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ABSTRACT 

Background and purpose: Animal studies have demonstrated that systemically 

administered MDMA can induce long-lasting 5-HT depletion. The acute MDMA-

induced hyperthermic response is known to facilitate this depletion. Central administration 

of MDMA, however, fails to induce acute hyperthermia and long-term 5-HT depletion. 

We will test the hypothesis that centrally applied MDMA will induce 5-HT depletion 

only under hyperthermic conditions. By measuring MDMA metabolites after central 

MDMA administration, we also tested the possible role of MDMA metabolites in the 

process leading to depletion. Experimental approach: Wistar rats were administered 

MDMA i.p. (3 x 6 mg/kg) or i.c.v. (3 x 900 µg). The acute body temperature response 

was measured using telemetry. Another group of rats was made hyperthermic during i.c.v. 

application of MDMA. In all experimental groups brain monoamine concentrations were 

measured one week later. In another experiment all groups were checked for presence of 

MDA, HMMA and HMA concentrations in the brain. Key results: We confirmed 

that i.c.v. in contrast to i.p. MDMA administration did not result in a hyperthermic 

response and 5-HT depletion. However, i.c.v. MDMA administration to hyperthermic 

rats resulted in clear 5-HT depletion. Surprisingly, substantial concentrations of MDA 

were detected in the brain shortly after i.c.v. MDMA administration. Conclusions and 

Implications: Central administration of MDMA induces 5-HT depletion only under 

hyperthermic conditions. This stresses the importance of body temperature in the 

MDMA-induced 5-HT depletion. Furthermore, central administration leads to 

substantial MDMA metabolite concentrations in the brain. Therefore, a role for 

metabolites in the MDMA-induced 5-HT depletion cannot be excluded.  
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INTRODUCTION 

 

3,4-Methylenedioxymethamphetamine (MDMA) is a party drug widely used 

for its acute euphoric effects. One of the major acute adverse effects of 

MDMA ingestion is the drug-induced hyperthermic response (Screaton et 

al., 1992; Lyles & Cadet, 2003). From animal studies it is known that body 

temperature change following MDMA administration is dose and ambient 

temperature dependent. MDMA administration at low ambient 

temperatures induces a hypothermic response, whereas MDMA 

administration at high ambient temperatures has been demonstrated to 

induce a hyperthermic response (Malberg & Seiden, 1998; Dafters, 1994; 

Dafters & Lynch, 1998; Gordon et al., 1991; Colado et al., 2001). 

Besides these acute effects, several studies have shown that systemic 

administered MDMA can cause a long-term decrease in serotonin (5-

hydroxytryptamine; 5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) 

concentrations, a reduction in tryptophan hydroxylase (TPH) activity and of 

serotonin transporter (SERT) activity and expression (Battaglia et al., 1987; 

Hewitt & Green, 1994; Schmidt & Taylor, 1987; Stone et al., 1986; Xie et al., 

2006; Sharkey et al., 1991; Stone et al., 1987b; Buchert et al., 2004; Ricaurte et 

al., 2000; Colado et al., 1993; Semple et al., 1999; Schmidt & Taylor, 1988). 

MDMA-induced long-term depletion of 5-HT and 5-HIAA concentrations 

has been associated with the hyperthermic response following its 

administration (Malberg & Seiden, 1998; Dafters, 1995; Malberg et al., 1996). 

Indeed, when MDMA administration is followed by an acute hypothermic 

response or when the acute hyperthermia is blocked by pharmacological 

agents, 5-HT depletion is abolished or attenuated (Malberg et al., 1996; 

Farfel & Seiden, 1995b; Schmidt et al., 1990; Colado et al., 1998; Colado et 
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al., 1999a; O'Shea et al., 2002; Morley et al., 2004; Hervias et al., 2000; 

Sprague et al., 2003; Broening et al., 1995). 

It is remarkable that central administration of MDMA is not accompanied 

by long-term depletion of 5-HT concentrations (Esteban et al., 2001; Goni-

Allo et al., 2008; Paris & Cunningham, 1992). Studies investigating body 

temperature response after local infusion of MDMA via a microdialysis 

probe in the striatum or hippocampus failed to induce an acute 

hyperthermic response (Goni-Allo et al., 2008; Esteban et al., 2001; Nixdorf 

et al., 2001). This suggests that hyperthermia is essential for MDMA induced 

5-HT depletion. However, it can be argued that brain areas involved in 

thermoregulation were not affected by local MDMA administration through 

microdialysis. When rats were made hyperthermic in these studies also no 

depletion of 5-HT concentrations was found (Esteban et al., 2001; Goni-

Allo et al., 2008). The lack of serotonergic neurotoxicity after central 

MDMA administration has led some researchers to assume that toxic 

metabolites of MDMA can elicit free radical formation in the brain, which 

subsequently may lead to serotonergic neurotoxicity. Indeed there is 

evidence indicating that free radical formation is dependent on the presence 

of toxic metabolites of MDMA (Bai et al., 1999; Bai et al., 2001; de la Torre 

& Farre, 2004; de la Torre et al., 2004; Hiramatsu et al., 1990; Miller et al., 

1995; Miller et al., 1996; Miller et al., 1997). This, however, is not the only 

possible pathway leading to MDMA-induced serotonergic neurotoxicity. 

There is also substantial evidence that enhanced dopamine release after 

MDMA can induce free radical formation in 5-HT axons (Breier et al., 2006; 

Sprague et al., 1998; Goni-Allo et al., 2008), resulting in serotonergic 

neurotoxicity. 

In the present study, we administered MDMA i.c.v. to hyperthermic and 

normothermic rats and measured 5-HT and 5-HIAA concentrations one 
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week later. In this way, we tested the hypothesis that hyperthermia is 

essential for serotonergic depletion not only after peripheral but also after 

central MDMA administration. Furthermore, we measured MDMA 

metabolite concentrations in the brain after central and peripheral MDMA 

administration. By administering MDMA i.c.v. we expected to prevent the 

formation of MDMA metabolites. This would exclude the role of MDMA 

metabolites in the 5-HT depletion process.  

 

 

MATERIAL AND METHODS 

 

General 

This study has been approved by the animal experiments committee of the 

University of Groningen (DEC protocol #4396G). 71 Male Wistar rats 

were housed individually in Perspex cages (24 x 24 x 30 cm) with sawdust 

bedding in a room with 12:12 light:dark cycle (lights on at 8:00h). Food 

(chow) and water was available ad libitum. Ambient temperature was 21 ± 

0.5 ºC, except on the day when MDMA was administered. MDMA (± 

MDMA-HCl, 99.6%) was obtained from the Dutch Forensic Institute, The 

Netherlands. 22 Rats were used to study the effects of peripherally 

administered MDMA. The remaining 49 rats were used to study the effects 

of i.c.v. administered MDMA. All rats were implanted intraperitoneally with 

a biotransmitter (TA10TA-F40, sensitivity: 0.1 ºC; Data Sciences, St Paul, 

MN) allowing stress free monitoring of core body temperature throughout 

the experiment. Rats were allowed to recover for at least 14 days prior to 

MDMA/saline injections. Cages of the animals were placed on receiver 

plates. The signal was collected, stored and analyzed using the DSI 

Dataquest A.R.T. Acquisition System. Body temperature was measured 
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every five minutes from 12 hours before the first MDMA/saline injection 

until 3 hours after the last injection. 

 

Experiment 1. Peripheral MDMA administration and analysis of brain 

monoamine concentrations 

Fifteen Wistar rats (283 ± 3.0 g at moment of injections) were injected 

MDMA (6 mg/kg solved in 1 ml ultra purified water) or saline (1 ml/kg) 

three times i.p. with an interval of three hours. The first injection was given 

1.5 hours after the lights went on. Room temperature was elevated to 25 ± 

0.5 ºC from 2 hours before the first injection until 3 hours after the last one. 

Seven days after MDMA administration rats were decapitated under brief 

CO2 anesthesia in the early light phase. To determine 5-HT, 5-HIAA, 

dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic 

acid (HVA) and noradrenalin (NA) concentrations, brains were rapidly 

dissected on a chilled plate. Prefrontal cortex (PFC), striatum and 

hippocampus were removed and snap frozen in Eppendorf vials in liquid 

nitrogen. All samples were stored at -80 ºC until further analysis. 

Monoamine concentrations were determined in all dissected brain areas 

using HPLC with electrochemical detection. For this purpose samples were 

homogenized in 0.5 ml 0.1 M perchloric acid and centrifuged at 14000 rpm 

for 10 minutes at 4 ºC. Supernatant was removed and assayed for 5-HT, 5-

HIAA, DA, DOPAC, homovanillic acid and (NA) concentrations by 

injecting 100 µl onto a reversed phase Gemini C18 column (150 x 4.6 mm, 5 

µm particle size), connected to a detector (ESA Coulochem model 5100A) 

with a 5011A detector cell. A difference in potential of 340 mV was set, 

with the potential of one electrode being 0 mV and the other 340 mV. The 

mobile phase consisted of 62.7 nM Na2HPO4, 40.0 nM citric acid, 0.27 mM 

EDTA, 4.94 mM HSA, 10% methanol at pH 4.1 with a flow of 0.5 ml/min. 



    ICV ADMINISTERED MDMA INDUCES 5-HT DEPLETION 
 

107 
 

Known amounts of 5-HT, 5-HIAA, DA, DOPAC, HVA (Sigma 

Chemicals), NA (Research Biochemicals International) were run throughout 

the whole procedure for standardization. Monoamine concentrations were 

calculated as ng/g tissue.  

 

Experiment 2. Peripheral MDMA administration and analysis of brain 

MDMA, MDA, HMMA and HMA concentrations  

Seven rats (268 ± 4.2 g) were injected with MDMA (6 mg/kg) three times 

i.p. Two hours before the first MDMA injection until one hour after the last 

injection room temperature was elevated to 25 ± 0.5 ºC. One hour after the 

last injection all animals were decapitated. PFC, striatum and hippocampus 

were removed, snap frozen in liquid nitrogen, stored in -80 ºC and 

processed for MDMA and metabolite analysis. MDMA, MDA (3,4-

methylenedioxyamphetamine), HMMA (4-hydroxy-3-methoxymetha-

mphetamine) and HMA (4-hydroxy-3-methoxyamphetamine) concentra-

tions in homogenates were determined following a previously described 

method (Pizarro et al., 2002). Briefly, aliquots of 100 μL of homogenates 

were hydrolyzed enzymatically with β-glucuronidase at pH 5.2 (incubation 

for 16 h at 37ºC). After hydrolysis, samples were adjusted to pH 6 and a 

solid-phase extraction with Bond Elut Certify columns was carried out. 

The extracts were evaporated to dryness (40ºC) and the dried extracts were 

derivatized with 50 μL of MBTFA for 45 min at 70ºC. Once cooled, the 

samples were transferred to autosampler vials and analyzed using gas 

chromatography-mass spectrometry (MSD5973, Agilent, Palo Alto, CA). 

MDMA, MDA, HMMA and HMA concentrations were calculated as 

µg/mg tissue. 
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Experiment 3. Matching of brain MDMA concentrations after central 

and peripheral administration 

Eight rats (268 ± 3.2 g) were injected i.p. MDMA (6 mg/kg). Two hours 

before the MDMA injection room temperature was elevated to 25 ± 0.5 ºC. 

Rats were decapitated one hour after the injection. Another seven rats (303 

± 7.6 g) were provided with a 23-gauge stainless steel guide cannula (11 

mm, Plastics One, Roanoke, VA, USA) over the right lateral cerebral 

ventricle. The coordinates for the guide cannula were 1.0 mm posterior to 

bregma, 1.0 mm lateral to the midline and 3.5 mm below the dura (Paxinos 

& Watson, 1986). The cannula was secured to the skull with three screws 

and dental cement. Animals were infused for one hour with MDMA i.c.v. 

(900 µg/40 µl). Two hours before the start of first infusion room 

temperature was elevated to 25 ± 0.5 ºC. Rats were decapitated one hour 

after the start of the infusion. 

In both groups of rats PFC, striatum and hippocampus were removed and 

processed for MDMA analysis. For determination of MDMA 

concentrations in the removed brain areas, High Performance Liquid 

Chromatography (HPLC) was used. Tissue samples were homogenized in 

0.5 ml 0.1 M perchloric acid and centrifuged at 14000 rpm for 10 minutes at 

4˚C. Supernatant was removed and analyzed for MDMA content. For 

determination of MDMA concentrations 100µl was injected onto a reversed 

phase Gemini C18 column (150 x 4.6 mm, 5 µm particle size), connected to 

a detector (ESA Coulochem model 5100A) with a 5011A detector cell. A 

difference in potential of 1.1 V was set, with the potential of one electrode 

being 0 V and the other 1.1 V. The mobile phase consisted of 62.7 nM 

Na2HPO4, 40.0 nM citric acid, 0.27 mM EDTA, 4.45 mM HSA, 25% 

acetonitrile at pH 3.0 with a flow of 0.5 ml/min. Known amounts of 

MDMA were run throughout the whole procedure for standardization. 
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MDMA concentrations were calculated as µg/mg tissue. The results showed 

that brain concentrations of MDMA did not differ significantly between 

both routes of administration (i.p.: PFC (12.87 ± 1.006), striatum (8.64 ± 

0.44) and hippocampus (10.85 ± 0.47); i.c.v: PFC (15.58 ± 10.46), striatum 

(19.95 ± 10.87) and hippocampus (8.23 ± 4.48)). 

 

Experiment 4. Central MDMA administration and analysis of brain 

concentrations of MDMA, MDA, HMMA and HMA  

15 Rats (325 ± 8.5 g) were provided with both a biotransmitter and a 23-

gauge stainless steel guide cannula as described above.  

4A. Rats were infused with MDMA i.c.v. (900 µg/ 40 µl per hour) three 

times for one hour with three hours interval between the start of each 

MDMA infusion. The dose of the centrally administered MDMA was 

matched with brain concentrations of MDMA determined at one hour 

following a single i.p. MDMA injection. Ambient temperature was elevated 

to 25 ± 0.5 ºC from 2 hours before the first administration session until 

three hours after the start of the third infusion period.  

4B. Rats were infused with MDMA i.c.v. (900 µg/ 40 µl per hour) three 

times for one hour with three hours interval between the start of each 

MDMA administration session. Ambient temperature was initially raised to 

41 ºC prior to the first i.c.v. infusion. This high ambient temperature was 

chosen in order to make the rats hyperthermic up to a body temperature of 

around 39.5 ºC. (A raise in body temperature similar to peak temperatures 

of rats that were administered 3 x 6 mg/kg i.p. in experiment 1). During this 

experiment, body temperature of the rats was monitored closely. When the 

body temperature of the rats reached 40 ºC, ambient temperature was 

adjusted to lower values to prevent rats from overheating.  
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In experiment 4A and 4B, one hour after the start of the third 

administration, rats were decapitated and PFC, striatum and hippocampus 

were removed, snap frozen, stored and analyzed for MDMA, MDA, 

HMMA and HMA concentrations as described in experiment 2. 

 

Experiment 5. Central MDMA administration and analysis of brain 

monoamine concentrations 

32 Wistar rats (271 ± 8.3 g) were provided with both a biotransmitter and a 

23-gauge stainless steel guide cannula as described for exp. 3. MDMA i.c.v. 

(900 µg/40 µl per hour) or saline (40 µl per hour) was infused three times 

for one hour with three hours interval between the start of each infusion. 

5A. Ambient temperature was 25 ± 0.5 ºC starting 2 hours before the start 

of the first infusion until three hours after the start of the third infusion.  

5B. Ambient temperature was raised to 41 ºC in order to make the rats 

hyperthermic up to a body temperature of around 39.5 ºC. Exact 

description of the procedure is described above (experiment 4B). 

In experiment 5A and 5B, one week after MDMA administration rats were 

decapitated and brains were processed for monoamine analysis as described 

for experiment 1. 

 

Data analysis 

SPSS 14.0 for Windows was used to analyze the data statistically. Body 

temperature was analyzed by employing a repeated-measurement ANOVA 

with treatment (2 levels) as between-subject factor and test as the within-

subject repeated measurements factor. In case of a significant main effect of 

treatment, post-hoc analysis was performed with an independent sample t-

test. Monoamine concentrations after i.p. MDMA/saline administration 

were analyzed by an independent t-test. MDMA and metabolites 
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concentrations after i.p. administration were compared for each brain area 

and between each brain area. This was analyzed using a one-way ANOVA 

in both cases. When necessary post-hoc analysis was performed using Tukey 

HSD. Monoamine concentrations after i.c.v. MDMA/saline administration 

were analyzed employing a two-factor ANOVA with treatment (2 levels) 

and body temperature (2 levels) as between-subjects factors. 

 

 

RESULTS 

 

Peripheral MDMA administration: Acute body temperature response 

and long-term monoamine concentrations  

Analysis of the changes in body temperature after i.p. administration of 

MDMA with a repeated measurements ANOVA revealed a significant 

effect of treatment on body temperature (F(1,120)=11.3, p<0.001). Post 

hoc analysis revealed that i.p. MDMA treatment initially (10-40 minutes 

after the first injection) resulted in a hypothermic response. After the 

second MDMA injection this hypothermia shifted towards a hyperthermic 

response (235-525 minutes after the first injection) (figure 1a). 

One week after peripheral MDMA treatment 5-HT concentrations were 

significantly reduced in PFC (t(12)=3.096, p<0.01) striatum (t(12)=3.064, 

p<0.01) and hippocampus (t(12)=7.040, p<0.001) compared to saline 

treated rats (figure 1b). 5-HIAA concentrations were reduced in striatum 

(t(12)=2.590, p<0.05) and hippocampus (t(12)=4.726, p<0.001) and were 

close to statistical significance in the PFC (t(12)=1.979, p=0.071) in MDMA 

treated rats compared to saline treated rats (figure 1c). No significant 

changes were found in any of the other measured monoamine and 

metabolite concentrations. 
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Figure 1 a) Acute body temperature responses of rats that received three i.p. injections of saline 
or MDMA (6 mg/kg). Arrows indicate moment of injection. 5-HT b) and c) 5-HIAA 
concentrations one week after 3 x i.p. saline or 3 x i.p. MDMA (6 mg/kg) administration. 
Data are presented as mean averages + s.e.m. * p < 0.05.  # 0.10 > p > 0.05.  
 

 

Comparison of acute MDMA, MDA, HMMA and HMA 

concentrations in brain tissue following peripheral and central 

administration of MDMA 

One hour after the third i.p. or one hour after the start of the third i.c.v. 

MDMA administration, no differences were found between normothermic 

and hyperthermic rats in the concentrations of MDMA in PFC 

  

 

a 

c b 
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(F(2,21)=0.760, p=0.481), striatum (F(2,22)=1.659, p=0.216) and 

hippocampus (F(2,22)=0.663, p=0.526). Furthermore, in all brain areas 

significant concentrations of MDA were present. In PFC and hippocampus 

concentrations of MDA were significantly lower in rats that received i.c.v. 

MDMA treatment than rats that received i.p. MDMA treatment 

(F(2,21)=11.157, p<0.01; F(2,22)=20.259, p<0.0001) (see table 1). After 

peripheral MDMA administration in all brain areas HMMA and HMA 

concentrations were detected. After i.c.v. administration HMMA and HMA 

were detected but at low concentrations close to limits of detection of the 

analytical method (data not shown). 

 

Table 1 MDMA, MDA, HMMA, HMA concentrations in the PFC, striatum and 
hippocampus one hour after the third i.p. injection (N=7) of MDMA or direct after the third 
hour of i.c.v. administration of MDMA to normothermic (n=8) and hyperthermic (N=7) rats. 
Data are presented as mean averages ± s.e.m. * p< 0.05, lower compared to i.p. injected rats. 
D.L.= Detection Limit. 

 

 

 MDMA ± s.e.m. 

(µg/mg tissue) 

MDA ± s.e.m. 

(µg/mg tissue) 

HMMA ± s.e.m. 

(µg/mg tissue) 

HMA ± s.e.m. 

(µg/mg tissue) 

PFC i.p. 

PFC i.c.v. 

PFC i.c.v. + 

hyperthermia 

16.87 ± 2.68 

14.82 ± 3.06 

31.53 ± 18.38 

8.02 ± 0.97 

1.79 ± 0.41 

1.18 ± 0.39 

0.36 ± 0.18 

D.L. 

D.L. 

 

0.33 ± 0.14 

D.L. 

D.L. 

Striatum i.p. 

Striatum i.c.v. 

Striatum i.c.v. + 

hyperthermia 

13.01 ± 1.86 

66.49 ± 30.08 

154.46 ± 86.06 

6.53 ± 0.36 

1.60 ± 0.29 

13.32 ± 9.70 

 

0.14 ± 0.05 

D.L. 

D.L. 

0.12 ± 0.03 

D.L. 

D.L. 

Hippocampus i.p. 

Hippocampus i.c.v. 

Hippocampus i.c.v. 

+ hyperthermia 

10.19 ± 1.54 

73.60 ± 47.11 

71.43 ± 53.68 

4.77 ± 0.67 

1.72 ± 0.31 

1.14 ± 0.24 

0.17 ± 0.03 

D.L. 

D.L. 

0.07 ± 0.01 

D.L. 

D.L. 
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Central MDMA administration: Acute body temperature response 

and long-term monoamine concentrations  

Analysis of the changes in body temperature after i.c.v. administration of 

MDMA at 25 ºC with a repeated measures ANOVA revealed a significant 

treatment effect on body temperature (F(1,120)=4.59, p<0.001). Post hoc 

analysis revealed that MDMA treatment initially (25-70 min. and 80-95 min. 

after the start of the first administration) resulted in a clear hypothermia 

compared to controls. This hypothermic response failed to reach 

significance after the second MDMA infusion and turned into a short-

lasting hyperthermic response following the start of the third infusion 

period (figure 2a). 

Analysis of the body temperature response of rats that were made 

hyperthermic revealed no significant effect of treatment on body 

temperature (F(120)=1.10, p=0.286) (figure 2b).  

The two-factor ANOVA revealed a significant treatment x body 

temperature interaction for 5-HT in the PFC (F(1,28)=7.157, p<0.01), 

striatum (F(1,28)=5.074, p<0.05) and hippocampus (F(1,27)=4.631, 

p<0.05). As can be seen in figure 2c, post-hoc analysis revealed that 5-HT 

concentrations in all brain areas measured were significantly or nearly 

significantly lower in hyperthermic rats that were infused MDMA compared 

to hyperthermic controls (PFC: t(13)=4.604, p<0.001; striatum: 

t(13)=2.526, p<0.05; hippocampus: t(12)=1.981, p=0.071)), normothermic 

controls (PFC: t(15)=2.104, p=0.053; hippocampus: t(14)=2.142, p=0.050; 

striatum: t(15)=3.213, p<0.01)) and normothermic rats that were infused 

MDMA (hippocampus (t(13)=3.009, p<0.01) and striatum (t(14)=4.085, 

p<0.01)). Only in the striatum 5-HT concentrations of hyperthermic rats 

that received saline were lower than normothermic rats that received 

MDMA (t(13)=2.595, p<0.05). 
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Figure 2a) Acute body temperature responses of rats that received 3 x saline i.c.v. or 3 x 
MDMA i.c.v at an ambient temperature of 25 ºC. b) and the body temperature of rats that were 
made hyperthermic. Black bars indicate moment of MDMA/saline administration. c) 5-HT 
and d) 5-HIAA concentrations one week after repeated i.c.v. saline or MDMA administration. 
Data are presented as mean averages + s.e.m.  * p < 0.05, # 0.10 > p > 0.05. 
 

 

The two-factor ANOVA revealed no significant treatment x body 

temperature interaction for 5-HIAA in the PFC (F(1.28)=0.284, p=0.598), 

striatum (F(1,28)=0.491, p=0.489) and hippocampus (F(1,27)=3.657, 

p=0.067) (figure 2d).  

With the exception of enhanced DOPAC concentrations in the striatum 

after MDMA treatment (main treatment effect (F(1,28)=4.712, p<0.05) no 

changes in other monoamine concentrations were found. 

 

 

 

a 
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DISCUSSION  

 

This study shows for the first time that centrally administered MDMA 

induces 5-HT depletion under hyperthermic conditions. We confirm that, in 

contrast to peripheral MDMA administration, centrally administered 

MDMA induces neither a hyperthermic response nor a long-lasting decrease 

in 5-HT concentrations. Importantly, i.c.v. administration of MDMA to 

hyperthermic rats did lead to a lasting reduction in serotonin concentrations 

in the brain. This demonstrates that hyperthermia is crucial for the long-

term 5-HT depleting effects of MDMA. 

It is a striking observation that systemic MDMA administration results in a 

severe hyperthermic response after the second and third injection whereas 

central MDMA administration does not induce any significant changes in 

body temperature after the second and the third infusion session, with the 

exception of a very short hyperthermia of 0.7 ºC at the start of the third 

infusion session. Looking more closely at the body temperature response, 

one can see a clear hypothermic response after the first i.c.v. administration. 

Also after the first i.p. injection an initial hypothermic response was found 

that is less pronounced than after i.c.v. administration of MDMA. This 

might be due to differential pharmacokinetics of the two administration 

routes. Recently it has been demonstrated that the hypothermic response 

that occurs after i.p. administration of MDMA is induced by activation of 

the 5-HT1A receptor (Rusyniak et al., 2007). It is likely that the hypothermic 

response after i.c.v. MDMA administration observed in the present 

experiment also resulted from the activation of 5-HT1A receptors. The 

absence of a hyperthermic response after i.c.v. MDMA injection cannot be 

explained by lower concentrations of MDMA being present in the brain 

after central administration, since the dosages of i.p. and i.c.v. MDMA 
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administration were successfully matched for similar brain MDMA levels. 

Also, it seems unlikely that both routes of administration differ in the 

degree MDMA reaches brain areas important for thermoregulation, since 

both routes of administration show clear changes in body temperature after 

the first time of MDMA administration. In our opinion, the difference in 

temperature response may be explained in two ways. First, central infusion 

of MDMA most likely results in a gradual increase in brain concentrations 

of MDMA during the one hour of continues administration. When 

administering a systemic bolus injection, the dose of MDMA is given all at 

once. This might lead to a more rapid increase in brain MDMA 

concentrations during the first hour after administration. This difference 

may result in a different profile of 5-HT release in both routes of 

administration. Second, MDMA concentrations in the periphery might 

contribute to the acute MDMA-induced hyperthermic response. In contrast 

to i.c.v. administration i.p. injections of MDMA result in considerable 

concentrations of MDMA in other parts of the body than the brain. 

Although it has been shown that antagonizing the 5-HT2A receptors 

completely inhibits the MDMA induced hyperthermia (Herin et al., 2005), 

this does not necessarily mean that the body temperature is centrally 

regulated since 5-HT2A receptors have been identified in both the CNS and 

the periphery. In the periphery, 5-HT2A receptors are located in platelets (de 

Chaffoy de Courcelles et al., 1985), vascular smooth muscle (Cohen et al., 

1981) and uterine smooth muscle (Wilcox et al., 1992). So far, there is no 

experimental support to exclude a peripheral mechanism for MDMA 

induced hyperthermia. 

Another difference between systemic and central MDMA administration is 

that central administration did not decrease 5-HIAA concentrations despite 

the fact that both routes of administration resulted in 5-HT depletion in 
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hyperthermic animals. Presently we do not know what might have caused 

this difference. 

By administering MDMA centrally, we aimed to avoid hepatic metabolism 

of MDMA and therefore expected no detectable concentrations of MDMA 

metabolites in brain homogenates. Surprisingly, in hyperthermic and non-

hyperthermic conditions, centrally administered MDMA resulted in 

substantial concentrations of its major metabolite MDA. It seems unlikely 

that hepatic metabolism of MDMA is the pathway leading to detectable 

concentrations of MDA in the brain after central administration of MDMA. 

Interestingly, CYP2D isoforms are expressed in the brain (Funae et al., 

2003) and an in vitro study indicated that brain microsomes also have the 

potential to metabolize MDMA, via a CYP450-dependent and OH-

dependent system (Lin et al., 1992). This metabolic route might be the 

explanation for the significant concentrations of MDA present in the brain 

after central MDMA administration. 

Metabolites of MDMA are thought to be involved in the serotonergic 

depletion process. MDMA metabolism in the liver is mediated by CYP450 

enzymes. MDMA is demonstrated to be metabolized into MDA and 3,4-

dihydroxymethamphetamine (HHMA) (respectively by N-demethylation 

and O-demethylenation). By O-demethylenation MDA is converted into 3,4-

dihydroxyamphetamine (HHA). HHA and HHMA are converted by O-

methylation into HMA and HMMA respectively. HHMA and HHA are 

highly redox-unstable (Lim et al., 1988; Cho et al., 1990, Tucker et al., 1994) 

and are able to form adducts with glutathione (GSH) and other thiol-

containing compounds (Hiramatsu et al., 1990; de la Torre et al., 2004; de la 

Torre et al., 2004) resulting in free radical formation (Jones et al., 2004; 

Monks et al, 2004). Because substantial concentrations of MDA are present 

in the brain after i.c.v. administration of MDMA, it cannot be excluded that 
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this potential toxic metabolite might have contributed to the 5-HT 

depletion under hyperthermic conditions.  

Furthermore, the presence of metabolites in the brain in our study might be 

in contrast to other studies (Esteban et al., 2001; Goni-Allo et al., 2008) that 

could not demonstrate 5-HT depletion after MDMA administration in 

hyperthermic rats. However, this latter study did not determine metabolite 

concentrations. In summary, centrally administered MDMA induces 5-HT 

depletion only under hyperthermic conditions. Our findings stress the 

importance of increased body temperature on the long-term 5-HT depleting 

effects of MDMA. 

Also, this study showed for the first time that central MDMA 

administration results in substantial concentrations of MDMA metabolites 

in the brain. Since there is evidence demonstrating that MDMA metabolites 

are involved in MDMA-induced serotonergic neurotoxicity, it cannot be 

excluded that the MDMA metabolites play a role in the MDMA-induced 5-

HT depletion under hyperthermic conditions. 
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