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Abstract

Rationale—3,4-methylenedioxymethamphetamine (MDMA) persistently improves symptoms of 

post-traumatic stress disorder (PTSD) when combined with psychotherapy. Studies in rodents 

suggest that these effects can be attributed to enhancement of fear memory extinction. Therefore, 

MDMA may improve the effects of exposure-based therapy for PTSD; particularly in treatment-

resistant patients. However, given MDMA's broad pharmacological profile, further investigation is 

warranted before moving to a complex clinical population.

Objectives—We aimed to inform clinical research by providing a translational model of 

MDMA's effect, and elucidating monoaminergic mechanisms through which MDMA enhances 

fear extinction.

Methods—We explored the importance of monoamine transporters targeted by MDMA to fear 

memory extinction, as measured by reductions in conditioned freezing and fear-potentiated startle 

(FPS) in mice. Mice were treated with selective inhibitors of individual monoamine transporters 

prior to combined MDMA treatment and fear extinction training.

Results—MDMA enhanced the lasting extinction of FPS. Acute and chronic treatment with a 5-

HT transporter (5-HTT) inhibitor blocked MDMA's effect on fear memory extinction. Acute 

inhibition of dopamine (DA) and norepinephrine (NE) transporters had no effect. 5-HT release 

alone did not enhance extinction. Blockade of MDMA's effect by 5-HTT inhibition also 

downregulated 5-HT2A-mediated behavior, and 5-HT2A antagonism disrupted MDMA's effect on 

extinction.

Conclusions—We validate enhancement of fear memory extinction by MDMA in a translational 

behavioral model, and reveal the importance of 5-HTT and 5-HT2A receptors to this effect. These 

observations support future clinical research of MDMA as an adjunct to exposure therapy, and 
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provide important pharmacological considerations for clinical use in a population frequently 

treated with 5-HTT inhibitors.
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Introduction

For several decades 3,4-methylenedioxymethamphetmine (MDMA) has garnered interest as 

an adjunct to psychotherapy due to its profound acute mood-elevating and prosocial effects 

(Greer and Tolbert 1986). Recently, just two sessions of MDMA-assisted psychotherapy 

have been found to promote long-term reductions in symptoms of post-traumatic stress 

disorder (PTSD) (Mithoefer et al. 2011). Although the pharmacological and psychological 

mechanisms of this effect are not well understood, preclinical research suggests that MDMA 

enhances the extinction of fear memory (Young et al. 2015). Further mechanistic studies of 

this phenomenon are required to anticipate important considerations for the use of MDMA 

in a clinical setting.

Many PTSD patients continue to experience intensely fearful responses to traumatic 

memories long after the fear response serves a protective function, which may be due to 

impairments in the extinction of fear memory (Rothbaum and Davis 2003). The extinction of 

fear memory is a learning process in which the fear response to an aversive memory 

diminishes as it repeatedly fails to predict an expected threat. Fear extinction processes can 

be engaged by exposure-based therapies for PTSD through the repeated re-exposure to 

trauma-related stimuli in the absence of harmful consequences (Rothbaum and Schwartz 

2002). Pharmacological adjuncts that enhance extinction learning have been hypothesized to 

improve outcomes in exposure-based therapy (de Kleine et al. 2013). In fear-conditioned 

mice, administering MDMA systemically or directly to the amygdala 30 min prior to fear 

extinction training results in lasting improvements in fear memory extinction (Young et al. 

2015). This effect depends on signaling through brain derived neurotrophic factor (BDNF) 

initiated when MDMA and extinction training are combined. However, translating the 

extinction-enhancing properties of MDMA in rodents to exposure-based therapies in human 

populations requires a significantly greater understanding of the mechanisms by which 

MDMA enhances the extinction of fear memory.

In the brain, MDMA primarily targets monoaminergic transporters and receptors (Battaglia 

et al. 1988), several of which have been demonstrated to play a role in the extinction of fear 

memory. Like other phenethylamine derivatives, MDMA potently releases dopamine (DA), 

norepinephrine (NE), and serotonin (5-HT) through their respective transporters (Green et al. 

2003). Treatments that increase 5-HT or NE neurotransmission – selective serotonin 

reuptake inhibitors (SSRIs), exogenous NE, and direct serotonergic/adrenergic agonists – all 

have been observed to enhance fear memory extinction in certain cases (Burghardt and 

Bauer 2013; Mueller and Cahill 2010; Zhang et al. 2013). MDMA's effects on transporter-

mediated release can be obstructed by pre-treatment with selective reuptake inhibitors 

(Fitzgerald and Reid 1990; Hekmatpanah and Peroutka 1990; Hysek et al. 2012). 
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Specifically, SSRIs and norepinephrine-reuptake inhibitors (NRIs) also inhibit some of 

MDMA's behavioral/subjective effects (Hysek et al. 2011; Liechti and Vollenweider 2000b), 

demonstrating that MDMA's unique behavioral profile depends on access to transporters of 

5-HT and NE.

The primary purpose of the current study was to identify monoaminergic mechanisms 

through which MDMA enhances the extinction of fear memory. A second aim of this study 

was to validate the effect of MDMA on fear memory extinction using a measure of fear 

behavior more translatable to humans. Previous studies with MDMA have used conditioned 

freezing, which is a stereotypic fear behavior in rodents. Conversely, fear-potentiated startle 

(FPS) is a highly conserved fear behavior across species, wherein the presence of a fear-

eliciting stimulus increases the startle reflex to a burst of noise (Davis 2006). FPS has been 

repeatedly used as an index of conditioned fear expression and extinction across animal and 

human investigations (Briscione et al. 2014; Norrholm et al. 2006). Though their expression 

relies on different neurological systems, extinction of both conditioned freezing and FPS 

depend on the amygdala, where MDMA has increased BDNF signaling important for 

learning (Myers and Davis 2007; Young et al. 2015). While similar patterns of freezing and 

FPS expression are observed when simultaneously measuring them in response to a 

conditioned aversive stimulus, FPS appears to extinguish more slowly than conditioned 

freezing (Daldrup et al. 2015).

Using auditory Pavlovian fear conditioning to instate a fear memory, we demonstrate a 

leftward shift in the dose-response relationship between MDMA and the extinction of FPS 

in comparison to observations in previous studies of the extinction of conditioned freezing. 

Using selective pharmacological inhibitors of DA, NE or 5-HT transporters, we reveal a 

crucial role for the 5-HT transporter (5-HTT) in MDMA's enhancing effect on fear memory 

extinction. This effect was also blocked by pharmacological treatments that inhibit 5-HT2A 

receptor (5-HT2AR). The behavioral and pharmacological data here provide further evidence 

of MDMA's enhancing effect on fear memory extinction and also underscore the importance 

of 5-HT neurotransmission in this effect.

Methods and Materials

Animals

Male C57BL/6 mice were from the Jackson Laboratory and bred at the Yerkes National 

Primate Research Center at Emory University. Mice were group-housed in ventilated cages 

and maintained on ad libitum food and water. Lights in the vivarium turned on at 7:00 A.M. 

and turned off at 9:00 P.M. All experiments were performed on male mice between postnatal 

day 49 and 112. Studies were performed during the lights-on phase, with experiments taking 

place between 9:00 A.M. and 5:00 P.M, as mice trained and tested during the lights-on 

phase, mice show significantly slower extinction (Chaudhury and Colwell 2002). Studies 

were in accordance with National Institutes of Health guidelines, and all procedures were 

approved by the Institutional Animal Care and Use Committee at Emory University.
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Drugs

S,R(±)-MDMA (MDMA), M100907 (M100), RTI-336 were supplied by the National 

Institute on Drug Abuse (Research Technology Branch, Research Triangle Park, NC, USA). 

Citalopram was obtained from Eli Lilly and Co. (Indianapolis, IN, USA). Reboxetine was 

obtained from Tocris Bioscience (Avonmouth, Bristol, UK). (-)-1-(2,5-Dimethoxy-4-

iodophenyl)-2-aminopropane hydrochloride (DOI) was obtained from Sigma-Aldrich (St. 

Louis, MO, USA). MDMA, citalopram, reboxetine and DOI were dissolved in 0.9% saline 

immediately before experimentation. RTI-336 was initially dissolved in 100% ethanol and 

diluted to less than a 2% concentration with saline. M100 was dissolved in saline and 0.1N 

HCl. Drug vehicle served as control for each respective experiment with a given drug. All 

solutions were injected intraperitoneally (i.p.) at a volume of 10 μL/g body weight. MDMA 

was administered 30 min prior to the behavioral procedure based on a previous study, and 

transporter inhibitors were administered 30 min before MDMA because all three drugs reach 

peak brain concentrations within 30 min of administration and remain elevated for at least 

90 min (Kimmel et al. 2008; Kreilgaard et al. 2008; Strolin Benedetti et al. 1995).

Conditioning and Extinction of Freezing Behavior

The procedure for acquisition and sub-optimal extinction of conditioned freezing are 

described in detail previously (Young et al. 2015). Briefly, mice were exposed to cued fear 

conditioning on Day 1, fear extinction training on Day 3, and extinction testing on Day 4. 

Cued fear conditioning consisted of a 4 pairings of a CS-tone (75-80dB, 6.0 kHz, 30 s) and a 

US-footshock (0.6 mA, 1 s). Extinction training was carried out 48 h after fear conditioning 

(‘Day 3’) in a different context from conditioning, where they were exposed to 16 CS tones 

separated by 45 s each. Saline or MDMA was administered 30 min prior to extinction 

training, and mice were individually-housed during the period between drug administration 

and the behavioral procedure. Freezing was scored by video recording and FreezeView 

software (Coulbourn Instruments, San Diego, CA, USA). For experiments exploring the 

effects of chronically-administered citalopram, mice were treated daily with 10 mg/kg (i.p.) 

of citalopram for 22 days between fear conditioning and extinction training. Mice were 

habituated to handling and i.p. injection for two days prior to experimentation.

Fear-Potentiated Startle (FPS)

Studies exploring FPS were carried out using a startle response system from San Diego 

Instruments (San Diego, CA, USA). Two separate FPS experiments were performed, and the 

protocols were based on previous studies of FPS in mice (Smith et al. 2011). The first 

experiment tested the effects of a range of MDMA doses on the within- and between-session 

extinction of FPS. On Days 1–3 (‘Acclimation’) of the first experiment, animals were placed 

in the startle chamber, given a 5-min period during which no auditory stimuli were 

presented, followed by a semi-random presentation of fifty 20-ms white noise startle stimuli 

(ten each of 70, 80, 85, 90, and 100 dB) with a 30-s inter-trial interval (ITI). On Day 4 

(‘PreTest’), study mice were given a 5-min acclimation period followed by presentation of 

10 startle stimuli (85 dB; 1 min ITI), and then 20 ‘CS+startle’ trials consisting of a 30-s, 12-

kHz, 70-dB tone. This CS tone used in the PreTest is identical to the one used as the CS on 

the following fear conditioning day. On Day 5, animals were fear conditioned to ten CS-US 
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pairings (0.25 s, 0.4-mA) in the same fear conditioning chambers used in previously 

described experiments. On Day 6 (‘Memory Test’), FPS was assessed by presenting 4 

interspersed startle stimulus alone and CS+startle stimuli. FPS was averaged for all mice 

during this trial, and treatment groups were counterbalanced for equal FPS during the 

Memory Test. On Day 7, the effects of MDMA on the within-session extinction of FPS was 

tested by administering vehicle or MDMA 20 minutes prior to placing mice in the startle 

chamber. Mice were individually-housed in familiar small covered translucent plastic 

buckets filled with bedding after drug administration and before the behavioral procedure. 

Sub-threshold extinction of FPS (Smith et al, 2011) consisted of the same protocol used 

during the PreTest on Day 4. Between-session extinction learning (or extinction retention) 

was tested on Day 8 using the same protocol.

The second FPS experiment tested the effects of chronic citalopram treatment on the effects 

of MDMA. This approach was identical in most ways to the previous experiment, except 

that fear conditioning occurred on Day 1, followed by 22 days of treatment. Memory testing, 

within-session extinction training, and between-extinction (retention) testing occurred on 

Days 25, 26, and 27, respectively. Startle chambers were cleaned with distilled water in 

between individual animal test sessions and then cleaned again with Quattricide at the end of 

each daily session. Separate chambers used for fear conditioning were cleaned with 70% 

EtOH. Startle was assessed in 100-ms blocks during the presentation of the startle stimulus. 

During acclimation periods, startle was assessed every 30 s. FPS was calculated by the 

following formula using average startle measurements across a session:

Statistical Analysis

Behavioral data were analyzed with SPSS 22.0 (IBM; Armonk, NY) and Prism 5.0 

(GraphPad) using a two-tailed t-test, one- or two-way ANOVA, or a repeated-measures 

ANOVA with α = 0.05. Post hoc ANOVA comparisons were made using Dunnett's test for 

dose-response data and Bonferroni's test for all other data. Data in figures are presented as 

mean ± SE. The data variance was similar between the groups compared in each statistical 

analysis using Bartlett's test for equal variances.

Results

Pre-treatment with inhibitor of 5-HTT, but not with other transporter inhibitors, blocks 
MDMA's enhancing effect on the extinction of conditioned freezing

Administration of a range of doses of citalopram (SSRI), reboxetine (NRI), or RTI-336 

(DAT inhibitor) 60 min prior to fear extinction training revealed that only 20 mg/kg of 

citalopram reduced conditioned freezing during extinction training (Figure 1a-1c) 

[citalopram: F(3,28)=11.22, p<0.001; n=8/group]. However, no effects of citalopram, 

reboxetine or RTI-336 treatment were observed the following day when conditioned freezing 

was tested (Figure 1a-1c) [citalopram: F(3,28)=0.18, p=0.098; n=8/group]. 10 mg/kg of each 

drug was used in all subsequent experiments because it was the highest dose administered 
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that had no significant effect on conditioned freezing or fear extinction when administered 

alone 60 min prior to extinction training.

When all pre-treatment groups were analyzed together [nvehicle=15; ntreatment=9], a main 

effect of MDMA treatment was observed [F(1,76)=25.19, p<0.0001]. Individual two-way 

ANOVAs were performed for each transporter inhibitor-treated group in comparison to the 

group that received drug vehicle prior to MDMA. Only RTI-336 treatment had a main effect 

on conditioned freezing [F(1,44)=32.64, p<0.001], but it did not prevent MDMA from 

reducing conditioned freezing (Figure 1d) [RTI-336 × MDMA: F(1,44)=0.039, p=0.843]. 

Although both citalopram and reboxetine treatment prevented the MDMA-induced 

reductions in conditioned freezing observed in the vehicle-treated group, neither citalopram 

[F(1,44)=1.47, p = 0.232] nor reboxetine [F(1,44)=0.087, p = 0.769] treatment interacted with 

MDMA's effect (Figure 1d).

The following day, MDMA maintained a significant main effect on conditioned freezing 

[F(1,76)=17.61, p<0.001]. Post-hoc comparisons within each pre-treatment group that 

MDMA-induced reductions in freezing observed in animals treated with vehicle prior to 

MDMA [p=0.001] were prevented when mice were pre-treated with either citalopram 

[p>0.99] or reboxetine [p=0.08], but not with RTI-336 [p=0.03]. However, only mice treated 

with citalopram prior to MDMA exhibited significantly greater conditioned freezing that 

mice that received vehicle prior to MDMA [p<0.001].

MDMA's effects on fear extinction are blocked by chronic daily injections of citalopram

Daily citalopram administration for 22 days significantly altered the effect of MDMA on 

fear extinction. Extinction training was carried out two days after the final chronic treatment 

to avoid acute effects of treatment (Figure 2a). During extinction training, mice treated with 

MDMA exhibited significantly less freezing during the first two sets of 4 CS's if they had 

not been chronically treated with citalopram. Chronic treatment with citalopram abolished 

this effect across trials [one-way ANOVA for CS1: F(3,36)=31.46, p<0.001; one-way 

ANOVA for CS2: F(3,36)=5.59, p=0.003; n=10/group] (Figure 2b). Chronic citalopram 

treatment also abolished the effect of MDMA on average conditioned freezing for the whole 

extinction training session [chronic treatment × pre-treatment: F(1,36)=4.51, p=0.041; n=10/

group] (Figure 2c). Similar effects were observed the following day during extinction 

testing, where MDMA-treated mice that received chronic vehicle exhibited significantly less 

conditioned freezing during the first 4 CS's than groups treated chronically with citalopram 

or without MDMA [one-way ANOVA for CS1: F(3,36)=3.95; p=0.016; n=10/group] (Figure 

2b). On average, across the whole of extinction testing, chronic treatment with citalopram 

blocked MDMA-induced reductions in conditioned freezing (Figure 2d) [chronic treatment 

× pre-treatment: F(1,36)=7.74, p=0.009; n=10/group]. Here, chronic treatment with 

citalopram alone did not affect conditioned freezing [F(1,36)=3.49, p=0.07; n=10/group].

To rule out the possibility that residual citalopram remaining from the last day of chronic 

treatment was affecting fear extinction, a separate group of fear-conditioned mice was 

treated with vehicle or citalopram 24 h prior to extinction training and MDMA treatment 

(Figure 2e). Treatment with citalopram 24 h before extinction training did not affect the 

persistent reductions in conditioned freezing observed in MDMA-treated mice during 
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extinction testing (Figure 2f) [F(1,28)=17.56, p=0.0003 for main effect of MDMA treatment; 

F(1,28)=0.001, p=0.970 for main effect of citalopram treatment ; F(1,28)=0.16, p=0.696 for 

citalopram × MDMA treatments].

Transporter-mediated 5-HT release is insufficient to enhance extinction: a role for the 5-
HT2A receptor

Administration of a range of doses of fenfluramine – a compound that selectively releases 5-

HT through the 5-HTT – 30 min prior to extinction training dose-dependently increased 

conditioned freezing during extinction training [F(3,28)=3.46, p=0.029; n=8/group]. These 

effects were not maintained during extinction training the following day when mice were re-

exposed to 14 CS tones, as animals previously treated with vehicle exhibited similar levels 

of conditioned freezing in comparison to all fenfluramine treatment groups (Figure 3a) 

[F(3,28)=0.48, p = 0.696; n=8/group].

Next, we explored the effect of chronic citalopram treatment on a behavior dependent on the 

5-HT2A receptor (5-HT2AR). Mice were treated with the 5-HT2AR agonist DOI (1 mg/kg, 

i.p.) 48 h after the last dose of chronic daily treatment with either vehicle or citalopram. 

Mice treated chronically with citalopram exhibited significantly less DOI-induced head-

twitch behavior across a 10 min observation period (Figure 3b) [t(8)=2.41, p=0.042; n=5/

group]. To explore the role of the 5-HT2AR in MDMA's effect on extinction, the selective 5-

HT2AR antagonist M100 was administered 30 min prior to MDMA treatment. M100 (0.6 

mg/kg) obstructed MDMA's effect during extinction training (Figure 3c) [F(1,28)=7.69, 

p=0.01 for main effect of M100; F(1,28)=9.17, p=0.005 for main effect of MDMA; 

F(1,28)=1.72, p=0.200 for interaction effect; n=8/group) and also significantly attenuated 

MDMA's effect on conditioned freezing 24 h later (Figure 3d) [F(1,28)=0.038, p=0.846 for 

main effect of M100; F(1,28)=4.39, p=0.044 for main effect of MDMA; F(1,28)=6.81, 

p=0.014 for M100 × MDMA treatments; p=8/group].

Chronically-administered citalopram blocks MDMA's enhancement of the extinction of 
fear-potentiated startle (FPS)

All three doses of MDMA administered prior to extinction training FPS during the training 

session. One-way ANOVA analysis of the average FPS exhibited during each group of 4 CS 

presentations during extinction training revealed significant effects of MDMA treatment 

across the extinction training session (Figure 4b) [CS1: F(3,60)=13.95, p<0.001; CS2: 

F(3,60)=8.00, p<0.001; CS5: F(3,60)=6.05, p=0.001 for main effects of treatment; n=16/

group]. Total average FPS during extinction training was also reduced by all doses of 

MDMA (Figure 4c) [F(3,60)=8.91, p<0.0001; n=16/group]. However, when retention of 

extinction was tested the following day, only animals treated with 7.8 mg/kg of MDMA 

exhibited significantly less FPS (Figure 4d) [F(3,60)=3.45, p=0.022; n=16/group]. Analysis 

of each individual group of 4 CS presentations during extinction testing revealed a 

significant effect of treatment only in the final four CS presentations (Figure 4b) [CS10: 

F(3,60)=0.0024, p=0.002; n=16/group].

Chronic daily injections of citalopram (10 mg/kg; i.p.) for 22 days did not alter FPS induced 

by 4 CS presentations during a brief memory test on Day 24 compared to vehicle (Figure 
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5b). The following day, MDMA treatment (7.8 mg/kg) prior to extinction training 

significantly reduced FPS regardless of whether mice had been chronically treated with 

either citalopram or vehicle (Figure 5c) [F(1,44=23.08, p<0.001 for main effect of acute 

treatment; F(1,44)=0.179, p=0.674 for main effect of chronic treatment; F(1,40)=0.403, 

p=0.529 for acute × chronic treatment, n=12/group]. When retention of fear extinction was 

tested in the mice the following day, reductions in FPS facilitated by MDMA were abolished 

in mice that had been chronically treated with citalopram (Figure 5d) [chronic treatment × 

acute treatment: F(1,44)=5.28, p=0.026; n=12/group].

Discussion

The acute positive effects of MDMA on mood and affiliative behaviors have long driven 

interest in its usefulness as an adjunct to psychotherapy (Greer and Tolbert 1986). We have 

hypothesized that the lasting efficacy of MDMA as an adjunct to psychotherapy for PTSD 

may result in part from its effects on the extinction of powerful fear memories (Mithoefer et 

al. 2011; Mithoefer et al. 2013). Using both conditioned freezing and FPS as measures of 

fear memory extinction, we demonstrate that MDMA-induced enhancements of extinction 

can be impaired by pharmacologically inhibiting the 5-HTT. We propose that this effect is 

mediated by indirect inhibition of 5-HT2A receptors. The results of the present study support 

the hypothesis that MDMA enhances the extinction of fear memory, and also reveal an 

important role for serotonergic neurotransmission in this effect.

Our observation that administration of MDMA prior to extinction training prevented the 

expression of FPS during the extinction test is a critical indicator that MDMA improves 

extinction learning (Myers and Davis 2002), and supports previous observations where 

MDMA enhanced the extinction of conditioned freezing (Young et al. 2015). Though both 

freezing behaviors and the acoustic startle reflex rely on distinct neural pathways, the ability 

for fear memories to modulate both of these behaviors relies on the amygdala (Myers and 

Davis 2007). We have previously demonstrated that MDMA facilitates the extinction of 

conditioned freezing specifically in the amygdala, where it increases BDNF mRNA only 

after extinction training (Young et al. 2015). Interestingly, although expression of 

conditioned freezing and FPS follow similar trajectories of magnitude when measured 

simultaneously during fear memory retrieval, FPS appears to extinguish more slowly 

(Daldrup et al. 2015). We made similar observations in the present study, where extinction 

training to 16 CS in saline-treated mice resulted in greater relative reductions in conditioned 

freezing than in FPS. Therefore, it is important that we demonstrated an enhancing effect of 

7.8 mg/kg MDMA on the lasting extinction of both conditioned freezing and FPS. 

Moreover, validation of MDMA's effect on the extinction of FPS is important because it is 

frequently used as an index of conditioned fear expression and extinction in human 

investigations, where MDMA is believed to have clinical utility (Briscione et al. 2014; 

Norrholm et al. 2006).

It is interesting to note that, although administering MDMA prior to extinction training 

significantly reduces both freezing and FPS during extinction training and testing sessions, 

these reductions in conditioned fear did not predict lasting improvements in extinction 

learning. Acute psychostimulant effects of MDMA unrelated to extinction learning are likely 
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to mask conditioned freezing and FPS during extinction training via DA and/or NE. 

Amphetamine, which releases DA and NE in a similar manner as MDMA, also can also 

reduce conditioned fear during the extinction session without persistently improving the 

extinction of conditioned freezing or FPS (Borowski and Kokkinidis 1998; Carmack et al. 

2010). 5-HT is unlikely to be involved in reductions of fear behavior during extinction 

training, as pre-extinction administration of fenfluramine dose-dependently increased 
conditioned freezing during extinction training. Although reduced fear expression during 

extinction training does not predict lasting improvements in extinction, those lasting 

improvements require that MDMA is on-board during the extinction session (Young et al. 

2015). While it has been hypothesized that MDMA improves psychotherapy for PTSD 

through its acute positive effects on mood, these effects might be mitigated by MDMA's 

anxiogenic effects (Bershad et al. 2016; van Wel et al. 2012). The findings here and 

elsewhere suggest that subjective or behavioral responses to MDMA during extinction 

training may not predict lasting fear extinction outcomes.

Although systemically-administered MDMA potently increases extracellular levels of 5-HT 

in the brain, 5-HTT-mediated increases in 5-HT alone are unlikely to account for MDMA's 

effect on fear memory extinction (Gudelsky and Nash 1996; Murnane et al. 2010). While 

citalopram treatment itself selectively increases extracellular 5-HT in the brain (Balu et al. 

2013), we and others have observed that neither acute nor chronic treatment with citalopram 

enhances fear memory extinction (Burghardt et al. 2013; Gunduz-Cinar et al. 2016). Even 

more strikingly, acute treatment with fenfluramine, which potently releases 5-HT through 

the 5-HTT (Crespi et al. 1997), did not enhance fear memory extinction on its own in our 

study. On the other hand, SSRIs that have significant binding affinity at other monoamine 

transporters can enhance fear extinction in rodents when chronically administered between 

fear conditioning and extinction training (Gunduz-Cinar et al. 2016; Karpova et al. 2011). 

While disrupting MDMA's access to 5-HTTs with the highly-selective SSRI citalopram 

(Sanchez and Hyttel 1999) actually blocked MDMA-induced extinction enhancement, the 

fact that drugs that specifically increase 5-HT do not improve extinction suggest the 

requirement of pharmacodynamic mechanisms beyond acute 5-HT release are required.

MDMA affects a variety of neuromodulatory systems and targets in the brain that have been 

previously associated with fear memory extinction (Green et al. 2003; Singewald et al. 

2015). MDMA increases levels of extracellular NE in the prefrontal cortex (Lanteri et al. 

2014), where inhibiting beta-adrenergic receptors in the infralimbic sub-region prior to 

extinction training impairs the retention of fear memory extinction the following day 

(Mueller et al. 2008). Conversely, extinction retention is enhanced by direct administration 

of MDMA into the infralimbic cortex (Young et al. 2015). Given that reboxetine, a selective 

inhibitor of NE transporters (NET), inhibits some physiological and behavioral effects of 

MDMA (Hysek et al. 2011), it follows that reboxetine pre-treatment might also inhibit 

MDMA's effect on extinction. However, reboxetine did not alter MDMA's effect on 

extinction in the current study, nor did it affect extinction learning on its own. Indeed, 

completely ablating NE signaling does not affect the extinction of cued fear memory 

(Murchison et al. 2004). MDMA's continued efficacy could be explained by direct binding 

of MDMA at beta-adrenergic receptors (Battaglia et al. 1988), blockade of which inhibits 

some of MDMA's cardiovascular effects (Hysek et al. 2010). Inhibition of beta-adrenergic 
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receptors has been previously demonstrated to inhibit the effect of NE on prefrontal cortical 

neurons believed to be essential for extinction learning (Mueller et al. 2008).

Although MDMA also releases significant levels of DA, other transporter-mediated DA 

releasers such as amphetamine have not been demonstrated to promote extinction learning 

here or elsewhere (Borowski and Kokkinidis 1998; Carmack et al. 2010). While one study 

reported enhancement of contextual fear memory extinction by the DA transporter (DAT) 

inhibitor methylphenidate, this treatment also increases NE via NET inhibition (Abraham et 

al. 2012; Kuczenski and Segal 1997). RTI-336 was used block DAT in the current study 

because of its high selectivity for the DAT over 5-HTT and NET (Carroll et al. 2006). 

However, DAT only accounts for some of the DA released by MDMA. For example, 

activation of the 5-HT2A receptor by MDMA appears to contribute to increases in DA 

release in the striatum (Yamamoto et al. 1995). Given that we observed that 5-HT2A receptor 

inhibition blocked MDMA's effect on extinction, indirect DA release may in fact play an 

important role. One target of indirectly released DA that may be important to MDMA's 

effect on extinction is the D2 receptor. Although MDMA has comparatively very low affinity 

for the D2 receptor (Battaglia et al. 1988), the D2 receptor is required for some of MDMA's 

euphoric effects (Liechti and Vollenweider 2000a) and does contribute to normal fear 

memory extinction (Mueller et al. 2010).

Compensatory changes brought on by chronic SSRI treatment are likely to inhibit MDMA's 

effect on fear memory extinction because chronic citalopram treatment blocked MDMA-

induced extinction enhancements even 48 h after the final treatment. This is expected to be a 

sufficient amount of time to clear systemic levels of citalopram, which has an estimated half-

life of 90 min in mice (Fredricson Overo 1982). Moreover, the dose used in the present study 

is almost completely eliminated from serum within 6 h (Karlsson et al. 2013). One 

consistently-observed effect of chronic SSRI treatment is the downregulation of 5-HTT 

availability and function (Benmansour et al. 1999; Benmansour et al. 2002), which could 

diminish transporter-mediated release of 5-HT by MDMA. However, we also explored 

mechanisms besides 5-HT release, given that acutely increasing transporter-mediated 5-HT 

release with fenfluramine failed to enhance extinction. Pharmacological and genetic 

manipulations of the 5-HTT consistently alter 5-HT2A receptor function in the amygdala 

(Bocchio et al. 2015; Jennings et al. 2008). In addition to its effects on the 5-HTT, chronic 

SSRI treatment downregulates 5-HT2A receptor expression and/or function (Meyer et al. 

2001; Sawyer et al. 2012). To determine the effect of our chronic citalopram treatment on 5-

HT2A receptor function, we explored its effects on DOI-induced head-twitch behavior, 

which is mediated specifically through the 5-HT2A receptor (Dougherty and Aloyo 2011). 

Indeed, DOI-induced head-twitch behavior was significantly reduced 48 h after chronic 

citalopram treatment. Further supporting the requirement of 5-HT2ARs for MDMA's effect 

on extinction, blocking 5-HT2ARs with the highly selective antagonist M100 (Kehne et al. 

1996) prevented MDMA's lasting enhancement of fear memory extinction. This is consistent 

with studies demonstrating that the 5HT2A receptor is required for MDMA's behavioral and 

physiological effects (Liechti et al. 2000; Murnane et al. 2012).

We did not observe lasting impairments in fear memory extinction in response to 5-HT2A 

receptor antagonist treatment alone, suggesting that 5-HT2A receptors may be sufficient, but 
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not necessary for extinction. While others have observed impaired extinction acquisition in 

response to 5-HT2A receptor inhibition, they did not explore whether extinction was 

permanently impaired (Slipczuk et al. 2013; Zhang et al. 2013). Conversely, the extinction of 

fear memory is consistently enhanced by 5-HT2A receptor agonists (Catlow et al. 2013; 

Zhang et al. 2013), which also diminish the expression of FPS (Hughes et al. 2012). 5-HT 

axon terminals and 5-HT2A receptors are densely expressed in the amygdala (Asan et al. 

2013; McDonald and Mascagni 2007), where they are particularly important for regulating 

fear behavior (Bocchio et al. 2015). Moreover, targeting MDMA to the amygdala facilitates 

fear memory extinction and increases brain-derived neurotrophic factor (Young et al. 2015), 

the latter of which can be stimulated specifically by 5-HT2A receptors. Besides 5-HT2A 

receptors, MDMA does bind with notably weaker affinity as a partial agonist at 5-HT1A and 

5-HT2C receptor sites (Battaglia et al. 1988). Interestingly, 5-HT1A agonists have been 

observed to acutely reduce the expression of conditioned fear (de Paula and Leite-Panissi 

2016; Risbrough et al. 2003), while antagonists block the psychomotor stimulant and pro-

social effects of MDMA in mice (Hunt et al. 2011; Morley et al. 2005). Given the proposed 

role of therapeutic alliance in the effect of MDMA on PTSD psychotherapy, it is possible 

that 5-HT1A signaling is important in clinical context. In contrast, we have previously 

demonstrated here and elsewhere that fear expression during extinction training is irrelevant 

to lasting extinction improvements by MDMA (Young et al. 2015). Moreover, 5-HT1A 

antagonism did not inhibit MDMA's effect in the amygdala and has limited effects on the 

cognitive and subjective effects of MDMA in humans (Hasler et al. 2009).

We hypothesize that chronic SSRI treatment blocks MDMA's effect on fear memory 

extinction by downregulating 5-HTTs and 5-HT2A receptor signaling. However, it is unclear 

why acutely-administered citalopram also blocked MDMA's effect, when MDMA's acute 5-

HT-releasing activity alone does not appear to enhance extinction. One potential explanation 

is rapid de-sensitization of the 5-HT2A receptor response to MDMA following citalopram 

treatment. Systemic injection of citalopram can increase extracellular 5-HT levels in the 

brain 3-5-fold within 20 min (Balu et al. 2013), and in vitro studies have demonstrated that 

increasing extracellular 5-HT diminishes the 5-HT2A receptor response to subsequently-

administered 5-HT2A receptor agonists within minutes (Berg et al. 2001; Vouret-Craviari et 

al. 1995). Alternatively, acute and chronic citalopram may disrupt MDMA's effect through 

distinct non-serotonergic mechanisms, such as the downregulation of NMDA receptor 

function in the amygdala by chronically-administered citalopram, which would be expected 

to alter MDMA-induced activity important for extinction (Boyer et al. 1998). Another 

alternative hypothesis is that the effect of chronically-administered citalopram on MDMA's 

effect is due to withdrawal effects following cessation of chronic citalopram treatment. 

However, were this the case, we would expect chronic citalopram treatment alone to alter 

fear memory expression or extinction, which it did not. The interaction between chronic 

SSRI treatment and MDMA is of particular importance for translational purposes, given that 

SSRIs are a commonly-employed treatment for anxiety disorders characterized by impaired 

fear learning (Koen and Stein 2011).

Although several treatments have been observed to enhance the extinction of conditioned 

freezing and/or FPS, most of these compounds have not had similar efficacy in human 

clinical populations (Singewald et al. 2015). MDMA, however, has been observed to 
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improve psychotherapeutic outcomes in PTSD patients (Mithoefer et al. 2011). Although 

these studies used unstructured psychotherapeutic approaches, and not exposure therapy, the 

observations in the present study support the hypothesis that reduction of PTSD symptoms 

by MDMA-assisted psychotherapy is facilitated by enhancing the extinction of the fear 

response to memories for trauma. Indeed, improvements in PTSD symptoms are achieved by 

exposure-based therapies that rely on principles of extinction learning (Rauch et al. 2015). 

However, a portion of patients remain unresponsive to that treatment. We speculate that 

treatment-resistant individuals may achieve improvements in PTSD symptoms with the 

combination of MDMA and exposure-based therapy, with the important caveat that 

concurrent SSRI treatment may obstruct efficacy.
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Fig 1. Effect of transporter inhibitors on fear extinction and MDMA-induced enhancement of 
fear extinction
(a-c; left) Conditioned freezing during extinction training 60 min after receiving a dose of 

citalopram, reboxetine or RTI-336. (a-c-right) Conditioned freezing the following day (n=8/

group). (d) Total average conditioned freezing during extinction training in vehicle- or 

MDMA-treated mice that received vehicle, citalopram, reboxetine, or RTI-336 60 min prior 

to extinction training. (n=15 in vehicle pre-treatment groups; n=9 in drug pre-treatment 

groups) (d) Total average conditioned freezing the day after treatment. *p<0.05; ^p<0.01, 

#p<0.001.
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Fig 2. Chronically-administered citalopram inhibits MDMA's effect on fear extinction 48 h later
(a) Experimental model. (b) Conditioned freezing across groups of 4 CS re-exposures during 

extinction training (left) and testing (right) (n=10/group). (c) Average total conditioned 

freezing to CS during extinction training. Chronically administered citalopram blocked 

MDMA-induced reductions in conditioned freezing. (d) Average total conditioned freezing 

to CS during extinction testing. Chronically-administered citalopram significantly obstructed 

MDMA-induced reductions in conditioned freezing. (e) Experimental model. (f) Average 

total conditioned freezing during extinction testing. Acute citalopram treatment 24 h prior to 

extinction training did not alter MDMA‟s lasting effect on conditioned freezing during 

extinction testing (n=8/group). *p < 0.05; # p < 0.001
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Fig 3. Effect of fenfluramine and the 5-HT2A receptor on fear memory extinction
(a) Total conditioned freezing to CS re-exposure during extinction training (left) and testing 

(right) when fenfluramine was administered 30 min prior to extinction training (n=8/group). 

(b) Total number of head-twitches induced by the 5-HT2AR agonist DOI (1 mg/kg) 48 h 

after 22 days of daily vehicle or citalopram administration (n=5/group). (c) Total 

conditioned freezing to CS re-exposure during extinction training when the 5-HT2AR 

antagonist M100 was administered 30 min prior to MDMA treatment (n=8/group). (d) Total 

conditioned freezing to CS re-exposure during extinction testing the day after extinction 

training (n=8/group). *p < 0.05; ^p < 0.01; #p < 0.001
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Fig 4. MDMA's effects on extinction of fear-potentiated startle (FPS)
(a) Experimental model. MDMA was administered 20 min prior to extinction training. (b) 

Average FPS across sets of 4 CS re-exposures during memory testing (Pre), extinction 

training (Day 7), and extinction testing (Day 8). 7.8 mg/kg treatment resulted in significantly 

less FPS during CS trials 1,2, 5 and 10 compared to vehicle treatment (n=16/group). (c) 

Total FPS in response to CS re-exposure during extinction training when MDMA was 

administered 20 min prior to extinction training. All treatment groups had significantly less 

FPS than the control vehicle-treated group (n=16/group). (d) Total FPS in response to CS re-

exposure during extinction testing. Only 7.8 mg/kg treatment resulted in significantly less 

FPS than the vehicle-treated group (n=16/group). *p < 0.05; ^p < 0.01; #p < 0.001.
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Fig 5. Chronically-administered citalopram inhibits MDMA's effect on the extinction of FPS
(a) Experimental model. (b) Average FPS across sets of 4 CS re-exposures during memory 

testing (Pre), extinction training (Day 25), and extinction testing (Day 26) when MDMA 

(7.8 mg/kg) was administered 20 min prior to extinction training (n=12/group). (c) Total 

FPS in response to CS re-exposure during extinction training when MDMA or vehicle was 

administered 20 min prior to extinction training. Both groups treated with MDMA exhibited 

significantly less FPS then vehicle-treated groups regardless of chronic treatment. (d) Total 

FPS in response to CS re-exposure during extinction testing. *p < 0.05; ^p < 0.01; #p < 

0.001.
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