the serum levels of

BUN and blocked the changes seen in sCr. Curiously, BUN

rose over the 12–24 h time frame in the prazosin plus

SR59230A plus MDMA treatment group. This phenomenon

may be the result of repeated blood draws and not renal

damage because sCr did not change over that same time frame.

Recent evidence suggests that a1AR activation potentiates

the thermogenic effects of b3AR receptor agonists in brown

adipose (Zhao et al., 1997), suggesting that a1AR and b3AR

antagonism may attenuate MDMA-induced activation of

candidate thermogenic molecules such as UCP3. Although

expressed in relatively low concentrations, skeletal muscle

contains both a1AR (Martin et al., 1990) and b3AR (Sillence

et al., 1993; Ye et al., 1995; Chamberlain et al., 1999). As

UCP3 plays a major role in MDMA-induced hyperthermia

(Mills et al., 2003), we suggest that part of the protective effects

seen in the present study may be the result of a1AR- and b3AR-

dependent regulation of UCP3 activity in skeletal muscle.

The results of the present study suggest that the antagonism

of a1AR and b3AR not only reduce the hyperthermic effects of

MDMA but also attenuate the pathological sequela of muscle

breakdown. As such, the hyperthermia induced by MDMA

and other sympathomimetic agents such as ephedrine,

methamphetamine and cocaine may be responsive to pharma-

cological agents that antagonize the a1AR and b3AR.

We are grateful for the generous gift of MDMA from Dr David E.
Nichols. We also thank the laboratory of Animal Medicine and
Surgery for their editorial comments and assistance in serum chemistry
measurements.

-1 0 1 2 3 4
36

37

38

39

40

41

42

*

*+

Time (hours)

C
or

e 
Te

m
pe

ra
tu

re
 (

°C
)

-1 1 3 5 7 9 11 1315 17 19 21 23 25
0

400

800

1200

1600

2000

2400

*
*

#
#

Time (hours)

C
K

 L
ev

el
s(

IU
 L

-1
)

-1 1 3 5 7 9 11 13 15 17 19 21 23 25
0

10

20

30

40
*

*

*
* #

Time (hours)

B
U

N
 (

m
g

 d
L

-1
)

-1 1 3 5 7 9 11 13 15 17 19 21 23 25
0.0

0.5

1.0

1.5

*

#*

Time (hours)
sC

r 
(m

g 
dL

-1
)

MDMA Prazosin/SR/MDMA Prazosin/SR

a b

c d

Figure 1 a1- and b3-adrenergic regulation of MDMA-induced hyperthermia and rhabdomyolysis. (a) Core body temperature in
rats treated with MDMA (40mgkg�1, s.c.) or MDMA and a combination of prazosin (100 mg kg�1, i.p.) and SR59230A (5mgkg�1,
i.p.) 30min before MDMA. Each value is the mean7s.e.m. (n¼ 5). *Significantly different from baseline (Po0.001). þSignificantly
different from all other treatment groups (Po0.01). The effects of prazosin and SR59230A on MDMA-induced changes in the
markers of rhabdomyolysis were assessed in (b) CK levels, (c) BUN and (d) sCr. Each value is the mean7s.e.m. (n¼ 5).
*Significantly different than baseline (Po0.05). #Significantly different than corresponding 4 or 12 h prazosin/SR59230AþMDMA
(Po0.02). MDMA was administered at time zero.
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