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GORDON, C J ,  W P WATKINSON, J P O'CALLAGHAN AND D B MILLER Effects of 3,4-methylened, oxymethamphet- 
amine on autonomw thermoregulator3' responses of the rat PHARMACOL BIOCHEM BEHAV 38(2) 339-344, 1991 --3,4-Meth- 
ylenedxoxymethamphetamme (MDMA), a substituted amphetamine analogue which stimulates serotonm release in the CNS, has 
been shown to induce near lethal elevations in core temperature in the rat To characterize the effects of MDMA on temperature 
regulation, we measured metabolic rate (MR), evaporative water loss (EWL), motor activity (MA), and colonic temperature (To) in 
male, Long-Evans rats at 60 mzn following 30 mg/kg (SC) MDMA or saline at ambient temperatures (Ta) of 10, 20, and 30°C 
MDMA caused an elevation in MR at Ta's of 20 and 30°C but had no effect at 10°C At a T. of 30°C, MR of the MDMA group 
was double that of the sahne group EWL was elevated by MDMA, an effect which was potentiated with increasing T, MDMA 
also ehclted an increase in MA at all three T, 's MDMA led to a 3 2°C increase in T¢ at 30°C, no change in T~ at 20°C, and a 
2 0°C decrease in Tc at 10°C A second study found that treatment with 20 mg/kg MDMA failed to elicit an increase in blood flow 
to the tall in spite of a hyperthermac core temperature of 41 4°C Prehmlnary studies using radlotelemetry methodology suggested 
that MDMA lethality is preceded by precipitous elevations in heart rate and core temperature The data suggest that, at relatively 
warm T. 's,  MDMA-mduced stimulation of serotonerglc pathways causes an elevation in MR and penpheral vasoconstnctlon, thus 
producing hfe-threatenlng elevations in T c The increase in EWL following MDMA partially attenuates the hyperthermla at warm 
T~'s, but leads to hypotherrma in the rat maintained at a cold T a of 10°C 

Metabolic rate Evaporative water loss Sahvatlon Plloerectlon Hyperthermla Hypothermta 
Motor activity Stimulant Ambient temperature Skin temperature Lethahty Heart rate Telemetry 

THE psychotomimet lc  properties of  the amphetamine analog, 
3 ,4-methylenedioxymethamphetarmne (MDMA,  " e c s t a s y " ) ,  have 
recently been assessed in several laboratories (5,20). M D M A  has 
been found to promote  [3H] serotonin release from rat brain slices 
(12) and elicits what  ts known as a general serotonergic syndrome 
associated with a low body posture, head weaving,  forepaw tread- 
lng, piloerectlon and salivation (20). 

MDMA-t rea ted  rats have been reported to have elevated body 
temperatures (1,15) and this response also appears to be mediated 
via the activation of  serotonergic pathways (15). In preliminary 
studies we noted that MDMA-t rea ted  rats may succumb to hyper- 
thermla, often reaching internal body temperatures in excess  o f  
42°C immediately prior to death (Miller, unpublished observa- 
tions). Considering the major  role of  serotonergic pathways in the 
regulation o f  body temperature in the rat and other  species (10,14),  
it is not surprising that MDMA-t rea ted  animals undergo drastic 

changes  in body temperature.  However ,  there is little data on the 
effects o f  M D M A  on the activity of  such basic thermoregulatory 
parameters as metabolic heat production and heat dissipating mo- 
tor outputs. The purpose o f  this study was to assess the effect  o f  
acute M D M A  treatment on several thermoregulatory parameters 
in the laboratory rat, including body temperature,  metabolism, 
evaporative heat loss, skin temperature,  motor  activity, and heart 
rate 

METHOD 

Animals used m this study were male rats o f  the Long-Evans 
stram obtained f rom Charles River Laboratories (Raleigh, NC). 
The animals were maintained at an ambient  temperature (Ta) o f  
22°C, relative hurmdity o f  50%, with a 12"12 light 'dark cycle. 
The age of  the rats was approximately 12 weeks when studied. 

In the first study the effects o f  acute admimstrat ion of  M D M A  
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on several thermoregulatory parameters in the unrestrained rat 
were determined. An environmental chamber, described in previ- 
ous publications (6,8), was used to measure metabolic rate (MR), 
evaporative water loss (EWL), motor activity, and colonic tem- 
perature (T~) in rats maintained at T~'s of 10, 20, or 30°C. Mo- 
tor activity was measured using a 10 GHz Doppler system which 
essentially responds to any movement by the rat inside the envi- 
ronmental chamber (8). An integrating circuit summated total 
motor activity dunng the 60-min period in the chamber and was 
expressed in dimensions of relative units. 

MDMA (HC1 salt; generously supplied by NIDA) was dis- 
solved in 0 9% sahne and injected subcutaneously at a dose of 30 
mg/kg in a volume of 0.1 ml/100 g body weight. Immediately 
following injection, the rat was placed inside the environmental 
chamber for 60 mln, while MR, EWL, and motor activity were 
continuously monitored. At the end of 60 mln the rat 's T~, a 
measure of internal body temperature, was determined by Insert- 
ing a thermocouple probe 5q5 cm past the anal sphincter After 
removal from the chamber the rats were observed for signs of 
morbidity for a 24-h period. Six rats were treated with either sa- 
line or 30 mg/kg MDMA at each T,. Body mass of the rats in this 
study was 468 +-6 (S E ) g. 

Motor activity at the end of 60 mln in the temperature gradi- 
ent, To, and the MR and EWL data taken dunng the last 10 min 
in the environmental chamber were averaged and analyzed for 
statistical significance using a factorial design (18). Initially, 
ANOVA tests were used to test for s~gmficant dose effects at 
each Ta. This was followed with t-tests to determine the signifi- 
cance between the MDMA and saline treatments for each param- 
eter. 

A second experiment was designed to assess the effect of 
MDMA on tall skin blood flow. This was estimated by measur- 
ing tall skin temperature (Tt) and T~ in animals 3 hours after be- 
ing injected with saline or MDMA and maintained in their home 
cages at a Ta of 21-24°C T t w a s  measured by attaching a ther- 
mocouple around the tall at the same time as the determination of 
T~ The thermocouple was secured to the tail with latex tubing 
and was posmoned approximately half way between the tip and 
base of the tail This procedure lasted approximately 15 s and the 
animals were unrestrained throughout the procedure. Significant 
differences in T t and T~ were determined using a Student 's t-test. 
Body mass of the rats in this experiment was 47 l ± 36 g. 

In a third study, the effects of MDMA on the electrocardio- 
gram (ECG), heart rate (HR), and body core temperature (T . . . .  ) 
were assessed using a radxotelemetry system. Note that Tcore IS 

used to denote the measure of internal body temperature by te- 
lemetry and is not the same measure as colonic temperature (i.e., 
T~) described above. Long-Evans rats [68-74 days, 310---13 
( S . E )  g, N = 5] were anesthetized with sodium pentobarbital (50 
mg/kg; IP) and implanted with a radlotelemetry transmitter (Mod- 
el TR4; Konlgsberg Instruments Inc. }. The transmitters were Im- 
planted in the abdominal cavity and the ECG lead wires were 
secured subcutaneously on the ventral thorax m order to obtain a 
modified lead II signal The animals were permitted access to 
food and water ad lib and were allowed to recover overnight. 

On the day following surgery, each rat was placed in a stan- 
dard Plexiglas animal cage (20 × 20 × 22 cm) with steel grid top 
and wood shaving bedding and with unrestrained access to food 
and water. The cage was placed inside a stainless steel chamber 
which was maintained at a Ta of 25°C. Each rat was allowed at 
least 60 rain to acclimate to the experimental conditions before 
beginning the experimental protocol, After the acclimation pe- 
nod,  baseline temperature and ECG data were collected for 30 
min The rat was then injected with 20 mg/kg MDMA (SC) and 
the ECG and temperature data were monitored for the next 24 h 

~o 

40 

30 

20 

10 

Sahne 
MDMA (30 mg/kg) 

10 20 30 

A m b i e n t  Temperature,  °C 

FIG 1 Effect o f  30 mg/kg  (SC) M D M A  or sahne  admlmstra t lon on 
metabohc  rate o f  the rat maintained at an  ambient  temperature (Ta) o f  10, 
20, or 30°C N = 6 per t reatment  at each Ta *Indicates slgmficant differ- 
ence between M D M A  and sahne groups  

ECG and T . . . .  data were obtained at 5-min intervals throughout 
the experimental procedure. HR was derived from the ECG. Data 
acquisition was fully automated and controlled by a dedicated 
minicomputer. Each animal was used as its own control and HR 
values for each rat were normalized with respect to baseline val- 
ues averaged over the 30-min control period Rats were unre- 
strained throughout the experimental procedure and allowed to 
roam freely within their cages. 

RESULTS 

MDMA exerted profound effects on several thermoregulatory 
parameters causing them to be highly susceptible to changes in T d 
(Fig. l).  MR was significantly increased at Ta's of 20 (p<0.006)  
and 30°C (p<0.0002)  relative to the controls but was unaffected 
at 10°C The increase in MR of the MDMA-treated rats was 41 
and 118% over that of the saline group at Ta's of 20 and 30°C, 
respectively. EWL was largely unaffected by T a in the saline- 
treated rats, whereas the MDMA-treated rats exhibited a near hn- 
ear increase in EWL with increasing Ta (Fig. 2) The elevation 
in EWL following MDMA was significantly greater than that of 
the saline group at 10 (p<0  002), 20 (p<0.001)  and 30°C 
(p<0.0001).  The effect of MDMA on EWL was more striking 
than ~ts effect on MR; for example, MDMA administration led to 
a 180% elevation in EWL over that of the saline group at a Ta 
of 30°C. 

Motor activity in the saline group increased linearly with de- 
creasing T~ (Fig. 3). MDMA elicited significant elevations in 
motor activity at Ta's of 10 (p<0.0008) ,  20 (p<0  0001), and 
30°C (p<0 .000 l ) .  The absolute level of motor activity In the 
MDMA group was similar at each T a, however, because the rat 
normally increases its motor activity as T a decreases below the 
thermoneutral zone (7), the relative increase m activity after 
MDMA treatment was reduced with decreasing T~. T c was unaf- 
fected by MDMA at a T a of 20°C (p<0.93) ,  significantly reduced 
by 2.0°C when exposed to a T a of 10°C (p<0.0009),  and signif- 
icantly elevated by 3.2°C when exposed to a Ta of 30°C 
(p<0.0001)  (Fig 4) All animals treated with MDMA displayed 
stereotypies of lateral head movement. In addition, piloerection 
of the fur was noted in all MDMA-treated rats. 
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FIG 2 Effect of 30 mg/kg (SC) MDMA or sahne on evaporanve water 
loss (EWL) as a function of T~ These data collected from the same am- 
mals as that of F~g 1 Abbreviations same as Fig 1 
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FIG 4 Effect of 30 mg/kg (SC) MDMA or sahne on colomc tempera- 
ture (T,) as a function of T~ These data collected from the same ammals 
as that of Fig 1 Abbrevmtmns same as Fig 1 

The tremendous increase in metabohsm at 20 and 30°C along 
wtth hyperthermla at 30°C following MDMA admlnistratton noted 
here and elsewhere (15) prompted the experiment to esttmate tail 
blood flow following MDMA treatment (Fig. 5). Three hours af- 
ter injection, T t and Tc of surviving animals administered 20 rag/ 
kg MDMA was 23.3 ± 0.1 (S.E.) °C and 41.5 ± 0 6°C, respectively 
On the other hand, rats treated with saline had a relatwely nor- 
mal T t of 25 .5±0.4°C and a T~ of 37.5±0.1°C Some of the 
MDMA-treated rats died before any temperature data could be 
collected. These were included into the overall mortahty data (see 
below) but were not included in the collection of temperature 
data. For comparison of the MDMA response to a positive con- 
trol, an increase m tail blood flow was achieved by placing 7 rats 
in the environmental chamber maintamed at a T a of 37°C for 60 
mm. This procedure resulted in a T c of 40.3 ±0.2°C and a T t of 
31.3-----0 3°C (Fig. 5). 
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FIG 3 Effect of 30 mg/kg (SC) MDMA or sahne on motor act~vRy as a 
funcUon of Ta These data collected from the same ammals as that of Fig 
1 Abbrewauons same as Fig 1 

In the studies utilizing the environmental chamber, percent 
mortahty at 24 h postmjectlon of MDMA was 33, 33, and 100% 
for animals maintained at Ta's of 10, 20, and 30°C, respectively 
(Fig. 6) In the skin temperature studies, percent mortality with a 
20 mg/kg dose of MDMA was 66%, with the deaths occurring 
w~thin approximately three hours postmjectlon 

Prehmmary results using the radiotelemetry procedure demon- 
strated that MDMA causes rapid elevation in heart rate (HR) and 
T . . . . .  effects which may be related to MDMA-mduced lethality. 
Prior to injection of MDMA the basehne HR and T . . . .  was 
365---14 bpm and 37.8 ±0.3°C,  respectively. Administration of 
20 mg/kg MDMA led to abrupt elevations m HR and T~ore. Three 
of the five rats treated with MDMA died wlthm 5.5 h following 
injection In all three cases, HR rose to over 600 bpm and T . . . .  
exceeded 42°C (Fig. 7). ECG waveforms demonstrated occasional 
missed or delayed beats, amplitude changes, and general muscle 
artifacts consistent with the constant stereotyples and hyperactiv- 
ity as described in the above experiments. In contrast, the two 
rats which survived the MDMA treatment reached maximum HR's 
of only --470 bpm and maximum T . . . .  did not exceed 41.0°C 
These two ammals exhibited a more restrained locomotion m the 
cage but dtsplayed the typical MDMA-mduced stereotyples Tcore 
of the two survivors d~d not return to basehne values (~ e., untd 
9 h postlnjectlon), HR values, while more variable, reached con- 
trol values wRhm 8 to 11 h postmjectlon Although not shown, 
we have found that control ammals given sahne undergo transient 
elevations in %HR and T . . . .  lasting approximately 30 mm with 
full recovery w~thm 60 mm postmject|on 

DISCUSSION 

Overall, MDMA exerted profound effects on the thermoregu- 
latory system of the rat with many of the effects being highly de- 
pendent on T a MDMA elicited a massive increase in metabohsm 
in the rat maintained at a Ta of 30°C which Is undoubtedly re- 
sponsible for the extreme hyperthermla after only 60 mln postm- 
jectlon. In comparison, rats acclimated to thermoneutral condmons 
and administered a sympathomlmetlc such as noreplnephrine 
sustain, at the most, a 25% elevation in MR above basal levels 
(11). The plloerection of the fur noted here and elsewhere (20) 
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FIG 5. Effect of 20 mg/kg (SC) MDMA or sahne on T¢ and tad skin 
temperature (T~) in rats maintained m their home cages for 3 hours postm- 
jecuon For comparison, T~ and T~ of rats maantamed m environmental 
chamber at T~ of 37°C for 60 nun are also presented. N = 6 for MDMA 
group. N = 7 for sahne group, and N = 7 for warm T. group 

following MDMA treatment further exacerbates the hyperthermlc 
condition by attenuating heat dissipation. A most important ob- 
servauon ~s that the MDMA-treated rat m a hypertherrmc state 
fads to increase blood flow to the tad, a common thermoregula- 
tory response tn the rat when body temperature is elevated vm 
exercise (19), ambient heat stress (17), or through pharmacolog- 
ical mampulauon (13). Interestingly, tail skin temperature of am- 
pbetamine-treated rats ~s also reported to remain below that of 
sahne-treated ammals at T~'s of 15 to 37°C (23). 

The increase m EWL following MDMA facditates heat d~ssl- 
pat~on and most hkely alleviated some but not all of the Increase 
m body temperature observed at a T~ of 30°C. This effect on 
EWL may be attributable to the fact that MDMA stimulates sah- 
vat,on m the rat (20). Since the hyperthermic rat increases EWL 
vm grooming of saliva on the fur [for review, see (7)], it could 
be argued that the MDMA-induced sahvatlon is an indirect result 
of the compound's  effect on body temperature. However, the sus- 
tained elevation m EWL in rats mamtained at a T~ of 10°C in the 
face of a significant reduction m T~ provides strong evidence for 
a direct effect of MDMA on sahva secretion m the rat. Further- 
more, the increase m EWL may also account for the s~gnlficant 
decrease m body temperature following MDMA treatment at a T,  
of 10°C. At th~s T,  MDMA had no effect on MR; thus, assum- 
ing that MDMA did not increase sensthle heat loss through pe- 
ripheral vasodilation, ~t can be concluded that the slgmficant 
increase in EWL was a major factor leading to hypothermia. 

The pharmacological properties of MDMA are generally con- 
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s~stent with models for the neurochem~cal control of body tem- 
perature m the rat, however, there are some discrepancies. The 
serotonerg~c pathways are crucial m temperature regulation. Gen- 
erally, local administration of 5-HT into the anterior hypotha- 
lamlc area results in heat production/conserving responses which 
lead to an elevation in body temperature (10,14). When admims- 
tered acutely, MDMA causes masstve release of 5-HT and sub- 
sequent stimulation of serotonerg~c pathways m the CNS, effects 
which may also be responsible for the major behavioral effects of 
MDMA (15). Although the neurochemical mechamsms of ther- 
moregulatlon are complex, revolving multiple neurotransmltters 
and other modulating substances, the above data suggest that 
MDMA-mduced release of 5-HT may account for the generalized 
response of the rat to elevate body temperature. On the other 
hand, there is substantial evidence for MDMA-mduced release of 
dopamine in the CNS (9,21). Moreover, micromjection of dopa- 
mine in the thermoregulatory centers of the CNS generally elicits 
a reducuon in body temperature (2,3), although there are a few 
exceptions where dopamlne m~cromjection led to an elevation in 
temperature [for review, see (2)]. The MDMA-induced increase 
in salivation noted here and elsewhere (20) is a heat dissipating 
thermoregulatory response and also does not fit in with the gen- 
eral serotonerglc mechanisms of temperature regulauon in the 
rat. Hence, the neuropharmacologlcal properties of MDMA ex- 
plain many but not all of MDMA's  effect of thermoregulatlon m 
the rat. 

The thermoregulatory effects of MDMA are slmdar m some 
respects to that elicited by amphetamine. Rats administered am- 
phetamine generally undergo substantml elevations in metabohc 
rate and body temperature; however, the effects are often variable 
and are also highly dependent upon T a (22,23). Generally, cold 
Ta's (ca. 4 to 15°C) lead to hypothermla, whereas an extremely 
warm T. of 37°C leads to severe hyperthermla m the amphet- 
amine-treated rat. Obviously, the prevmhng T.  can influence the 
threctlon of change m body temperature following exposure to 
MDMA as well as amphetamine (23). An observation which may 
be pertinent to this dtscusslon is the recent study of Preston et al. 
(16) who found that acute administration of the amphetamine co- 
gener, fenflurarmne, stimulated thermogenes~s at a relatively warm 
T.  of 28°C, but mhlbited thermogenesls in the cold (Ta=4°C).  

The 100% mortahty of rats given MDMA at a T.  of 30°C 
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FIG 7 Time-course of change in T¢ot~ and % change m HR of five rats injected with 20 mg/kg (SC) and maintained at a T a of 25°C 
Rats were permitted to acclimate to the experimental condmons for 90 rrun prior to MDMA admmlstraUon Rats 1, 2, and 4 died 
following collection of the last plotted data points 

suggests that the thermoregulatory system ts mvolved m the man- 
ifestatton of MDMA toxicity We have found that animals on the 
verge of MDMA-mduced death have Tc's of 42°C which lS 1 to 
2°C below the lethal core temperature of antmals subjected to 
acute heat stress (4,7). 

It is also important to constder why the thermoregulatory re- 
sponse to MDMA differed considerably between rats maintained 
in the environmental chamber at a T a of 20°C and rats placed in 
their home cages mamtalned at a slmtlar T a ( -22°C) .  Most likely, 
rats in the environmental chamber, which is a water-perfused 
metal jacket, dissipate heat much more efficiently than rats placed 
tn a plastic-constructed home cage hned with wood shavings. Thus 
the efficacy of MDMA to elevate body temperature is greatest 
under condtttons where heat loss to the envtronment ts impeded. 
which m the case of this study was achieved by either elevatmg 
T, or addmg lnsulatton (i.e., wood shavings) to the cage. The 
ambient thermal environment also had a major impact on the ex- 
tent of MDMA-mduced lethality suggesting a relatlonshtp between 
MDMA°mduced hyperthermta and tt lethal effects. These data 
may prove to be a problem in the rephcatlon of MDMA effects 
in other laboratories 

The radiotelemetry data, which, because of the small sample 
size, are presented here as prehmmary results, are the first data 
on the effects of MDMA in the unstressed and unrestramed ant- 
mal. These data suggest that MDMA-induced lethality is preceded 

by a tremendous increase in core temperature and that the m- 
crease m HR seems to follow the temperature responses. At this 
point the cause of MDMA lethality is unknown, however, the 
combination of massive increases in Tcore and HR may manifest 
as lethahty. 

Overall, acute adnunlstration of MDMA m the rat maintained 
at a relattvely warm T a activates an array of thermoregulatory ef- 
fectors including mcreased metabolic heat production, peripheral 
vasoconstriction, and ptloerection with the consequences of a pre- 
ctpltous elevatton in deep body temperature. The elevatton in 
EWL following MDMA treatment facthtates heat loss However, 
when maintained in typical home cages at standard room T. 's  the 
effects of MDMA on heat producing/conserving responses clearly 
outweigh the effects on heat dlsstpatlon, the net result being pro- 
found hyperthermla This response may be a useful model for 
studying the role of the serotonenc pathways in the control of 
body temperature. Furthermore, the striking effect of MDMA on 
autonomtc thermoregulatory processes will undoubtedly affect the 
manifestation of commonly reported MDMA-induced behavioral 
effects, especially m the face of changes in T a. 
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