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ABSTRACT  30 
MDMA is a promising adjunct to psychotherapy and has well-known abuse liability, although less 31 

than other amphetamine analogs. While the reinforcing dopamine (DA)-releasing properties of 32 

MDMA are on par with methamphetamine (METH), MDMA is a far more potent serotonin (5-HT) 33 

releaser, via the 5-HT transporter (SERT). MDMA-mediated 5-HT release in a major reward 34 

center, the nucleus accumbens (NAc), drives prosocial behaviors via 5-HT1BR activation. We 35 

hypothesized that this prosocial mechanism contributes to the reduced reinforcing properties of 36 

MDMA compared to METH and used a platform of assays to predict the balance of prosocial and 37 

abuse-linked effects of (R)-MDMA, a novel entactogen in clinical development. NAc DA release, 38 

measured by GRAB-DA photometry in vivo, increased in proportion to MDMA (7.5 and 15 mg/kg, 39 

i.p.) and METH (2 mg/kg i.p.)-conditioned place preference (CPP). Using conditional knockouts 40 

(cKOs) for DAT and SERT, microdialysis, and photometry, we found that MDMA-released 5-HT 41 

limited MDMA-released DA through actions in the NAc, rather than at ventral tegmental area 42 

DAergic cell bodies. SERT cKO reduced the MDMA dose required for CPP three-fold. This 43 

enhanced MDMA-CPP and increased DA release were replicated by intra-NAc infusion of either 44 

a 5-HT reuptake inhibitor (escitalopram) to prevent MDMA interaction with SERT, or a 5-HT2CR 45 

antagonist (SB242084), but not by the 5-HT1BR antagonist NAS-181. These data support 46 

separate mechanisms for the low abuse potential versus prosocial effect of MDMA. Using this 47 

platform of assays, (R)-MDMA is predicted to have prosocial effects and low abuse potential.  48 

 49 

  50 
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INTRODUCTION 51 

MDMA (also known as ‘molly’ or ‘ecstasy’) shows promise as an adjunct to psychotherapy for 52 

posttraumatic stress disorder (PTSD) [1, 2]. The efficacy of MDMA assisted therapy may stem 53 

from MDMA’s unique behavioral properties, which include an enhanced sense of emotional 54 

connectedness and empathy, and reduced fear when confronted with aversive stimuli, including 55 

traumatic memories [3]. MDMA, an amphetamine analog, is also prone to misuse and abuse [4], 56 

an important risk consideration for treating patients with PTSD, many of whom have comorbid 57 

substance use disorders [5]. However, MDMA is not as widely abused as closely related drugs 58 

in the amphetamine class, such as methamphetamine (METH; [6, 7]), raising the possibility that 59 

MDMA’s reduced abuse potential is mechanistically linked to its therapeutic behavioral effects.  60 

 61 

The neurochemical mechanism of MDMA differs from that of METH in at least one major 62 

aspect: while METH, MDMA and other amphetamines share an affinity for the dopamine 63 

transporter (DAT), driving non-vesicular DA release by reverse DA transport [8], MDMA also 64 

has a uniquely high affinity for the 5-HT transporter (SERT), driving supraphysiological 5-HT 65 

release via reverse transport [9]. We and others have found that in a major brain reward center, 66 

the nucleus accumbens (NAc), 5-HT release via an MDMA / SERT interaction and subsequent 67 

activation of the 5-HT1B receptor (5-HT1BR) accounts for MDMA’s prosocial effects in a variety of 68 

social behavioral assays [10–14]. These prosocial behaviors, including social approach in the 69 

three-chamber test (3-CT), social transfer of affective states, and social reward learning all 70 

reflect behavioral processes modified by MDMA in human studies [15–17]. In contrast, 71 

nonsocial drug reward evoked by METH and higher doses of MDMA has consistently been 72 

attributed to DA release in the same brain structure, the NAc, across species [10, 18]. 73 

 74 

The apparent relationship between SERT affinity, 5-HT release, and reduced abuse liability 75 

among amphetamine analogs and other stimulants has long been appreciated [7, 19, 20]. 76 

Investigations focused on brain-region specific regulation of DA release suggested a variety of 77 

candidate processes, including suppression of glutamatergic cortical inputs to dorsal striatum 78 

via 5-HT1BR [21], modulation of dopaminergic cell body excitability in the ventral tegmental area 79 

(VTA) via 5-HT1BR [22, 23] and 5-HT2CR [24–26], and modulation of DA release in the NAc by 5-80 

HT1BR [27, 28], 5-HT2AR [29], 5-HT2BR [30, 31] and 5-HT2CRs [29, 32]. Conflicting results with 81 

some 5-HTR ligands have added to the uncertainty about how stimulant-evoked 5-HT and DA 82 

release interact [29, 33].  83 

 84 
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Building on our prior work showing that prosocial and abuse-linked properties of MDMA are 85 

mediated by 5-HT and DA release in the NAc, respectively, we now focus on the relationship 86 

between 5-HT and DA released by MDMA, and the specific brain regions and 5-HTRs that 87 

mediate their interaction. The goals of this study were threefold: 1) establish whether 5-HT 88 

release wholly accounts for the difference in abuse-related properties of racemic MDMA and 89 

METH; 2) isolate the site and receptor-specific action of 5-HT on DA release at a selectively 90 

prosocial MDMA dose; and 3) test predictions about the comparative prosocial versus rewarding 91 

effects of (R)-MDMA, which is being actively developed for clinical use as an entactogen[34], a 92 

drug class that induces feelings of empathy and emotional openness. We use fluorescent Ca2+ 93 

and neuromodulator sensors in vivo, brain-region specific drug infusions, DAT and SERT 94 

conditional knockout mice (cKO), and a simple, widely-used assay, conditioned place 95 

preference (CPP) to establish that MDMA-induced activation of 5-HT2CRs in the NAc, but not 5-96 

HT1BRs, actively suppresses DA release in a manner that is strongly associated with the 97 

reward-related properties of MDMA. Having found strong relationships between NAc DA release 98 

and the ability to induce CPP, and NAc 5-HT release and increased social approach in the 3-99 

CT, we use these simple in vivo physiological assays with (R)-MDMA. We accurately predicted 100 

that (R)-MDMA has prosocial properties and limited abuse liability in mice, suggesting these 101 

assays’ utility in identifying novel low-risk entactogens. 102 

 103 
  104 
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MATERIALS AND METHODS 105 

Subjects 106 

Male and female C57BL/6J (Jackson Laboratory, stock #00664), aged 8 to 16 weeks old and the 107 

following transgenic lines were used: 108 

1. Heterozygous 7630403G23RikTg(Th-cre)1Tmd/J (TH-Cre) mice (Jackson Laboratory, stock 109 

#008601). 110 

2. Heterozygous Slc32a1tm2(cre)Lowl/MwarJ (Vgat-Cre) mice (Jackson Laboratory, stock 111 

#028862) 112 

3. Conditional DAT KO (floxed Slc6a3 [DATfl/fl]; DAT cKO) mice were derived from 113 

Slc6a3tm1a(KOMP)Wtsi mice (UC Davis KOMP repository line, RRID:MMRRC_062518-UCD), 114 

by crossing to a FLPo deleter strain (Jackson Laboratory, stock #012930), and back 115 

crossing to wild type C57BL/6J to remove the FLP gene. Inducible homozygous variants 116 

of the DAT cKO mouse were generated by crossing DAT cKO mice with Thtm1.1(cre/ERT2)Ddg/J 117 

(TH-CreERT2) mice (Jackson Laboratory, stock #025614). 118 

4. Conditional SERT KO (floxed Slc6a4 [SERTfl/fl]; SERT cKO) mice were a gift from J.-Y. 119 

Sze, Albert Einstein College of Medicine, [35]. Inducible variants of the SERT cKO mouse 120 

were generated by crossing SERTfl/fl mice with C57BL/6-Tg(Nes-cre/ERT2)KEisc/J 121 

(Nestin-CreERT2) mice (Jackson Laboratory, stock #016261).  122 

All mice were kept on a C57BL/6J background and group housed on a 12-hr light/dark cycle with 123 

food and water ad libitum. All procedures complied with animal care standards set forth by the 124 

National Institute of Health and were approved by Stanford University’s Administrative Panel on 125 

Laboratory Animal Care and Administrative Panel of Biosafety. 126 

 127 

Viral vectors  128 

AAV9-hSyn-GRAB-DA4.4 (DA2m) and AAV9-hSyn-GRAB-5HT3.6 (5HT3) were purchased from 129 

WZ Biosciences (Columbia, MD). AAV-hSyn-FLEX-GCaMP8m was purchased from Addgene. All 130 

viruses were injected at 4-6  1012 infectious units per mL.  131 

 132 

Stereotaxic surgery 133 

Virus injection and optical fiber implants 134 

Mice of at least 8 weeks of age were anesthetized with isoflurane (1-2% v/v) and secured in a 135 

stereotaxic frame (David Kopf Instruments, Tujunga, CA). Viruses were injected unilaterally into 136 

the NAc medial shell (AP +1.2, ML +0.7, DV -3.6 from brain surface) or VTA (AP -3.3, ML +0.3, 137 

DV -4.1 from skull) at a rate of 150 nL min-1 (800 nL total volume) with a borosilicate pipette 138 
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coupled to a pump-mounted 5 µL Hamilton syringe. Injector pipettes were slowly retracted after a 139 

5 min diffusion period. Optical fibers (Doric Lenses) with a 400 μm core and 0.66 NA were 140 

unilaterally implanted over the NAc (AP +1.2, ML +0.7, DV -3.5 from brain surface) or VTA (AP -141 

3.3, ML +0.3, DV -4.0 from skull). Optical fibers were secured to the skull with stainless steel 142 

screws (thread size 00-90 x 1/16, Antrin Miniature Specialties), C&B Metabond, and light-cured 143 

dental adhesive cement (Geristore A&B paste, DenMat). Mice were group housed to recover for 144 

at least 3 weeks before recordings began. 145 

 146 

Cannula implants 147 

For drug microinfusions, a 26-gauge threaded bilateral guide cannula (P1 Technologies), 3.5 mm 148 

from the cannula base, was implanted over the NAc (AP +1.2; ML +0.7; DV -3.1 from brain 149 

surface). For microdialysis, a bilateral guide cannula (Amuza, CXG-04) was implanted over the 150 

NAc (AP +1.2; ML +0.7; DV -3.1). For drug microinfusions before photometry recordings, a dual 151 

optical fiber-cannula (Doric Lenses, OmFC, fiber with 400 um core and 0.66 NA, 25-gauge 152 

cannula) was implanted over the NAc (AP +1.2, ML +0.7, DV -3.5 from brain surface). Implants 153 

were secured to the skull with stainless steel screws (thread size 00-90 x 1/16, Antrin Miniature 154 

Specialties), C&B Metabond, and light-cured dental adhesive cement (Geristore A&B paste, 155 

DenMat). Mice were group housed to recover for at least 3 weeks before experiments began. 156 

 157 

Microdialysis 158 

A bilateral microdialysis probe (CX-1-04-01, Amuza,CA) was inserted into a cannula implanted 159 

48 hr previously, over the NAc. Mice were then placed in a clean arena and connected to a swivel 160 

arm (FC-90, Amuza,CA) coupled to the sample collector. Artificial cerebrospinal fluid (aCSF) was 161 

injected at a rate of 1 μl/min (Microdialysis pump ESP-180LD, Amuza, CA). Baselines were 162 

collected for 40 minutes and then dialysate was collected for 100 min after an injection of MDMA 163 

(7.5 mg/kg, ip). Dialysates were analyzed by HPLC at the end of each session.  164 

 165 

Drug administration 166 

(±)-MDMA (5, 7.5, or 15 mg/kg, Organix or NIDA Drug Supply Program), (R)-MDMA (10, 20, or 167 

40 mg/kg, NIDA Drug Supply Program), methamphetamine (METH, 2 mg/kg, Sigma-Aldrich), 168 

cocaine (15 mg/kg, Sigma-Aldrich), and D-fenfluramine (FEN, 10 mg/kg, Tocris) were dissolved 169 

in saline and administered intraperitoneally (ip) at a volume of 10 mL/kg. For intra-NAc infusions, 170 

escitalopram oxalate (Scit, 0.5 μg in 0.5 μL, Tocris) and NAS-181 (0.5 μg in 0.5 μL, Tocris) were 171 

dissolved in saline. The 5-HT2C receptor antagonist SB242084 (1 μM in 0.5 μL, Tocris) was 172 
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dissolved in DMSO and diluted in saline (0.01% v/v DMSO). All drugs were microinjected into the 173 

NAc 10 min before an injection of MDMA (5 mg/kg, ip) or saline. Tamoxifen (T5648, Sigma-174 

Aldrich) was dissolved in corn oil, vortexed on heat, and injected (75 mg/kg, ip) for three 175 

consecutive days. Experiments were performed at least one week later.  176 

 177 

For intracranial infusions before behavior, the bilateral cannula stylet was removed, and a 33-178 

gauge bilateral injector was inserted into the cannula. Drugs were microinjected to a total volume 179 

of 500 nL at a rate of 150 nL/min. Injectors were left in place for 2 min following microinjections. 180 

Mice were then injected with MDMA and conditioned in CPP chambers. For infusions before 181 

photometry recordings, the unilateral cannula stylet was removed from the optical fiber-cannula 182 

implant and a 100 um core polyimide injector (FI_OmFC-ZF_100/170) was inserted through the 183 

cannula. Drugs were microinjected to a total volume of 500 nL at a rate of 150 nL/min. Injectors 184 

were left in place for 2 min following microinjections. Mice were then immediately transferred to 185 

the recording room, connected to optical patch cords, and the recording began. 186 

 187 

Conditioned place preference (CPP) 188 

To evaluate drug reinforcing effects, mice were allowed to explore a 2-sided CPP chamber with 189 

distinct tactile floors and wall patterns (Med Associates Inc.) in a 15 min pretest. The next day, 190 

mice were confined to one side for 30 min after receiving an injection of saline. The next day, 191 

mice were confined to the opposite side of the chamber immediately after receiving an injection 192 

of MDMA (5, 7.5, or 15 mg/kg, ip), (R)-MDMA (20 mg/kg, ip), METH (2 mg/kg, ip), FEN (10 mg/kg, 193 

ip), or cocaine (15 mg/kg, ip) for 30 min. This was repeated once again for a total of two drug 194 

conditioning sessions. 24 hr after the last conditioning session, mice were allowed to explore both 195 

sides of the CPP chamber during a 15 min posttest. Preference was calculated as the percentage 196 

of time spent in the drug-paired side of the chamber during the posttest. Drug-paired sides were 197 

assigned in a counterbalanced and unbiased fashion such that the average preference for the 198 

drug-paired side during the pretest was ~50% for all groups.  199 

 200 

3-chamber sociability test (3-CT) 201 

3-chamber sociability testing was performed in an arena with three separate chambers as 202 

previously described [10]. On day one, test mice were habituated to the arena containing two 203 

empty wire mesh cups placed in the two outer chambers for 5 min. Conspecific mice were also 204 

habituated to the mesh cups for 5 min. On day two, a conspecific mouse (age, strain- and sex-205 

matched) was placed into one of the wire mesh cups and test mice were injected with MDMA (7.5 206 
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mg/kg, ip), (R)-MDMA (20 mg/kg, ip), FEN (10 mg/kg, ip), or METH (2 mg/kg, ip) and placed into 207 

the center chamber. After a 15 min habituation, the barriers were raised, and the test mouse was 208 

allowed to explore freely during a 30 min session. The placement of the conspecific mouse was 209 

counterbalanced across sessions. Location of mice was assayed automatically using video 210 

tracking software (BIOBSERVE). Sociability was calculated as: ((time in social side – time in 211 

empty side) / (time in social side + time in empty side))*100.  212 

 213 

Fiber photometry 214 

Fiber photometry was performed as previously described [10, 12, 36, 37]. AAV9-hSyn-GRABDA, 215 

AAV9-hSyn-GRAB5-HT, or AAV9-hSyn-FLEX-GCaMP8m were injected into the NAc or VTA with 216 

a fiber directed above. After at least 3 weeks, mice were habituated to the photometry setup. On 217 

the test day, mice were connected to patch cables and allowed to habituate alone in the 218 

homecage for 10 min. Mice were then injected with the appropriate drug and recordings continued 219 

for another 40 min. As outlined above, mice that received microinjections did so in a separate 220 

room immediately before being subjected to the recording procedure. 221 

 222 

Data were acquired using Synapse software controlling an RZ5P lock-in amplifier (Tucker-Davis 223 

Technologies). GRAB and GCaMP8m sensors were excited by frequency-modulated 465 and 224 

405 nm LEDs (Doric Lenses). Optical signals were band-pass-filtered with a fluorescence mini 225 

cube (Doric Lenses) and signals were digitized at 6 kHz. Signal processing was performed with 226 

custom scripts in MATLAB (MathWorks) [10, 12, 36, 37]. Briefly, for GRABDA and GRAB5-HT 227 

experiments, 100Hz down-sampled signals were de-bleached by fitting a mono-exponential 228 

decay function to the baseline (pre-drug) portion of the signal and subtracting this fit curve from 229 

the full-length trace. To calculate ΔF/F, all fluorescence intensity values (F465) for the entire time 230 

course were referenced to the mean (Fmean) fluorescence for all values of the de-bleached pre-231 

drug baseline as (F465 - Fmean) / Fmean. Z-scoring was performed similarly, using only the pre-drug 232 

baseline to calculate Fmean and Fstdev (Z = [F465 – Fmean] / Fstdev). For GCaMP8m experiments, the 233 

entire time course was used for curve-fitting and calculating Fmean and Fstdev. The resulting traces 234 

were smoothed (MATLAB, ‘filtfilt’) using a zero-phase moving average filter with an equally 235 

weighted 100 sample window. Transient detection was automated (MATLAB Signal Processing 236 

Toolbox, ‘findpeaks’), with a 3 sec lockout between events. Transients were defined as Z-scored 237 

fluorescence from -3 sec to +4 sec relative to the detected peak. Each transient was normalized 238 

to its baseline defined as -2.9 to -2 sec. Area under the curve was defined as the integral between 239 

0 and 40 min. All photometry data was processed blind to condition with the same method.  240 
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 241 

Immunohistochemistry 242 

Mice were transcardially perfused with 4% paraformaldehyde in PBS, and brains were postfixed 243 

overnight in the same solution. Coronal brain sections (40 μM) were cut on a vibratome and stored 244 

in cold PBS. Free-floating sections were washed three times in PBS containing 0.2% Triton X-245 

100 (PBST) for 10 min before incubation in a blocking solution containing PBST and 3% normal 246 

goat serum (NGS) for 1 hr, rocking at room temperature. Sections were then incubated in blocking 247 

solution with primary antibodies rocking at 4°C for 20 hrs. Primary antibodies used were mouse 248 

anti-TH (1:1000, Immunostar, 22941) and chicken anti-GFP (1:1000, Aves Labs, GFP-1010). 249 

Sections were then washed in PBST three times for 10 min and then incubated in the same 250 

blocking solution containing species-specific secondary antibodies (1:700, Alexa Fluor 647 goat 251 

anti-mouse and Alexa Fluor 488 goat anti-chicken). Sections were then rinsed three times in PBS 252 

for 5 min and mounted onto Superfrost slides (Fisher Scientific) with Fluoromount-G containing 253 

DAPI (SouthernBiotech). Slides were kept in the dark at 4°C until imaging on a Nikon A1 confocal 254 

microscope.  255 

 256 

Statistical analysis 257 

Investigators were blinded to the manipulations experimental subjects had received for behavioral 258 

assays and photometry recordings. All behavioral data were analyzed and graphed with 259 

GraphPad Prism 9. All photometry data were processed and analyzed in MATLAB with custom 260 

scripts. Data distribution and variance were tested using Shapiro-Wilk normality tests. Normally 261 

distributed data were analyzed by unpaired, two-tailed t-tests, or one- or two-factor ANOVA with 262 

post-hoc Sidak, Tukey, or Dunnett correction for multiple comparisons. Paired comparisons were 263 

performed when appropriate (e.g. before versus after conditioning). Differences were considered 264 

significant when P < 0.05. All pooled data are expressed as mean ± SEM.  265 

 266 

 267 

RESULTS 268 

Dissociation of MDMA effects on sociability and reward via DA and 5-HT release 269 

To quantify 5-HT and DA release in the NAc associated with MDMA-evoked prosocial behavior 270 

and drug reward, we first reproduced our and others’ work demonstrating behaviorally selective 271 

doses of MDMA (7.5 mg/kg, ip) that was previously shown to be prosocial but not reinforcing in 272 

wild-type mice [10, 11, 13, 14, 38, 39] and compared its effects on social behavior and reward to 273 
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those triggered by d-Fenfluramine (FEN, 10 mg/kg, ip) and methamphetamine (METH, 2 mg/kg, 274 

ip), two drugs with preferential actions at SERT and DAT respectively [19]. In the 3-CT, FEN and 275 

MDMA (7.5 mg/kg) significantly increased sociability to a similar extent, however METH was 276 

ineffective (Fig. 1a-c) [10]. In contrast to these effects on social behavior, in a conditioned place 277 

preference (CPP) assay, mice failed to show a preference for contexts paired with MDMA (7.5 278 

mg/kg) or FEN, but did so with METH and a higher dose of MDMA (15 mg/kg; Fig. 1d-f), indicative 279 

of a reinforcing drug effect.  280 

 281 

Our behavioral data suggest that MDMA administered at 7.5 mg/kg triggers 5-HT release to levels 282 

that are prosocial but does not evoke DA release to levels that are rewarding. To evaluate the 283 

latter part of this hypothesis, we quantified DA release across drug conditions with fiber 284 

photometry recordings of DA release in the NAc medial shell, a key reward center, with the DA 285 

sensor GRABDA (Fig. 1g). Systemic injections of FEN (10 mg/kg), MDMA (7.5 mg/kg), or METH 286 

(2 mg/kg) led to varying levels of bulk DA release such that FEN triggered minimal release, METH 287 

evoked the largest release, and MDMA (7.5 mg/kg) at levels in between (Fig. 1h,i). MDMA at 15 288 

mg/kg, however, produced DA release comparable to METH (Fig. 1h,i), consistent with its 289 

reinforcing behavioral effects. 290 

 291 

We also addressed the assumption that, in this experimental preparation, MDMA produces 292 

dramatically higher levels of 5-HT release compared to METH, which has substantially lower (but 293 

detectable) action at SERT. We prepared a cohort of wild-type mice with the 5-HT sensor GRAB5-294 

HT in the NAc (Fig. 1j) to assess the 5-HT release evoked by the prosocial dose of MDMA (7.5 295 

mg/kg) and the reinforcing dose of METH (2 mg/kg). MDMA produced a dramatically larger 296 

increase in 5-HT release than METH (Fig. 1k,l), as predicted. Together these data show that the 297 

dissociable effects of MDMA and METH on sociability and reinforcement are associated with 298 

differential DA and 5-HT release in the NAc. However, these data do not establish a causal 299 

relationship between these events. To probe the interaction between 5-HT and DA release in 300 

further detail, we next established the mechanisms by which MDMA evokes DA release. 301 

 302 

MDMA-evoked DA release and reward are governed through interactions with DAT 303 

MDMA has at least two described mechanisms by which it releases DA: one involves reverse 304 

transport at DAergic terminals via DAT [8, 19, 40, 41]; another involves activity-dependent DA 305 

release regulated by action potentials in DAergic cell bodies of the ventral tegmental area (VTA) 306 
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[22, 40, 42]. The contribution of these respective mechanisms may vary by dose of MDMA [22], 307 

and therefore may have differing contributions to DA-linked behaviors. We chose Th-Cre driver 308 

lines, rather than Dat-Cre, to study MDMA’s effects on DA release: although Th-Cre has less 309 

specificity for DAergic neurons [43], Dat-Cre lines show marked reduction in one of our proteins 310 

of interest, DAT [44]. We first evaluated the extent to which VTA activity is modulated by systemic 311 

MDMA. We injected AAV-DIO-GCaMP8m into the VTA of Th-Cre mice and recorded Ca2+ activity 312 

in DA neurons after injections of the prosocial and rewarding doses of MDMA (Fig. 2a,b). We 313 

observed a small but statistically significant increase in Ca2+ transient event frequency in VTA DA 314 

neurons after the high dose of MDMA (15 mg/kg; Fig. 2b). The same experiment performed in 315 

Vgat-Cre mice revealed minimal and inconsistent changes in VTA GABA neuron activity (Fig. 2c). 316 

In contrast, conditional deletion of DAT following tamoxifen injections (TMX; 75 mg/kg, ip) in floxed 317 

DAT mice crossed with Th-CreERT2 mice (DAT cKO mice) (Fig. 2d,e) led to a substantial reduction 318 

in MDMA-evoked DA release measured with GRABDA in the NAc (Fig. 2f,g). Absolute 319 

quantification of DA with microdialysis in the NAc confirmed the requirement of DAT for MDMA-320 

induced DA release (Fig. 2h,i). These data suggest that MDMA-evoked DA release in the NAc 321 

derives predominantly from interactions with DAT, although small changes in DA cell firing could 322 

account for residual DA release at the 15 mg/kg dose. 323 

 324 

If DA release from MDMA is controlled through interactions with DAT, then deletion of DAT should 325 

also modify its reinforcing properties. We trained new groups of DAT cKO mice in a CPP 326 

procedure with the reinforcing dose of MDMA (15 mg/kg, ip). Conditional knockout of DAT 327 

significantly disrupted MDMA CPP (Fig. 2j,k), suggesting that MDMA’s interactions with DAT are 328 

also critical to its reinforcing properties.  329 

 330 

To confirm genetic deletion of DAT in these mice, we also tested the effects of cocaine, a drug 331 

with a well-established requirement of DAT for its effects. Cocaine (15 mg/kg, ip) triggered a large 332 

increase in DA release in the NAc in WT mice, but this was greatly attenuated in DAT cKO mice 333 

(Supplementary Fig. 1a,b). In addition, cocaine at the same dose failed to establish CPP in DAT 334 

cKO mice (Supplementary Fig. 1c,d). These data confirm that DAT was functionally deleted from 335 

TH neurons, and that cocaine and MDMA share this mechanism to produce reinforcement.  336 

 337 

5-HT2C receptors in NAc modulate MDMA reward and DA release 338 

Our previous work demonstrated that viral mediated deletion of SERT abolished MDMA’s 339 

prosocial effects [10]. To confirm these findings with a similar yet orthogonal manipulation, we 340 
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crossed floxed SERT mice to Nes-CreERT2 mice to generate SERT cKO mice where gene deletion 341 

preferentially occurs in 5-HTergic neurons after TMX administration (Fig. 3a) [12, 45]. Compared 342 

with control mice, SERT cKO mice do not show MDMA enhancement of prosocial behavior in the 343 

3-CT (Fig. 3b). Surprisingly, MDMA could generate a robust CPP effect in SERT cKO mice at a 344 

dose (5 mg/kg, ip) that was 3-fold lower than required for wild-type mice (Fig. 3c,d), consistent 345 

with less selective pharmacological and genetic SERT manipulations [46, 47]. These data support 346 

the hypothesis that MDMA-induced 5-HT release promotes sociability yet actively limits MDMA 347 

reward, possibly by regulating MDMA-evoked DA release.  348 

 349 

5-HT neurons project widely across the brain [48, 49]. While we have observed SERT-dependent 350 

regulation of MDMA reward, it is unclear where in the brain this effect is mediated. To determine 351 

whether SERT engagement specifically in the NAc constrains MDMA’s reinforcing properties, we 352 

implanted bilateral guide cannulas targeting the NAc of wild-type mice and infused various 5-HT 353 

blockers during subthreshold MDMA CPP (Fig. 3e). We first infused the selective 5-HT reuptake 354 

inhibitor escitalopram (Scit, 1 μM) to prevent MDMA interactions with SERT [50]. This treatment 355 

significantly enhanced MDMA CPP (Fig. 3f,g), similar to SERT deletion. We previously found that 356 

5-HT1BRs in the NAc are required for the prosocial effects of 5-HT [12, 36, 51] and MDMA [10, 357 

13], and therefore asked whether 5-HT released via MDMA also activates this receptor to 358 

modulate MDMA reinforcement. Surprisingly, infusion of the 5-HT1BR antagonist NAS-181 (1 μM) 359 

had no effect on subthreshold MDMA CPP (Fig. 3f,g). Previous reports have suggested that 360 

activation of 5-HT2CRs can affect DA release in the NAc [52–54] and may account for the low 361 

abuse potential of classical psychedelics [26]. Therefore, we infused the 5-HT2CR antagonist 362 

SB242084 (SB24, 1 μM) into the NAc and observed significantly increased MDMA CPP, similar 363 

to Scit (Fig. 3f,g). These CPP data strongly suggest that MDMA engages 5-HT2CRs that constrain 364 

its own rewarding effects.  365 

 366 

If DA signaling in the NAc dictates MDMA’s rewarding properties and MDMA-evoked 5-HT release 367 

actively limits reward, then blocking MDMA’s ability to promote 5-HT signaling is predicted to also 368 

influence its effects on DA release. To determine whether 5-HT signaling in the NAc affects 369 

MDMA-evoked DA release, we implanted wild-type mice with a dual optical fiber-cannula device 370 

that allows for drug microinfusions directly into the photometry recording site (Fig. 3h). Mice were 371 

subjected to drug microinfusions through the cannula in their home cages and then immediately 372 

transferred to the photometry room for a DA recording during a systemic injection of MDMA (5 373 

mg/kg, ip). We first infused Scit (1 μM) and detected substantial increases in bulk MDMA-evoked 374 
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DA release compared with vehicle (Fig. 3i,m). As with CPP, infusion of the 5-HT1BR antagonist 375 

NAS-181 (1 μM) had no effect on MDMA-evoked DA release (Fig. 3j,m). By contrast, infusion of 376 

the 5-HT2CR antagonist SB24 (1 μM) significantly increased DA release after MDMA 377 

administration (Fig. 3k,m). Importantly, infusion of either Scit or SB24 after a systemic injection of 378 

saline had no effect on bulk DA levels (Fig. 3l,m). Altogether, these photometry recordings 379 

indicate that MDMA interactions at SERT in the NAc lead to 5-HT release, which activates 5-380 

HT2CRs that modulate DA release. 381 

 382 

(R)-MDMA possesses low addiction liability 383 

Our data identify an interaction between MDMA-triggered DA and 5-HT in the NAc that calibrates 384 

both of its prosocial and reinforcing properties. Overcoming this 5-HT-mediated inhibition of 385 

reward and DA release required raising the dose of MDMA from 5mg/kg to 15mg/kg, the latter 386 

aligning with the effects of METH on CPP and DA release. Considering the need to screen 387 

candidate therapeutic compounds for abuse liability, our experiments so far show a rather 388 

predictable relationship between DA release and inducibility of CPP, suggesting that photometry-389 

based DA measurement could be used to predict reinforcing characteristics of a novel entactogen. 390 

A potentially safer entactogen therapeutic would retain its 5-HT releasing properties but would 391 

release less DA over a range of doses.  392 

 393 

The enantiomers of MDMA have different affinities for SERT and DAT [55–58]. Throughout this 394 

study, we have been administering the racemic (±R/S) mixture of MDMA enantiomers, an 395 

approximately 1:1 ratio of (R)-MDMA and S-MDMA. Of the two enantiomers, (R)-MDMA is a less 396 

potent monoamine releaser, however it more preferentially binds and releases neurotransmitter 397 

from SERT versus DAT [55–59], increases social contact in mice [39], and has lower abuse 398 

liability in a progressive ratio self-administration assay in rhesus monkeys [7]. Based on these 399 

properties, we predicted that administration of large doses of (R)-MDMA would act like (±)-MDMA 400 

at 7.5 mg/kg, i.e. is prosocial, not reinforcing, and triggers constrained levels of DA release. We 401 

examined the effects of (R)-MDMA on DA release in the NAc and observed a dose-dependent 402 

effect unlike (±)-MDMA. Compared with (±)-MDMA at 7.5 mg/kg, (R)-MDMA at 10 mg/kg evoked 403 

very low levels of DA release (Fig. 4a,b). (R)-MDMA at 20 mg/kg and 40 mg/kg were essentially 404 

identical to each other and (±)-MDMA at 7.5 mg/kg (Fig. 4a,b). These results suggest that (R)-405 

MDMA (20 mg/kg) is not substantially reinforcing, similar to low dose (±)-MDMA (7.5 mg/kg). 406 

Consistent with this prediction, we could not detect any CPP for (R)-MDMA at 20 mg/kg (Fig. 4c).  407 

 408 
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On the other hand, (R)-MDMA is predicted to retain its 5-HT releasing properties at a dose that 409 

induces prosocial behavior. We recorded 5-HT release in the NAc after an injection of (R)-MDMA 410 

(20 mg/kg, ip) and found statistically equivalent (and quantitatively greater) 5-HT release than that 411 

evoked by (±)-MDMA (7.5 mg/kg) (Fig. 4d,e). This increase in 5-HT release suggests that (R)-412 

MDMA at 20 mg/kg, despite not being reinforcing, is highly prosocial. In the 3-CT, (R)-MDMA (20 413 

mg/kg) evoked social preference that was significantly greater than saline and quantitatively 414 

greater than that induced by (±)-MDMA (7.5 mg/kg) (Fig. 4f and Fig. 1b,c). Altogether these data 415 

indicate that (R)-MDMA is prosocial but not reinforcing over a range of doses, thus likely 416 

possesses low potential for abuse.  417 

 418 

DISCUSSION 419 

Developing novel entactogen-like drugs through preclinical assays requires a clear understanding 420 

of the mechanisms underlying MDMA’s presumed therapeutic effects, versus those that 421 

contribute to its misuse and abuse. We and others have previously found that MDMA’s prosocial 422 

effects in mice are well explained by release of 5-HT via SERT in the NAc, and activation of the 423 

5-HT1BR. MDMA’s rewarding properties, independent of social context, are equally well explained 424 

by DA release in the NAc, consistent with the reward mechanism of other reinforcing drugs. In 425 

this study, we ask why MDMA appears to have a lower abuse liability than METH, whether that 426 

mechanism is one and the same as its prosocial mechanism, and whether preclinical assays 427 

based on this information can identify a novel potential therapeutic agent. We found that 5-HT 428 

release in the NAc does indeed account for the high dose threshold, relative to METH, for MDMA 429 

to induce CPP, a basic measure of drug reward. Though both the prosocial and reward-limiting 430 

effects of MDMA are linked to 5-HT release in the NAc, we found that they are mediated by 431 

separate 5-HT receptors. Unlike the 5-HT1BR-dependent prosocial effect of MDMA, the reward-432 

limiting effect was only blocked by an intra-NAc infusion of a selective 5-HT2CR antagonist 433 

SB242084 [60]. During these experiments, we found a remarkably predictable relationship 434 

between NAc DA release, quantified by GRAB-DA fluorescence in the medial NAc, and the dose 435 

threshold required to elicit CPP. Using this information, we tested a range of doses of a putative 436 

5-HT releasing entactogen, (R)-MDMA, finding that DA release appeared to plateau below levels 437 

that could be achieved with METH or high dose MDMA. Predictably, (R)-MDMA, produced 438 

prosocial effects but could not elicit CPP, suggesting it may be an entactogen with limited abuse 439 

liability.  440 

 441 
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In addition to a catalogue of effects on mood, anxiety, and appetitive drives, including social 442 

behavior, the 5-HTergic system has long been known to modulate the rewarding properties of 443 

reinforcing drugs. The flexibility of this control, reflected by the diversity of 5-HT receptors and 444 

brain regions implicated [21, 32, 61, 62], appears to match the variety of mechanisms engaged 445 

by various reinforcing drugs to release DA in the NAc, including disinhibition of GABAergic 446 

neurons of the VTA by morphine and ketamine [63, 64], direct activation of VTA neurons by 447 

ethanol and nicotine [63], DAT inhibition by cocaine, and reverse transport through DAT and 448 

VMAT by amphetamines [8]. Thus, a strategy to limit the abuse liability of phenethylamine / 449 

entactogen drugs like MDMA requires understanding the specific mechanism by which MDMA 450 

releases DA. Previous work points to both an activity-independent mechanism of DA release via 451 

DAT in the NAc [8, 40, 41] as well as an activity-dependent mechanism localized to the VTA [22, 452 

40], although interpretation of prior work is limited by reliance on the constitutive deletion of DAT 453 

and use of nonselective modulators of activity, e.g. tetrodotoxin. Our data, which makes use of 454 

conditional DAT KO restricted to TH-expressing neurons and cell-type specific Ca2+ imaging in 455 

the VTA to index neural activity, indicates that DAT in the NAc accounts for the dominant 456 

proportion of DA release, and for MDMA drug reward. 457 

 458 

While our data clearly localize 5-HTergic control over MDMA-evoked DA release to 5-HT2CR 459 

receptors expressed in the NAc, the cellular location of these 5-HT2CRs is still unclear. Prior work 460 

has shown 5-HT2CR expression in the VTA that co-localizes with both DA and GABA neurons 461 

[65–67], and one prior study in rat found that a higher dose of the nonselective 5-HT2B/2CR 462 

antagonist SB206553 infused into VTA enhances NAc DA release evoked by MDMA[42]. Despite 463 

this complex expression pattern, our results with GCaMP8m recordings in the VTA suggest that 464 

this receptor is modulating DA release directly in the NAc. One possibility is that VTA GABA 465 

neurons express 5-HT2CRs on their terminals in the NAc and these are engaged by 5-HT to 466 

release GABA onto local DA inputs. Despite coupling to Gq pathways and presumably increasing 467 

Ca2+ and excitability, it is possible 5-HT2CRs receptors directly inhibit release in DA terminals 468 

through Ca2+-mediated potassium channel activation, atypical interactions with Gi biochemical 469 

pathways, or modulation of DAT function. Future work is necessary to determine the exact neural 470 

substrates 5-HT2CRs receptors act on to modulate MDMA-evoked DA release. 471 

 472 

The ease with which neurotransmitter release can now be quantified in vivo with fluorescent 473 

reporters like GRAB-DA and GRAB-5HT [68, 69] may reshape how preclinical drug discovery is 474 

performed, and has recently been applied to identifying ring-substituted cathinones with 475 
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preferential 5-HT releasing properties [70]. While in vitro assays in expression and neuronal 476 

culture systems can measure the relative affinity amphetamine-derived drugs have for SERT or 477 

DAT [19, 70], our work showing the interplay between 5-HT and DA release via 5-HT2CR highlights 478 

the value of determining neurotransmitter release in vivo. In the course of identifying this 479 

interaction, we found a strong relationship between DA release in the NAc and the ability to induce 480 

a simple reward learning behavior, CPP, leading us to a simple test for relative DA-releasing 481 

efficacy of (R)-MDMA, an enantiomer that may have selective prosocial effects and less abuse 482 

liability in mice [71] and potentially humans [34]. By leveraging comparable methods in humans 483 

(e.g. radioligand-displacement PET imaging to measure DA and 5-HT release), a ‘fast-fail’ 484 

approach for clinical testing of novel candidate entactogens could be developed that incorporates 485 

biomarker-based proof-of-mechanism, as recently demonstrated in the evaluation of a novel 486 

kappa-opioid receptor antagonist for treatment of anhedonia [72].  487 

 488 

Limitations 489 

The use of simple behavioral assays in mice, like 3-CT and CPP, are unlikely to represent the full 490 

range of human social behavior and patterns of drug misuse. Furthermore, photometric 491 

measurement of neurotransmitter release may be limited by a lack of specificity for one 492 

neurotransmitter, and an as-yet unclear relationship between the transients detected and 493 

neurotransmitter release kinetics. These caveats limit the interpretation of preclinical studies and 494 

form a strong argument for developing preclinical and clinical biomarker assays and simple 495 

behavioral readouts in parallel to maximize predictive power of these screening tools.  496 

 497 
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FIGURE LEGENDS 750 

Figure 1. MDMA engages distinct reward processes. 751 

a. Schematic of 3-chamber social preference test. 752 

b. Left, effect of FEN (10 mg/kg) on social preference in the 3-chamber test. Unpaired, two-tailed 753 

t-test, t19 = 2.946, **p = 0.0083. Center, effect of MDMA (7.5 mg/kg) on social preference. 754 

Unpaired, two-tailed t-test, t20 = 2.746, *p = 0.0125. Right, effect of METH (2 mg/kg) on social 755 

preference. Unpaired, two-tailed t-test, t20 = 0.921, p = 0.3681. 756 

c. Summary of social preference across different drugs. Ordinary one-way ANOVA, F3,61 = 10.11, 757 

****p < 0.0001. Dunnett’s multiple comparisons test, saline vs FEN ***p = 0.0004, saline vs MDMA 758 

***p = 0.0002, saline vs METH p = 0.9831. 759 

d. Schematic of drug conditioned place preference (CPP) testing and protocol.  760 

e. Preference for each drug-paired context for each drug. Saline: paired, two-tailed t-test, t7 = 761 

1.799, p = 0.115. FEN: paired, two-tailed t-test, t10 = 0.739, p = 0.4768. MDMA 7.5: paired, two-762 

tailed t-test, t11 = 1.459, p = 0.1726. MDMA 15: paired, two-tailed t-test, t13 = 3.672, **p = 0.0028. 763 

METH 2: paired, two-tailed t-test, t7 = 3.714, **p = 0.0075. 764 

f. Summary and direct comparison of CPP scores between drug groups. Ordinary one-way 765 

ANOVA, F4,48 = 6.965, ***p = 0.0002. Dunnett’s multiple comparisons test, saline vs FEN p = 766 

0.3741, saline vs MDMA 7.5 p = 0.267, saline vs MDMA 15 **p = 0.0022, saline vs METH 2 ***p 767 

= 0.0003.  768 

g. Configuration of fiber photometry recording with GRAB DA in the NAc medial shell of wild-type 769 

mice. Scale = 100 um.  770 

h. Time course of bulk DA release triggered by each drug.  771 

i. Summary of area under the curve of DA release for each drug at the specified dose. Repeated 772 

measures one-way ANOVA, F4,20 = 11.06, ****p < 0.0001. Tukey’s multiple comparisons test, 773 

saline vs FEN 10 p = 0.9734, saline vs MDMA 7.5 p = 0.0812, saline vs MDMA 15 ***p = 0.0004, 774 

saline vs METH 2 ***p = 0.0009.    775 

j. Configuration of fiber photometry recording with GRAB 5-HT in the NAc medial shell of wild-776 

type mice. Scale = 100 um. 777 

k. Time course of bulk 5-HT release triggered by each drug. 778 

l. Summary of area under the curve of 5-HT release for each drug at the specified dose. Repeated 779 

measures one-way ANOVA, F2,6 = 103.4, ****p < 0.0001. Tukey’s multiple comparisons test, 780 

saline vs MDMA 7.5 ****p < 0.001, saline vs METH 2 ***p = 0.0007, MDMA 7.5 vs METH 2 ***p 781 

= 0.0003. 782 

 783 
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Figure 2. MDMA-evoked DA release and reward require DAT. 784 

a. Schematic of photometry recordings in the VTA of Th-Cre or Vgat-Cre mice. 785 

b. Left, image of VTA DA neurons infected with Cre-dependent GCaMP8m, scale = 20 um. Right, 786 

time course of DA neuron event frequency in 5 min bins. Inset, average frequency during the 15-787 

25 min after MDMA injection. Repeated measures one-way ANOVA, F2,2 = 21.91, *p = 0.0341. 788 

Dunnett’s multiple comparisons test, saline vs MDMA 7.5 p = 0.3406, saline vs MDMA 15 p = 789 

0.0752. 790 

c. Left, image of VTA GABA neurons infected with Cre-dependent GCaMP8m, scale = 20 um. 791 

Right, time course of GABA neuron event frequency in 5 min bins. Inset, average frequency during 792 

the 15-25 min after MDMA injection. Repeated measures one-way ANOVA, F2,5 = 4.965, p = 793 

0.0615. Dunnett’s multiple comparisons test, saline vs MDMA 7.5 p = 0.0729, saline vs MDMA 794 

15 p = 0.3354. 795 

d. Genetic strategy for generating conditional DAT knockout mice. Datfl/fl:Th-CreERT2 mice were 796 

tested during a photometry recording and then injected with tamoxifen (TMX) to delete DAT. Mice 797 

were then tested again in a second photometry recording. 798 

e. Schematic of DA recording setup in knockout mice. 799 

f. Time course of DA release before (WT) and after (KO) deletion of DAT. 800 

g. Area under the curve of DA release in response to MDMA 15. Paired, two-tailed t-test, t8 = 801 

5.137, ***p = 0.0009. 802 

h. Time course of DA release before (WT) and after (KO) deletion of DAT, as measured by 803 

microdialysis.  804 

i. DA concentrations after MDMA in both genotypes. Paired, two-tailed t-test, t5 = 4.205, **p = 805 

0.0085. 806 

j. Effect of genetic deletion of DAT on MDMA (15 mg/kg) CPP. Two-way, repeated measures 807 

ANOVA, time x genotype interaction F1,24 = 6.506, *p = 0.0175. Sidak’s multiple comparisons test, 808 

Pre vs Post: WT **p = 0.0011, KO p = 0.9757, WT vs KO: Pre p = 0.757, Post **p = 0.0037. 809 

k. Summary and direct comparison of CPP performance. Unpaired, two-tailed t-test, t24 = 2.673, 810 

*p = 0.0133. 811 

 812 

Figure 3. NAc 5-HT2C receptors calibrate MDMA reward. 813 

a. Genetic strategy for conditional deletion of SERT. 814 

b. Effect of SERT deletion on 3-chamber social preference with MDMA (7.5 mg/kg). Unpaired, 815 

two-tailed t-test, t26 = 2.473, *p = 0.0203. 816 
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c. SERT deletion enhanced CPP for MDMA with a subthreshold dose (5 mg/kg). Two-way, 817 

repeated measures ANOVA, time x genotype interaction F1,25 = 6.506, **p = 0.0027. Sidak’s 818 

multiple comparisons test, Pre vs Post: WT p = 0.9083, KO ***p = 0.0007, WT vs KO: Pre p = 819 

0.6565, Post **p = 0.0032. 820 

d. Summary and direct comparison of CPP performance. Unpaired, two-tailed t-test, t25 = 3.098, 821 

**p = 0.0048. 822 

e. Experimental setup of microinfusions before subthreshold MDMA CPP.  823 

f. Effects of microinfusing each compound into the NAc on subthreshold MDMA CPP. Vehicle: 824 

paired, two-tailed t-test, t14 = 0.8939, p = 0.3865. Escitalopram (Scit): paired, two-tailed t-test, t10 825 

= 4.385, **p = 0.0014. NAS-181: paired, two-tailed t-test, t9 = 0.2167, p = 0.8833. SB24: paired, 826 

two-tailed t-test, t9 = 5.220, ***p = 0.0003. 827 

g. Summary and direct comparison of CPP performance. Ordinary one-way ANOVA, F3,44 = 828 

7.265, ***p = 0.0005. Dunnett’s multiple comparisons test, vehicle vs Scit **p = 0.0039, vehicle vs 829 

NAS-181 p = 0.9745, vehicle vs SB24 **p = 0.0084. 830 

h. Schematic of photometry recording setup for dual drug microinfusions into the NAc. Top right, 831 

experimental schedule. Scale = 100 um. 832 

i. Effect of intra-NAc infusion of Scit on bulk DA release evoked by MDMA (5 mg/kg). 833 

j. Effect of intra-NAc infusion of NAS-181 on bulk DA release evoked by MDMA (5 mg/kg). 834 

k. Effect of intra-NAc infusion of SB24 on bulk DA release evoked by MDMA (5 mg/kg). 835 

l. Effect of intra-NAc infusions of Scit and SB24 on bulk DA release after an injection of saline. 836 

m. Summary data of bulk DA levels after infusion of each compound. Ordinary one-way ANOVA, 837 

F5,36 = 14.54, ****p < 0.0001. Dunnett’s multiple comparisons test, vehicle vs Scit ****p < 0.0001, 838 

vehicle vs NAS-181 p = 0.9998, vehicle vs SB24 **p = 0.0049, vehicle vs Scit + saline p = 0.6553, 839 

vehicle vs SB24 + saline p = 0.4897. 840 

 841 

Figure 4. (R)-MDMA possesses desirable properties with less reinforcement. 842 

a. Time course of bulk DA release triggered by different doses of (R)-MDMA. 843 

b. Summary data of bulk DA levels after injection of each dose of (R)-MDMA, compared with 844 

racemic MDMA (7.5 mg/kg). Repeated measures one-way ANOVA, F4,20 = 14.54, **p = 0.0066. 845 

Dunnett’s multiple comparisons test, saline vs (R)-MDMA 10 p = 0.0535, saline vs (R)-MDMA 20 846 

p = 0.0742, saline vs (R)-MDMA 40 *p = 0.0171, saline vs (±)-MDMA 7.5 p = 0.0777. #(±)-MDMA 847 

7.5 data from Figure 1. 848 

c. Left, schematic of CPP procedure. Right, magnitude of CPP produced with (R)-MDMA 20. 849 

Paired, two-tailed t-test, t14 = 0.6699, p = 0.5138. 850 
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d. Time course of bulk 5-HT release triggered by (R)-MDMA (20 mg/kg). 851 

e. Summary data of bulk 5-HT levels after injection of (R)-MDMA (20 mg/kg), compared with 852 

racemic MDMA (7.5 mg/kg). Repeated measures one-way ANOVA, F2,19 = 17.17, **p = 0.0058. 853 

Tukey’s multiple comparisons test, saline vs (R)-MDMA 20 **p = 0.0048, saline vs (±)-MDMA 7.5 854 

****p < 0.0001, (R)-MDMA 20 vs (±)-MDMA 7.5 p = 0.1007. #(±)-MDMA 7.5 data from Figure 1. 855 

f. Left, schematic of 3-chamber test with (R)-MDMA. Right, effect of (R)-MDMA (20 mg/kg) on 856 

social preference in the 3-chamber assay. Unpaired, two-tailed t-test, t10 = 3.777, **p = 0.0036. 857 

  858 
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SUPPLEMENTAL FIGURE LEGENDS 859 

 860 

Supplemental Figure 1. Analysis of DA release and cocaine CPP after DAT deletion. 861 

a. Time course of bulk DA release triggered by cocaine (15 mg/kg) in WT (pre TMX) and KO (post 862 

TMX) mice. 863 

b. Quantification of area under the curve of DA release in response to cocaine.  864 

c. CPP for cocaine (15 mg/kg) in WT and KO mice. Two-way, repeated measures ANOVA, time 865 

x genotype interaction F1,13 = 3.729, p = 0.0756. Sidak’s multiple comparisons test, Pre vs Post: 866 

WT *p = 0.0147, KO p = 0.9394. 867 

d. Direct comparison of cocaine preference across genotypes. Unpaired, two-tailed t-test, t13 = 868 

2.501, *p = 0.0265. 869 
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