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ABSTRACT 

Ecstasy or 3,4-methylenedioxymethamphetamine (MDMA) is a serotonin releasing drug 

that is used for its acute euphoric effects. However, there are concerns in that preclinical 

studies have indicated long-lasting serotonergic neurotoxicity. Pharmacological studies 

using the SSRI fluoxetine suggest that the serotonin transporter (SERT) plays an 

important role in the long-term 5-HT depleting effects of MDMA. To further investigate 

the possible exclusive role of SERT in the 5-HT depletion by MDMA, we investigated 

the MDMA-induced serotonergic neurotoxicity in genetically altered rats that lack a 

functional SERT. Male homozygous SERT knockout (SERT-/-) rats and wildtype 

littermates (SERT+/+) were equipped with radiotransmitters to record body temperature. 

All rats received three intraperitoneal (i.p.) injections of MDMA (6 mg/kg) or saline 

with a three hours interval at an ambient temperature of 25 ºC. Four weeks later, brains 

were collected and processed for 5-HT immunohistochemistry. 5-HT positive axons were 

quantified in the prefrontal cortex (PFC) and hippocampus using light microscopy. 

Acutely, MDMA induced a pronounced and transient hyperthermic response that was 

not significantly different in overall magnitude between the two genotypes. Four weeks after 

MDMA treatment, 5-HT innervation of the PFC and hippocampus was significantly 

reduced in both SERT+/+ and SERT-/- rats, suggesting that loss of functional SERT 

does not protect from MDMA-induced serotonin depletion. Additionally, it was 

demonstrated that the hyperthermic response could be antagonized by the 5-HT2A/C 

receptor antagonist ketanserin, indicating that MDMA treatment induced 5-HT release 

in both SERT+/+ and SERT-/- rats. In conclusion, the present findings show that 

SERT is not the sole mediator of the long-term serotonin depletion by MDMA and that 

the acute MDMA-induced hyperthermic response involves SERT-independent 5-HT 

release.  
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INTRODUCTION 

The recreational drug ecstasy or 3,4-methylenedioxymethamphetamine 

(MDMA), a serotonin (5-hydroxytryptamine; 5-HT) releaser, is frequently 

used for its acute positive effects on mood and confidence (Vollenweider et 

al., 1998; Liechti et al., 2001; Parrott, 2001). Several studies have shown that 

MDMA acutely results in a release of 5-HT in the brain (Bankson & 

Yamamoto, 2004; Gudelsky & Nash, 1996; Brodkin et al., 1993; Yamamoto 

et al., 1995; Gough et al., 1991; White et al., 1994). This 5-HT release has 

been shown to result from MDMA interacting with the serotonin 

transporter (SERT; 5-HTT) (Rudnick & Wall, 1992) and from SERT-

independent mechanisms (Crespi et al., 1997). 

A main reason for neurotoxic health concerns of MDMA use is that 

MDMA results in a long-lasting decrease in 5-HT markers, representing a 

loss in 5-HT neuron functioning. Preclinical studies have demonstrated that 

MDMA treatment induces in a decrease of 5-HT and 5-hydroxyindoleacetic 

acid (5-HIAA) tissue concentrations, a reduction in tryptophan hydroxylase 

(TPH) activity and reduced SERT activity and expression, and long-term 

impairment of anterograde transport of serotonin axons (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; Callahan et al., 2001).  

In preclinical studies the molecular mechanism(s) that underlie the long-

lasting, possible serotonergic neurotoxic effects of MDMA have been 

extensively investigated. Evidence from in vivo and in vitro studies indicates 

that the SERT plays an important role in the process leading to MDMA-

induced 5-HT depletion. For example, co-administration of MDMA and the 

selective serotonin reuptake inhibitor (SSRI) fluoxetine does not result in 
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long-lasting 5-HT depletion (Malberg et al., 1996; Sanchez et al., 2001; 

Schmidt, 1987).  

The MDMA-induced hyperthermia is another important factor contributing 

to the development of MDMA-induced 5-HT depletion (Malberg & Seiden, 

1998; Malberg et al., 1996; Dafters, 1995). Therefore, the 5-HT protective 

action of fluoxetine may be due to a reduction of the MDMA-evoked 

hyperthermic response. However, this seems not to be the case since several 

studies have demonstrated that administration of fluoxetine does not 

diminish the hyperthermic response of MDMA (Malberg et al., 1996; 

Mechan et al., 2002a).  

Another important aspect to consider is that fluoxetine is a potent inhibitor 

of cytochrome P450 (CYP) isozymes. These enzymes are important for 

MDMA metabolism. Importantly, several studies have indicated that 

metabolites of MDMA are involved in the MDMA-evoked 5-HT depletion 

(de la Torre & Farre, 2004; Hemeryck & Belpaire, 2002). Indeed, fluoxetine 

treatment has been demonstrated to change the process of MDMA 

metabolism (Upreti & Eddington, 2008; de la Torre et al., 2004). Therefore, 

a possibility is that the protective effects of fluoxetine might partly be 

mediated by changes in MDMA metabolism. The fact that citalopram, 

another SSRI, does not interfere with CYP enzyme activity and does not 

fully protect from MDMA-evoked long-term serotonergic neurotoxicity 

(Piper et al., 2008) is consistent with this alternative explanation. 

However, studies using cell lines to investigate the role of SERT in the 

MDMA-induced neurotoxicity are contradictory regarding the involvement 

of the SERT in this process (Hayat et al., 2006; Hrometz et al., 2004; 

Simantov an Tauber, 1997; Azmitia et al., 1990), indicating that the role of 

SERT in the long-term effects of MDMA on serotonergic functioning is far 

from clear. 
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Recently, a unique SERT knockout rat (SERT-/-) model was generated 

(Smits et al., 2006; Homberg et al., 2007). This provides the opportunity to 

investigate the role of SERT in the MDMA-induced long-term 5-HT 

depletion in vivo. In the present experiment, the acute MDMA-induced 

hyperthermic response and the long-term MDMA-induced 5-HT depletion 

was measured in wild type (SERT+/+) and SERT-/- rats through 

quantification of the immunocytochemically visualized 5-HT innervation of 

the prefrontal cortex and the hippocampal CA3 area. The hyperthermic 

response induced by MDMA is thought to be mediated by the MDMA-

evoked 5-HT release acting on 5-HT2A/C receptors, i.e. it can be completely 

prevented or promptly reversed by 5-HT2A/C antagonists (Herin et al., 2005; 

Liechti et al., 2000; Shioda et al., 2008). Since we hypothesized that SERT-/- 

rats are protected from MDMA-evoked SERT-dependent 5-HT release, we 

argued that the SERT-/- rat model allows to study the mechanism 

contributing to SERT independent MDMA-induced 5-HT release. To that 

end we tested in SERT-/- and SERT+/+ rats the effect of the 5-HT2A/C 

receptor antagonist ketanserin on the MDMA-induced hyperthermia.  

 

 

MATERIAL AND METHODS 

 

Subjects  

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

University of Groningen (DEC protocol #4083C). The SERT knockout 

(SERT-/-) rat (Slc6a41Hubr) was generated by target-selected ENU-induced 

mutagenesis in a Wistar (Wistar/Crl) background (for detailed descriptioin, 

see Smits et al., 2006). Experimental animals were generated from incrosses 

between heterozygous SERT knockout (SERT+/-) rats that have been 
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outcrossed for at least six generations to eliminate confounding effects from 

other mutations that may have been induced by the ENU mutagenesis. 

Under the used mutagenesis conditions the mean mutation frequency was 

roughly 1 in 1.0-1.2 million basepares (about 1 centiMorgan). This approach 

resulted in a knockout of the SERT as a consequence of a premature 

stopcodon in the SERT gene. Although the chance for the occurrence of a 

very tightly linked mutation with a phenotypic effect is very small, this 

possibility should be taken into account in the design and interpretation of 

experiments. At the age of 3 weeks ear cuts were taken under anaesthesia 

and used for genotyping. Genotypes were reconfirmed after experimental 

procedures were completed. In this study 21 SERT+/+ and 23 SERT-/- rats 

were used. At the start of the experiment the animals were 180 days old. All 

rats were housed individually in Perspex cages (30 x 23 x 15 cm) with 

sawdust bedding in a room with 12:12 light:dark cycle (lights on at 1:00 

a.m.). Food (chow) and water was available ad libitum throughout the whole 

experiment. Room temperature was 21 ± 1°C, except during the time of 

MDMA administration.  

 

Telemetry 

A radio-telemetry system (Data Sciences, St Paul MN) was used for stress 

free monitoring of body temperature. All animals were implanted a 

radiotransmitter (TA10TA-F40; sensitivity: 0.1˚C) in the abdomen using 

(O2/N2O/isoflurane) anaesthesia. Body temperature was registered every 

five minutes. Cages of the animals were placed on receiver plates and the 

signal collected and analysed using the DSI Dataquest A.R.T. Acquisition 

System.  
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MDMA injections 

3,4-methylenedioxymethamphetamine (± MDMA-HCl, 99.6% obtained 

from the Dutch Forensic Institute, The Hague, the Netherlands) or saline (1 

ml/kg) was injected intraperitoneally (i.p.) three times with a three hours 

interval. 7 SERT+/+ and 7 SERT-/- rats received MDMA (3 x 6 mg/kg), and 

8 SERT+/+ and 9 SERT-/- rats were treated with saline. The first injection 

(MDMA or saline) was given four hours before the light went off. 1.5 

Hours before the first injection until three hours after the third MDMA 

injection room temperature was raised to 25 ± 0.5 ºC.  

 

Brain processing and immunocytochemistry                                     

Four weeks after the injections all rats were sacrificed by transcardial 

perfusion (under terminal anaesthesia with pentobarbital) with heparinised 

saline followed by 2.5% paraformaldehyde and 0.05% glutaraldehyde in 

0.1M phosphate buffer. Brains were removed and after dehydration in 30% 

sucrose, the left hemisphere was cut into 40 μm sagittal sections on a 

cryostat microtome. For immunocytochemistry the hippocampus and PFC, 

brain regions frequently studied in MDMA studies describing the effect of 

MDMA on 5-HT axons, were selected. Two sections containing CA3 region 

of the hippocampus and PFC (sagittally lateral 2.40 mm according to 

Paxinos & Watson, 1986) were selected. After preincubation with 5% 

normal horse serum and 0.4% triton-X100, sections underwent incubation 

with H2O2 to inactivate endogenous peroxidase. The primary antibodies that 

were applied were mouse anti-5-HT (1:100.000 kindly donated by L. Léger, 

Lyon, France), for five days. As a second antibody biotinylated horse-anti-

mouse (1:500, Vector BA2001) was used. After incubation with an ABC kit 

(1:500, Vector, Burlingame, United Kindom) for 16h, staining was 

visualized with diaminobenzidine and ammonium nickel sulphate (15 mg 
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3,3’-diaminobenzidine tetrahydrochloride (DAB)/100 ml Tris-HCl, and 150 

mg ammonium nickel sulphate/100ml Tris-HCl) as chromogen. 

 

Quantification                                                                                     

During the analysis of the brain material, the experimenter was blind to the 

treatment and genetic profile of the rats. 5-HT immuno-positive axons were 

counted in the PFC and in the hippocampus with a 400x magnification 

using a grid (0.0625 mm2, 100 squares). Axons that crossed the vertical and 

horizontal lines of every other line of the grid were counted.  

 

Ketanserin 

Another 6 SERT+/+ and 7 SERT-/- rats were used in this experiment. Using 

a cross-over experimental design, the animals were either treated with a 

single dose of MDMA (10 mg/kg) followed by saline or a combination with 

MDMA (10 mg/kg) followed by ketanserin (3 mg/kg) 80 minutes later. 

Room temperature was raised to 25 ± 0.5 ºC from 1.5 hours before 

treatment until 5 hours after the MDMA injection. Body temperature was 

measured by using telemetry, as described above. 

 

Statistics 

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

change in body temperature in each genotype after MDMA was analyzed 

relative to saline controls of each genotype. A repeated-measurements 

ANOVA was employed with treatment (2 levels) and genetic profile (2 

levels) as between-subject factors and time as the within-subject repeated 

measurements factor. In case of a significant interaction effect of time x 

genotype, or time x treatment, post-hoc analysis was performed using a t-

test. The immunocytochemistry data were analyzed per brain area, using a 
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two-way ANOVA, with treatment (2 levels) and genetic profile (2 levels) as 

between-subject factors. When a significant interaction was found, it was 

analyzed with a Students t-test.  

 

 

RESULTS 

 

Body temperature 

As can be seen in figure 1, MDMA treatment induced a hyperthermic 

response in both SERT+/+ and SERT-/- rats (time x treatment effect, 

F(1,27)=10.547, p<0.01). The MDMA-induced change in body temperature 

differed between both genotypes even when corrected for baseline 

differences in body temperature (genotype x treatment effect, 

F(107,1177)=1.766, p<0.0001). Post-hoc analysis revealed that body 

temperature of SERT+/+ rats was only lower than of SERT-/- rats after the 

MDMA injection (at 15-25 minutes and at 110-210 minutes after the first 

MDMA injection). However, no differences in hyperthermia were seen 

between the two genotypes after the second and third MDMA 

administration. Indeed, when the overall thermic effect of the acute MDMA 

treatment was calculated as the area under the time-response curve, no 

significant differences were noted between SERT+/+ and SERT-/- rats 

(F(1,27)=0.097, p=0.758). 

 

5-HT innervation 

5-HT innervation in SERT-/- rats was higher than in SERT+/+ rats in the 

hippocampus (F(2,34)=5.680, p<0.01) and in the PFC (F(1,18)=20.287, 

p<0.0001). 
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MDMA treatment resulted in a depletion of 5-HT axons in the 

hippocampus and PFC (treatment effect, (F(1,24)=6.245, p<0.05 and 

F(1,24)=5.312, p<0.05 respectively). As is shown in figure 2, MDMA 

treatment induced a larger depletion of serotonergic axons in the 

hippocampus of SERT+/+ rats than SERT-/- rats (t(1,11)=2.668, p<0.05). In 

the PFC, however, the depletion of serotonergic axons did not differ 

between both genotypes (t(1,11)=1.391; p=0.192). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 1 Average (+ s.e.m.) body temperature changes in SERT+/+ and SERT-/- rats after 
repeated (3 x 6 mg/kg) MDMA or saline (1 mg/kg) injections. Arrows indicate moment of 
injection. *p < 0.05. Insert: Average (+ s.e.m.) total body temperature response in SERT+/+ 
and SERT-/- rats after repeated (3 x 6 mg/kg) MDMA or saline (1 ml/kg) injections. 
*p<0.05. 
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Figure 2 Average per-centage decrease of 5-HT positive axons (+ s.e.m.) in hippocampus and 
PFC, four weeks after repeated saline or MDMA treatment in SERT+/+ and SERT-/- rats 
compared to control groups. Control groups were set at 100%. * p <0.05. 
 

 

Ketanserin 

As illustrated in figure 3, a single acute injection of 10 mg/kg MDMA 

induced a more pronounced hyperthermic response in SERT+/+ rats than in 

SERT-/- rats (time x genotype x treatment interaction, F(54,1026)=1.668, 

p<0.05. Post-hoc analysis using a t-test revealed that SERT+/+ had a larger 

change in body temperature than SERT-/- rats at 105-210 min after MDMA 

injection). The 5-HT2A/C receptor antagonist ketanserin significantly 

decreased the hyperthermic response in both genotypes (treatment x time 

interaction, F(54,1026)=9.141, p<0.001). The hyperthermic response after 

administration of ketanserin was similar in magnitude between both 

genotypes (time x genotype x treatment interaction, F(54,1026)=1.668, 

p<0.05. Post-hoc analysis using a t-test revealed no differences except for 

time point 10-25). 

 



CHAPTER 5                                                                        

96 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 3 Average (+ s.e.m.) body temperature changes in SERT+/+ and SERT-/- rats. At 
time point 0 rats were injected with MDMA (10 mg/kg). 80 Minutes after the MDMA 
injection rats were injected with ketanserin (3 mg/kg) or saline (1ml/kg). Arrows indicate 
moment of injection. * =SERT+/+ MDMA vs. SERT-/- MDMA  p<0.05; &=SERT+/+ 
MDMA vs. SERT+/+ MDMA + KET p<0.05; #= SERT+/+ MDMA + KET vs. 
SERT-/- MDMA + KET p<0.05; $=SERT-/- MDMA vs. SERT-/- MDMA + KET 
p<0.05. 
 

 

DISCUSSION 

 

The main aim of the present study was to investigate the role of SERT in 

the long-term 5-HT depleting effects of MDMA. Both SERT-/- and 

SERT+/+ rats showed long-lasting 5-HT depletion after MDMA binge 

treatment, although the depletion was more severe in SERT+/+ rats. These 

results indicate that SERT functioning is an important but not the sole 

factor in the mechanism leading to MDMA-induced serotonergic depletion. 

The presence of a difference between SERT+/+ and SERT-/- animals in the 

degree of 5-HT neurotoxicity after MDMA administration in the 
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hippocampus but not in the PFC could indicate that the contribution of the 

SERT to the level of serotonergic neurotoxicity differs in both brain areas.  

MDMA binge treatment resulted in an acute hyperthermic response in both 

SERT+/+ and SERT-/- rats. This hyperthermic response is most likely 

mediated via an MDMA-evoked release of 5-HT acting consequently on 5-

HT2A/C receptors as 5-HT2A/C receptor antagonists, e.g. ketanserin, M100907 

and risperone (Herin et al., 2005; Shioda et al., 2008) have been shown to 

virtually completely block or abrogate this hyperthermia. Indeed, we showed 

that ketanserin effectively blocked the MDMA-induced hyperthermic 

response in both genotypes indicating that MDMA can induce 5-HT release 

via a pathway that does not involve SERT.  

These results may suggest that the SERT-/- rat is not fully deficient in SERT 

function. However, there cannot be any doubt whether SERT-/- rats indeed 

are devoid of SERT, since this has been convincingly confirmed at the level 

of DNA, mRNA, protein expression and functionality (Homberg et al., 

2007). 

In the first experiment, the acute hyperthermic response of SERT-/- and 

SERT+/+ rats did not differ, except for the hypothermic response seen in 

SERT+/+ rats which was not seen in SERT-/- rats. Such a hypothermic 

response to MDMA is known to result from activation of 5-HT1A receptors 

(Rusyniak et al., 2007). Since this receptor subtype is largely desensitized in 

SERT-/- rats (Homberg et al., 2008) this lack of hypothermia is in line with 

the expectation that a MDMA-induced release of 5-HT is not capable to 

induce hypothermia in SERT-/- rats. The fact that there is no difference in 

the magnitude of the hyperthermic response between SERT-/- and SERT+/+ 

rats is in agreement with studies that have investigated the influence of 

fluoxetine on the MDMA-induced hyperthermia (Malberg et al., 1996; 

Sanchez et al., 2001). Studies using SERT-/- mice or fluoxetine treatment in 
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rats have shown that extracellular concentrations of 5-HT are not 

(substantially) increased after MDMA administration (Trigo et al., 2007; 

Sanchez et al., 2001). In our study, the MDMA-induced hyperthermic 

response can be antagonized by ketanserin in both genotypes, suggesting 

that 5-HT is released also in SERT-/- rats. A possible explanation is that this 

MDMA induced 5-HT release is mediated by Ca2+-dependent mechanisms 

(Crespi et al., 1997; Gudelsky & Nash, 1996). 

Surprisingly, in our study the repeated MDMA injections of 3 x 6 mg/kg 

MDMA did not induce differences in the hyperthermic response between 

SERT+/+ and SERT-/- rats, whereas a single injection of the higher dose of 

10 mg/kg MDMA resulted in a higher hyperthermic response in SERT+/+ 

rats. It has been suggested that non-serotonergic pathways are involved in 

the MDMA-induced hyperthermic response. For example, MDMA can 

induce dopamine release in vivo (Yamamoto & Spanos, 1988), partly by 

interacting with the dopamine transporter (DAT) (Nash & Brodkin, 1991). 

In addition, (Malberg et al., 1996) have shown that administration of alpha-

methyl-p-tyrosine (AMPT) to inhibit tyrosine hydroxylase activity also 

inhibits the MDMA-induced hyperthermic response. Administration of 

MDMA to SERT-/- mice revealed that the dopamine release is fully present 

(Trigo et al., 2007) in these mice. Differential activation of dopaminergic 

pathways due to differences in dose regime might therefore explain the 

observed difference in the temperature response.  

Interestingly, in both genotypes long-term 5-HT depletion was found. An 

effect of the hyperthermia can be ruled out in this situation, since in both 

genotypes there was a similar increase in body temperature response. The 

long-term 5-HT depletion found in SERT-/- rats could possibly relate to 

their acute MDMA-evoked release of 5-HT. 
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In conclusion, the present findings show that the SERT contributes to the 

MDMA-induced 5-HT depleting effects but is not the only player. This 

study confirms that MDMA can mediate acute 5-HT release via SERT-

dependent and SERT-independent mechanisms. It is tempting to 

hypothesize that this 5-HT release in rats lacking the capacity to take up 5-

HT plays a role in the lasting 5-HT depletion after MDMA administration. 
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