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N E U R O S C I E N C E

MDMA enhances empathy-like behaviors in mice via 
5-HT release in the nucleus accumbens
Ben Rein1, Kendall Raymond1, Cali Boustani2, Sabrena Tuy2, Jie Zhang2, Robyn St. Laurent1, 
Matthew B. Pomrenze1, Parnaz Boroon2, Boris Heifets3, Monique L. Smith2*, Robert C. Malenka1*

MDMA (3,4-methylenedioxymethamphetamine) is a psychoactive drug with powerful prosocial effects. While 
MDMA is sometimes termed an “empathogen,” empirical studies have struggled to clearly demonstrate these 
effects or pinpoint underlying mechanisms. Here, we paired the social transfer of pain and analgesia—behavioral 
tests modeling empathy in mice—with region-specific neuropharmacology, optogenetics, and transgenic ma-
nipulations to explore MDMA’s action as an empathogen. We report that MDMA, given intraperitoneally or in-
fused directly into the nucleus accumbens (NAc), robustly enhances the social transfer of pain and analgesia. 
Optogenetic stimulation of 5-HT release in the NAc recapitulates the effects of MDMA, implicating 5-HT signaling 
as a core mechanism. Last, we demonstrate that systemic MDMA or optogenetic stimulation of NAc 5-HT inputs 
restores deficits in empathy-like behaviors in the Shank3-​deficient mouse model of autism. These findings demon-
strate enhancement of empathy-related behaviors by MDMA and implicate 5-HT signaling in the NAc as a core 
mechanism mediating MDMA’s empathogenic effects.

INTRODUCTION
3,4-Methylendioxymethamphetamine (MDMA) is a psychoactive 
drug known for its powerful prosocial effects (1). Since the earliest 
investigations of MDMA, anecdotal clinical reports have noted the 
drug’s ability to influence empathy (2, 3), earning it a reputation as 
an “empathogen.” However, empirical studies examining MDMA’s 
empathogenic properties in humans have produced conflicting re-
sults (4–7), leaving it unclear how or under what conditions MDMA 
influences empathy. Moreover, the neurobiological mechanisms 
underlying these alleged effects remain unknown.

This topic is currently of particular relevance because MDMA is 
re-emerging as a potential therapeutic tool, showing great promise 
as an adjunct to psychotherapy for post-traumatic stress disorder 
(PTSD) (8, 9). MDMA’s psychotherapeutic value may lie in its ability 
to strengthen the patient-therapist relationship, thereby facilitating 
talk therapy sessions (9, 10). Given that empathy is a core compo-
nent of this relationship (11), understanding MDMA’s empathogenic 
action may offer mechanistic insights into the drug’s utility in the 
context of psychiatry. However, human studies exploring MDMA’s 
behavioral effects on empathy have been limited by the use of static, 
image-based empathy assays and self-report measures.

We recently developed two “social transfer” paradigms to model 
empathy-like behaviors in mice. During the social transfer of pain, 
bystander (BY) mice acquire pain following a brief social interaction 
with a demonstrator (DEM) mouse experiencing inflammatory pain 
(12–14). In the social transfer of analgesia, BY mice acquire pain 
relief following a social interaction with a DEM experiencing in-
flammatory pain and concurrent morphine (MOR) analgesia (12). 
Here, we examine the impact of MDMA on these empathy-like be-
haviors and use brain region–specific pharmacology, optogenetics, 

and transgenic manipulations to interrogate the underlying mecha-
nisms. We find that MDMA robustly enhances both the social trans-
fer of pain and analgesia and that the drug’s action in the nucleus 
accumbens (NAc) core alone is sufficient to produce these effects. 
Moreover, optogenetic stimulation of serotonin (5-HT) inputs in 
the NAc core similarly enhances empathy, suggesting a key role for 
MDMA-mediated 5-HT release in the NAc. Because empathy dys-
regulation has been reported in patients with autism spectrum 
disorder (ASD) (15) and MDMA is being explored as a therapeutic 
for ASD (16), we investigated social transfer in the Shank3-deficient 
mouse model of ASD and the impact of MDMA on this behavior. 
We find that Shank3-deficient mice do not display the social transfer 
of pain or analgesia, and remarkably, both MDMA and optogenetic 
activation of 5-HT inputs in the NAc restore this empathy-like 
behavior. These results provide mechanistic insights into MDMA’s 
action as an empathogen and the neurobiological mechanisms by 
which empathy may be pharmacologically restored in conditions as-
sociated with alterations in certain empathy behaviors.

RESULTS
MDMA enhances empathy-like behaviors in mice
We recently characterized the “social transfer of pain” in which BY 
mice display mechanical hypersensitivity after a 1-hour interaction 
with a DEM mouse experiencing inflammatory pain due to hind-
paw injection of complete Freund’s adjuvant (CFA) (12, 13). Because 
empathy-like behavior may be mechanistically distinct from “social 
preference” as measured by the traditional three chamber social in-
teraction assay (17), we chose to test the effects of MDMA on the 
social transfer of pain. Male BY mice were injected with MDMA 
(7.5 mg/kg, i.p.; MDMA-BY) or saline (SAL-BY) 15 min before an 
abbreviated 10-min social interaction with a CFA-injected male 
DEM mouse (CFA-DEM; Fig. 1A). Following this brief interaction, 
MDMA-BY mice displayed markedly reduced mechanical thresh-
olds, whereas mechanical sensitivity in SAL-BY mice remained 
unchanged (Fig. 1, B and C). Hypersensitivity in MDMA-BY mice 
lasted beyond 24 hours with recovery to control levels by 48 hours 
(Fig.  1D), indicating that MDMA robustly facilitates the social 
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transfer of pain. MDMA-injected control mice (MDMA-CON) 
displayed unchanged mechanical thresholds after interacting with 
a pain-naïve cage mate (Fig. 1, B to D), and MDMA alone did not 
affect mechanical thresholds at any dose tested (fig.  S1A). The 
strength of the social transfer of pain was not correlated with the 
amount of time BY mice spent directly interacting with CFA-DEM 
(i.e., sniffing and chasing) (fig. S1B). Furthermore, CFA-DEM mice 
displayed similar mechanical thresholds after interacting with 
MDMA- or SAL-treated BY mice, suggesting no social buffering 
effect of pain in CFA-DEM mice (fig. S1C).

Unexpectedly, MDMA did not enhance the social transfer of pain 
in female mice (fig. S1D). We found that male and female mice showed 
an equivalent rise in 5-HT levels in the NAc following MDMA ad-
ministration, suggesting that the pharmacological action of MDMA 
on 5-HT release is very unlikely to account for the observed sex 
differences (fig. S1, E to H). Although unexpected, this result is con-
sistent with human reports suggesting that MDMA enhances emo-
tional empathy only in male participants (5). As a result of this finding, 
all subsequent experiments were performed in male mice.

To determine whether MDMA’s effects as a psychostimulant 
might account for its empathogenic effects in this assay, we tested 
whether a similar, yet distinct psychostimulant, methamphetamine 
(METH), also enhanced the social transfer of pain. We found that 
this was not the case, as mechanical thresholds did not differ between 
METH-treated bystanders (METH-BY) and SAL-BY mice following 
a 10-min social interaction with a CFA-DEM mouse (Fig. 1E), indi-
cating that MDMA’s behavioral effects are not simply a result of its 
psychostimulant properties.

We next tested whether MDMA also influences the social transfer 
of analgesia. All mice first received CFA injection (CFA-DEM and 
CFA-BY) to induce inflammatory pain, and DEM mice were also 
immediately given an analgesic dose of MOR (CFA-MOR-DEM; 
10 mg/kg, s.c.). Before the social interaction, BY mice received either 
SAL (CFA-SAL-BY) or MDMA (CFA-MDMA-BY; Fig. 1F). CFA-
MDMA-BY mice showed significantly higher mechanical thresholds 
1 and 6 hours but not 24 hours after the brief social interaction, indi-
cating that MDMA facilitates the social transfer of analgesia (Fig. 1, 
G to I). Notably, CFA-SAL-BY mice displayed similar mechanical 

10-min
social

Pre 0 h 1 h 6 h 24 h 48 h0

1

2

M
ec
ha
ni
ca
l t
hr
es
ho
ld

B CFA-DEM SAL-BY
MDMA-BYMDMA-CON

*** *** ** *** **

****

******

48hD

 M
ec
ha
ni
ca
l t
hr
es
ho
ld

-2

-1

0

1

2

CF
A-D

EM
SA
L-B

Y

MD
MA

-BY

MD
MA

-CO
N

CF
A-C

ON
-BY

CF
A-S

AL-
BY

CF
A-M

DM
A-B

Y

*H 6 h

0

1

2

M
ec
ha
ni
ca
l t
hr
es
ho
ld

I 24 h

0

1

2

M
ec
ha
ni
ca
l t
hr
es
ho
ld

CF
A-S

AL-
BY

CF
A-M

DM
A-B

Y

CF
A-C

ON
-BY

F

*** *

******

 M
ec
ha
ni
ca
l t
hr
es
ho
ld

CF
A-D

EM
SA
L-B

Y

MD
MA

-BY

MD
MA

-CO
N

6 h

-2

-1

0

1

2CA

Effect of MDMA on pain transfer

Effect of MDMA on analgesia transferEffect of METH on pain transfer

10-min
social

Pre 1 h 6 h 24 h 48 h
0

1

3

M
ec
ha
ni
ca
l t
hr
es
ho
ld

E

2

CFA-DEM SAL-BY
METH-BY

CF
A-C

ON
-BY

CF
A-S

AL-
BY

CF
A-M

DM
A-B

Y

G 1 h

0

1

2

M
ec
ha
ni
ca
l t
hr
es
ho
ld ****

*** *** *** **

Fig. 1. MDMA enhances the social transfer of pain and analgesia in mice. (A) Schematic illustrating the timeline and all experimental groups for the MDMA-assisted 
social transfer of pain. (B) Time course of von Frey (vF) mechanical thresholds before the MDMA-assisted social transfer of pain and 0, 1, 6, 24, and 48 hours after the 10-m 
interaction. Asterisks indicate statistically significant differences from the SAL-BY control group. (C and D) Mechanical thresholds 6 hours (C) and 48 hours (D) after the 
social transfer of pain, presented as the change from the group baseline. (E) Time course of vF mechanical thresholds before the methamphetamine-assisted social trans-
fer of pain and 1, 6, 24, and 48 hours after the 10-min interaction. Asterisks indicate statistically significant differences from the SAL-BY control group. (F) Schematic illus-
trating the timeline and all experimental groups for the MDMA-assisted social transfer of analgesia. (G to I) Mechanical thresholds 1 hour (G), 6 hours (H), and 24 hours (I) 
after the MDMA-assisted social transfer of analgesia. Statistical tests include one-way [(C), (D), (G), (H), and (I)] and two-way [(B) and (E)] analysis of variance (ANOVA) with 
Tukey’s post hoc tests. *P < 0.05, **P < 0.01, and ***P < 0.0001. All data presented as means ± SEM.
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thresholds as CFA-CON-BY mice at the 1- and 6-hour time points, 
suggesting that a 10-min interaction with a CFA-MOR-DEM mouse 
is not sufficient for a BY to acquire the social transfer of analgesia 
(Fig.  1, G and H). Furthermore, MDMA administration did not 
affect mechanical thresholds in CFA-injected mice (fig. S1I). These 
results demonstrate that MDMA enhances both the social transfer of 
pain and analgesia, consistent with MDMA exhibiting empathogenic 
properties.

Local infusion of MDMA in the NAc enhances empathy
Previous work demonstrated that the social transfer of pain leads 
to increased neuronal activity in the NAc core of BY mice (12), and 
MDMA’s prosocial effects in the three-chamber social preference 
test can be replicated by infusing MDMA directly into the NAc (18). 
To determine a role for the NAc in MDMA’s empathogenic effects, 
we administered SAL or MDMA to Fos-CreERT2/Ai14TdTomato 
[targeted recombination in active populations (TRAP)] mice and 
injected 4-hydroxytamoxifen (4-OHT) immediately before the so-
cial transfer of pain to fluorescently label active neurons and then 
counted the number of Fos-positive TRAPed cells (12, 19). Consis-
tent with MDMA increasing NAc core neuronal activity, MDMA-
BY mice displayed significantly more TRAPed cells in the NAc 
than SAL-BY mice after interacting with a CFA-DEM (Fig. 2A). In 
contrast, SAL-BY and MDMA-BY showed a comparable number of 
Fos-positive TRAPed cells in the anterior cingulate cortex (fig. S2A), 
another brain area involved in the social transfer of pain and anal-
gesia (12).

To assess directly whether MDMA’s action in the NAc alone is 
sufficient to replicate its systemic effects on the social transfer of 
pain and analgesia, we implanted microinjection cannulas into the 
NAc lateral core of BY mice (fig.  S2B) and infused either SAL or 
MDMA immediately before a 10-min interaction with a CFA-DEM 
mouse (Fig. 2B). Because our behavioral characterization of the 
effects of systemic MDMA administration had revealed that the 
most robust effects on social transfer of pain and analgesia occurred 
1 to 6 hours after the social interaction, we focused on these time 
points in our further neural manipulation experiments.

NAc-MDMA-BY mice displayed greater reductions in mechani-
cal thresholds relative to NAc-SAL-BY mice 1 hour after the social 
interaction (Fig. 2, C and D), with recovery by 24 hours (Fig. 2E). 
These results indicate that MDMA infusion into the NAc is sufficient 
to replicate the ability of systemic MDMA to enhance the social 
transfer of pain. We also examined whether MDMA infusion into 
the NAc enhanced the social transfer of analgesia (Fig.  2F) and 
found that 1 hour after interacting with a CFA-MOR-DEM mouse, 
MDMA-infused bystanders (NAc-MDMA-BY) showed significantly 
higher mechanical thresholds than SAL-infused bystanders (NAc-
SAL-BY; Fig.  2G); an effect that faded by 24 hours (Fig.  2H). To-
gether, these results indicate that the NAc is a key mediator of 
MDMA’s empathogenic effects as measured by the social transfer 
of pain and analgesia.

5-HT release in the NAc reproduces MDMA’s 
empathogenic effects
MDMA promotes release of serotonin (5-HT), dopamine, and nor-
epinephrine through modulation of their transporters, SERT, DAT, 
and NET (20). Previous studies show that MDMA’s prosocial effects 
require 5-HT release in the NAc due to its interaction with SERT 
(18). To test whether 5-HT release in the NAc is similarly involved 

in MDMA’s enhancement of the social transfer of pain and analgesia, 
we injected Cre-dependent channel rhodopson (AAV-DJ-EF1-DIO-
hChR2 [H134R]-eYFP) or yellow fluorescent protein (YFP) (AAV-
DJ-EF1-DIO-eYFP) into the dorsal raphe (DR) nucleus of SERT-Cre 
mice (fig. S3A) and implanted bilateral fiber optic cannulas over the 
NAc lateral core (fig. S3B) to selectively stimulate 5-HT inputs to the 
NAc (DR➔NAc; Fig. 3A). Following DR➔NAc stimulation during 
a 10-min interaction with a CFA-DEM mouse (Fig. 3B), ChR2-BY 
mice showed substantially enhanced social transfer of pain as repre-
sented by significantly reduced mechanical thresholds relative to 
YFP-BY control mice (Fig.  3, C and D). Mechanical thresholds 
returned to baseline in ChR2-BY mice by 24 hours (Fig. 3E). Opto-
genetic stimulation of DR➔NAc 5-HT caused almost identical be-
havioral effects to those elicited by MDMA infusion into the NAc 
(fig. S3C). DR➔NAc stimulation during mechanical testing did not 
affect the mechanical thresholds of ChR2 or YFP mice (fig. S3D), nor 
did it lead to a real-time place preference or aversion for the laser-
paired side before or after the social transfer of pain (fig. S3E).

We next tested whether DR➔NAc stimulation also enhanced 
the social transfer of analgesia (Fig. 3F) and found that CFA-ChR2-
BY mice demonstrated stronger social transfer of analgesia relative 
to YFP controls as represented by significantly higher mechanical 
thresholds 1 hour after the interaction (Fig. 3G). Thresholds re-
turned to baseline levels by 24 hours (Fig. 3H). These findings 
demonstrate that stimulation of 5-HT release alone in the NAc is 
sufficient to reproduce the behavioral effects of MDMA.

MDMA and NAc 5-HT ameliorate empathy deficits in a mouse 
model of ASD
Systemic MDMA (21) and 5-HT signaling in the NAc (22) have been 
shown to enhance sociability in mouse models of ASD. To test 
whether MDMA similarly enhances empathy-like behaviors in a 
mouse ASD model, we performed the social transfer of pain in 
Shank3-deficient mice, which carry heterozygous deletion of exons 4 
to 22 in the Shank3 gene (Shank3+/−) (23). After first confirming that 
Shank3+/− mice display social deficits in the three-chamber social 
preference test (fig. S4A), we paired wild-type (WT) (WT-BY) and 
Shank3+/− bystanders (Shank3-BY) with a WT-CFA-DEM mouse 
for a 1-hour interaction in the absence of MDMA to assess whether 
they exhibit the social transfer of pain (Fig. 4A). Shank3-BY mice did 
not demonstrate any change in mechanical threshold following this 
social interaction, indicative of an inability to acquire the social 
transfer of pain (Fig.  4, B and C). Notably, baseline von Frey me-
chanical thresholds did not differ between Shank3+/− and WT mice 
(fig. S4B).

Having established that the social transfer of pain is absent in 
Shank3+/− mice, we next tested whether pretreatment with MDMA 
could rescue this deficit (Fig. 4D). Consistent with its effects in WT 
mice, MDMA-treated Shank3+/− bystanders (Shank3-MDMA-BY) 
acquired the social transfer of pain as evidenced by significantly 
lower mechanical thresholds than SAL-treated Shank3 bystanders 
(Shank3-SAL-BY) 4 hours, but not 48 hours, after the interaction 
(Fig. 4, E to G). Shank3-SAL-BY and Shank3-MDMA-BY mice did 
not differ in the amount of time spent interacting with the WT-
CFA-DEM (fig. S4C). MDMA also rescued deficient social transfer 
of analgesia in Shank3+/− mice (Fig. 4, H to J). Specificially, MDMA-
treated Shank3 bystanders (Shank3-CFA-MDMA-BY) showed sig-
nificantly higher mechanical thresholds compared to SAL-treated 
Shank3 bystanders (Shank3-CFA-SAL-BY) immediately after a 1-hour 
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Fig. 2. MDMA infusion in NAc recapitulates the effects of systemic MDMA. (A) Quantification (left) and representative images (right) comparing the number of 
Fos-positive tdTomato-expressing neurons in the NAc in SAL- or MDMA-injected mice exposed to a CFA-DEM mouse. Scale bars, 250 μm. (B) Schematic illustrating the 
timeline and all experimental groups for the social transfer of pain with local MDMA or SAL infusion in the NAc. (C) Time course of vF mechanical thresholds before the 
social transfer of pain with NAc infusion of MDMA or SAL and 1, 6, 24, and 48 hours after the 10-min interaction. Asterisks indicate statistically significant differences from 
the NAc-SAL-BY control group. (D and E) Mechanical thresholds 1 hour (D) and 24 hours (E) after the social transfer of pain, presented as the change from the group base-
line. (F) Schematic illustrating the timeline and all experimental groups for the social transfer of analgesia with local MDMA or SAL infusion in the NAc. (G and H) Mechanical 
thresholds 1 hour (G) and 24 hours (H) after the social transfer of analgesia. Statistical tests include unpaired t test [(A), (G), and (H)], one-way [(D) and (E)], and two-way (C) 
ANOVA with Tukey’s post hoc tests. *P < 0.05, **P < 0.01, and ***P < 0.0001. All data presented as means ± SEM.
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Fig. 4. Systemic MDMA and 5-HT in NAc reverse ASD-related empathy deficits in Shank3+/− mice. (A) Timeline and experimental groups for the social transfer of pain in 
Shank3+/− mice. (B) Time course of vF mechanical thresholds before the social transfer of pain and 0, 4, 24, and 48 hours after the 1-hour interaction. Asterisks indicate significant 
differences from WT-BY control group. (C) Mechanical thresholds immediately after the social transfer of pain presented as the change from group baseline. (D) Timeline and 
experimental groups for the MDMA-assisted social transfer of pain in Shank3+/− mice. (E) Time course of vF mechanical thresholds before the MDMA-assisted social transfer of 
pain and 0, 4, 24, and 48 hours after the 1-hour interaction. Asterisks indicate significant differences from Shank3-SAL-BY control group. (F and G) Mechanical thresholds 4 hours 
(F) and 48 hours (G) after the social transfer of pain, presented as the change from group baseline. (H) Timeline and experimental groups for the MDMA-assisted social transfer 
of analgesia in Shank3+/− mice. (I and J) Mechanical thresholds immediately (I) and 24 hours after (J) the social transfer of analgesia. (K) Viral strategy and placement of bilateral 
fiber optic cannula in SERT-Cre x Shank3+/− mice. (L) Timeline and experimental groups for the social transfer of pain with DR➔NAc stimulation in Shank3+/− mice. (M) Time 
course of vF mechanical thresholds before the social transfer of pain with DR➔NAc stimulation and 0, 4, and 24 hours after the 1-hour interaction. Asterisks indicate significant 
differences from light off control group. (N) Mechanical thresholds immediately after the social transfer of pain with DR➔NAc stimulation, presented as the change from group 
baseline. Statistical tests include one-way [(C), (F), (G), (I), (J), and (N)] and two-way [(B), (E), and (M)] ANOVA with Tukey post hoc tests. *P < 0.05, **P < 0.01, and ***P < 0.0001. 
All data presented as means ± SEM.
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interaction with a WT analgesia DEM (WT-CFA-MOR-DEM; Fig. 4I), 
but not 24 hours later (Fig. 4J). Thus, MDMA rescues the social transfer 
of both pain and analgesia in Shank3+/− mice.

In a final experiment, we tested whether MDMA’s effects on the 
social transfer of pain in Shank3-deficient mice could be repro-
duced by optogenetically stimulating 5-HT signaling in the NAc. By 
injecting AAV-DJ-EF1-DIO-hChR2 [H134R]-eYFP into the DR 
of SERT-Cre–expressing Shank3+/− mice, which were obtained 
by crossing Shank3+/− and SERT-Cre mice, and implanting bilateral 
fiber optic cannulas over the NAc core, we were able to selectively 
stimulate 5-HT inputs in the NAc core of Shank3+/− mice (Fig. 4K). 
Optogenetic activation of DR 5-HT➔NAc inputs in Shank3-ChR2-
BY mice during their 1-hour interaction with a WT-CFA-DEM led 
to substantially reduced mechanical thresholds relative to Shank3-
ChR2-BY mice that did not receive laser stimulation (Fig. 4, M and 
N). Thus, increasing 5-HT signaling in NAc core is sufficient to 
enhance an empathy-associated behavior in Shank3+/− mice.

DISCUSSION
The question of whether MDMA promotes empathy in human sub-
jects has been a topic of vigorous debate ever since its emergence as 
a possible tool to enhance the efficacy of psychotherapy (2, 3). The 
assertion that it does function as a robust “empathogen” is largely 
based on anecdotal clinical reports, which conflict with several 
human subject studies that have commonly failed to reveal robust 
empathogenic effects. For example, MDMA appears to only mildly 
potentiate empathy (5, 6) in the multifaceted empathy test, in which 
subjects are asked to self-report levels of arousal after exposure to 
emotionally charged images (24). This topic will become increas-
ingly important with the anticipated Food and Drug Administration 
approval of MDMA as an adjunct to psychotherapy in the treatment 
of PTSD due to two successful phase 3 trials (8, 25). Once approved, 
it is almost certain that there will be increased off-label use of MDMA 
and further clinical trials testing its therapeutic efficacy in other 
neuropsychiatric disorders. Thus, determining the neural mecha-
nisms underlying its potential empathy-enhancing properties has 
important implications for its future therapeutic uses.

Here, we addressed this topic in mice by assessing the effects of 
MDMA in two behavioral measures that we assert are behavial cor-
relates or antecedents of empathy: the social transfer of pain and the 
social transfer of analgesia. We find that MDMA enhances both of 
these measures and present evidence that this effect of MDMA is 
likely due to the release of 5-HT in the NAc, a conclusion that is 
consistent with the mechanism of MDMA underlying its prosocial 
effect in the three chamber social preference assay (18). The modest 
empathogenic effects of MDMA in human subject studies (5, 6) may 
be due to the static nature of the assays used to measure empathy 
and the use of self-reported measurements. Elucidating MDMA’s 
influence on empathy may require more dynamic and specific assays, 
such as the social transfer of pain and analgesia assays. In addition, 
empathy is an umbrella term comprising many related yet function-
ally distinct behaviors, ranging from relatively simple behaviors such 
as emotional contagion or mimicry (i.e., “state matching”) to more 
sophisticated complex behaviors that are largely restricted to humans 
such as perspective taking and moral reasoning (i.e., “understand-
ing”) (26).

Although previous studies have demonstrated MDMA’s ability to 
elevate social preference and interest in rodents (18, 21, 27–29), this 

is the first to explore MDMA’s role in promoting empathy-like behav-
iors. MDMA induced an enhancement of the acquisition of another 
animal’s state following a brief 10-min social interaction. This was 
observed in the context of both positively and negatively valenced 
states (pain and analgesia), with effects lasting for up to 24 hours after 
the social encounter. These results suggest that MDMA enhances an 
animal’s sensitivity to the affective and physical status of a conspe-
cific, facilitating a more robust and durable adoption of their state 
after only a brief interaction. Notably, the social transfer of pain lasted 
up to 24 hours after the interaction, while the social transfer of anal-
gesia had returned to baseline by this time point. We speculate that 
with the social transfer of pain, it might be evolutionarily advanta-
geous to be aware of and sensitive to a conspecific’s discomfort for a 
longer period, as it could represent a danger signal and promote 
hypervigilance. This phenomenon has been demonstrated in our 
previous study, showing that hypersensitivity persists in BY mice 
even after pain has been terminated in DEMs via analgesia (14). 
From this perspective, the social transfer of analgesia would be dis-
advantageous and perhaps fade more rapidly because there would 
be severe consequences to neglecting one’s own pain or injury.

An unexpected observation was that systemic MDMA did not 
increase the amount of time that BY mice spent socially interacting 
with the CFA DEM during the social transfer of pain. This was true 
for both WT (fig. S1B) and Shank3 mice (fig. S4C). There are sev-
eral possible explanations for these results. First, unlike previous 
studies that found that MDMA increased interaction time in the 
three-chamber assay, our studies used freely interacting partners, 
and most notably, one of the mice was experiencing inflammatory 
pain. This quality may occlude MDMA-induced social interest, espe-
cially as our findings seem to indicate that MDMA-treated bystanders 
are more sensitive and show heightened empathic responses to the 
distress of the social partner. Second, the social partner in our studies 
is a familiar cagemate, whereas previous studies showing MDMA’s 
prosocial effects have used an unfamiliar juvenile mouse as the social 
stimulus (18). Last, previous studies showed that MDMA enhances 
social preference indexes in the three-chamber social preference test 
(18), whereas the interaction here was in a free-moving context. These 
important differences in the experimental design likely affect the ob-
served social interaction times.

Another unexpected result was that the MDMA-dependent en-
hancement of social transfer of pain and analgesia occurred in male, 
but not female, mice. We have previously demonstrated that in the 
absence of MDMA, male and female mice both exhibit similar mag-
nitudes of response in the social transfer of pain (12). This suggests 
that the lack of effect of MDMA on the social transfer of pain in 
females is not due to a baseline difference in this empathic capacity. 
Our fiber photometry experiments revealed that systemic MDMA 
evoked comparable levels of 5-HT signaling in the NAc of male and 
female mice, suggesting that the observed sex differences are not likely 
due to differential pharmacological action. This is consistent with 
human data showing that males and females display equivalent rises 
in plasma MDMA and oxytocin following MDMA administration 
(5). While we cannot provide any mechanistic explanation for this 
sex difference, other rodent studies also report sex differences in 
behavioral and physiological responses to MDMA (28, 29). Further-
more, human subjects studies report that MDMA increases implicit 
and explicit emotional empathy only in male participants (5), while 
female subjects report greater perceptual changes and thought 
disturbances and more adverse effects (30, 31).
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MDMA infusion into the NAc core and optogenetic stimulation 
of DR 5-HT inputs in the NAc were sufficient to recapitulate the 
drug’s effects on the social transfer of pain and analgesia, which 
strongly implicates a critical role for 5-HT release in the NAc in 
mediating MDMA’s empathogenic effects. This conclusion is consis-
tent with previous work demonstrating a critical role for NAc 5-HT 
release in mediating both prosocial behaviors and the enhancement 
of social preference by MDMA (20–22, 32, 33). In addition to role of 
the NAc in the social transfer of pain and analgesia in the absence of 
MDMA (12), NAc core neurons are activated when mice observe 
another mouse receiving foot shocks (31), and several human studies 
have implicated the NAc in trait empathic happiness (34) and moti-
vating prosocial/helping behaviors (35, 36).

BY mice that received local manipulations restricted to the NAc 
core showed a more rapid onset and shorter overall duration than 
those that received systemic MDMA. We suspect that this difference 
is due to pharmacokinetics and the pharmacodynamic time courses 
of systemic versus intra-accumbens MDMA administration or opto-
genetic release of 5-HT in NAc. Systemically administered MDMA 
is subject to first-pass metabolism and will take longer to reach the 
brain and ultimately increase 5-HT release in NAc, resulting in 
delayed onset of the behavioral effect. In addition, MDMA is likely 
to remain psychoactive for longer when systemically administered. 
In contrast, both NAc infusion of MDMA and optogenetic stimula-
tion of DR➔NAc 5-HT inputs should produce nearly immediate 
and short-lived localized 5HT release, resulting in a more rapid 
onset and faster return to baseline. The fact that the time course of 
effects for the intra-NAc MDMA infusion and optogenetic stimula-
tion of 5-HT inputs were nearly identical supports this supposition. 
However, it is possible that other factors may contribute including 
systemic MDMA’s effects on other regions upstream or downstream 
of NAc 5HT inputs.

Our laboratory previously reported that individual NAc MSNs 
are contacted by multiple glutamatergic synaptic inputs from me-
dial prefrontal cortex, ventral hippocampus, periventricular thala-
mus, and basolateral amygdala and that bath application of 5-HT 
diminished excitatory postsynaptic current amplitudes for all inputs 
except those from medial prefrontal cortex (37). We therefore sus-
pect that 5-HT in NAc selectively alters synaptic transmission on 
certain inputs, but the exact mechanism through which 5-HT selec-
tively modulates NAc inputs to enhance empathy is unclear. Resolv-
ing this will require a comprehensive set of experiments, which will 
be an important focus of future studies.

The effects of MDMA are markedly different than those of selec-
tive serotonin reuptake inhibitors (SSRIs), which, in contrast, have 
been reported to reduce affective empathy with long-term use (38). 
The most likely explanation is that while MDMA and SSRIs both act 
upon 5-HT signaling, they do so at very different magnitudes and 
time courses, resulting in distinct subjective effects. MDMA causes 
very large and rapid increases in 5-HT levels in the NAc (39) through 
molecular interactions with SERT that are independent of activity in 
5-HT inputs. In contrast, SSRIs inhibit reuptake of 5-HT following 
action-potential–dependent release, resulting in a more gradual and 
less robust build-up of 5-HT, which is dependent upon endogenous 
signaling.

We also explored whether MDMA could restore deficits in em-
pathy in heterozygous Shank3+/− mice, a genetic manipulation that 
has construct validity for mimicking one form of ASD. In contrast to 
WT mice (15), Shank3+/− animals failed to show the social transfer 

of pain or analgesia even after a 1-hour interaction; deficiencies that 
were rescued by MDMA. Consistent with a critical role of 5-HT action 
in the NAc, optogenetic stimulation of DR 5-HT inputs in the NAc core 
rescued the social transfer of pain in Shank3+/− mice. Although we are 
not aware of any studies measuring NAc 5-HT release in Shank3+/− 
mice, the Shank3 protein has been reported to interact with SERT 
(32), creating the possibility that Shank3-deficient mice could have 
altered SERT function, which in turn may influence the magnitude 
of 5-HT release. Further studies will be necessary to address whether 
Shank3+/− mice show basal differences in NAc 5-HT signaling, which 
could underlie the observed empathy deficits.

Together, the results of the current study suggest that MDMA 
enhances empathy-like behaviors by stimulating 5-HT release in the 
NAc, a mechanism also capable of reversing empathy deficits in a 
mouse model of ASD. These findings are consistent with other recent 
studies to implicate 5-HT action in the NAc as a broad signaling 
mechanism for motivating and encoding prosocial behaviors. Future 
studies should explore the downstream mechanisms by which 5-HT 
release in the NAc drives prosocial and empathy-like behaviors with 
the goal of stimulating similar experiments in human subject studies. 
The results also provide motivation for further study of the specific 
NAc 5-HT receptors mediating the effects of MDMA with the as-
sumption that these will be potential druggable targets for the treat-
ment of empathy deficits in a range of neuropsychiatric disorders.

MATERIALS AND METHODS
Statistics
All statistical analyses were performed with GraphPad Prism soft-
ware. Experiments with more than two groups were subject to one-
way analysis of variance (ANOVA) or two-way ANOVA with Tukey’s 
correction for multiple post hoc comparisons. For all experiments 
using repeated measures ANOVAs, groups were compared to their 
respective control at each time point. Experiments with two groups 
were analyzed using two-tailed unpaired t tests, unless the dataset 
failed Shapiro-Wilk tests for normality, in which case the data 
were subjected to Mann-Whitney U tests. All data are presented 
as means  ±  SEM. Data points identified as statistically significant 
outliers (determined by Grubb’s test, P < 0.05) were removed from 
the analyses.

Animals
All experimental procedures were approved by the Stanford Univer-
sity Administrative Panel on Laboratory Animal Care in accordance 
with American Veterinary Medical Association Guidelines and the 
International Association for the Study of Pain. Male C57Bl6/J mice 
(strain 000664, the Jackson Laboratory) aged 8 to 16 weeks were 
used for all experiments, unless otherwise specified. Mice arrived at 
the laboratory at 7 weeks old and were allowed at least 1 week to 
habituate in their home cages before experiments. Mice were housed 
in groups of two or four per cage on a 12-hour light/12-hour dark 
cycle with food and water ad libitum, on a ventilated rack (Innovive 
Innorack 3.5). All behavioral experiments were performed during 
the same circadian period (7:00 a.m. to 6:00 p.m.).

For TRAP experiments, male TRAP mice (Fos2A-iCreER) were gen-
erously donated by the Luo Laboratory at Stanford University and 
crossed with Ai14-TdTomato Cre-reporter mice (strain 007914m, 
the Jackson Laboratory) to visualize active neurons. All mice were 8 
to 12 weeks old at the start of experiments.
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To enable optogenetic manipulation of serotonergic neurons, we 
used male SERT-Cre mice (TG[Slc6a4-cre]ET33Gsat; GENSAT Project 
at Rockefeller University; MGI: 3836639) (33). All SERT-Cre mice 
were bred and genotyped in house.

Male Shank3-deficient mice (Shank3+/−) carrying heterozygous 
deletion of exons 4 to 22 in the Shank3 gene (B6.CG-​Shank3tm2.1Bux/J; 
strain 032169, the Jackson Laboratory) were obtained from the Jack-
son Laboratory and subsequently maintained in-house. To enable opto-
genetic manipulations of serotonergic neurons in Shank3+/− mice, 
Shank3+/− animals were crossed with SERT-Cre mice. All Shank3+/− 
animals used were heterozygous for Shank3 deletion and aged 8 to 
16 weeks at the time of experiments. WT littermates were used as 
DEMs and BY controls.

Drug treatments/preparation
All drugs were dissolved or diluted in 0.9% SAL and administered at 
a volume of 0.01 ml/g. MDMA (7.5 mg/kg; Organix Inc., O-8571) 
and METH (2 mg/kg; Sigma-Aldrich M8750) were administered 
intraperitoneally. The dose of METH was selected on the basis of 
previous studies (18), which found that this dose (2 mg/kg) was suf-
ficient to induce locomotor sensitization and conditioned place 
preference, but not an effect in the three-chamber social preference 
assay. MOR (10 mg/kg; Sigma-Aldrich, M8777, MOR sulfate salt 
pentahydrate) and meloxicam (10 mg/kg; VetOne, Ostilox, 5 mg/ml 
solution) were administered subcutaneously. For TRAP experi-
ments, 4-OHT (Sigma-Aldrich, H6278) was prepared in a mixture 
of castor and sunflower oil (20:80 ratio) and injected intraperitone-
ally at a dose of 50 mg/kg.

Social transfer of pain
On the 2 days before the social interaction, all DEM and BY mice 
were habituated to the testing room (30 to 60 min their home cage) 
and von Frey rack (20 to 30 min). The day before the social interac-
tion, all mice were pretested for baseline mechanical thresholds. 
All social interactions were performed in the morning between 
7:00 a.m. and 11:00 a.m. The day of the experiment, mice were 
again habituated to the room for 30 min. One hour before the social 
interaction, all DEM mice were lightly restrained and injected with 
10 μl of CFA (Sigma-Aldrich, F5881), an inflammatory medium, 
into the left hind paw to induce long-lasting, local inflammatory 
pain (40, 41). DEM mice were then placed into a separate housing 
cage to avoid interaction with cage mates who would soon become 
pain BY mice. Fifteen minutes before the social interaction, all BY 
mice were injected intraperitoneally with SAL or MDMA (7.5 mg/kg) 
and placed individually into clean housing cages without food or 
water. Fifteen minutes later, one CFA DEM mouse—a familiar cage 
mate—was placed into the cage for a 10-min social interaction. 
Notably, SAL-BY and MDMA-BY groups were tested at different 
times or in different rooms to avoid any intergroup influence that 
could occur due to simultaneous, side-by-side social interactions. 
After the 10-min interaction, all mice were returned to their home 
cages, but BY and DEM mice were divided and subsequently 
housed only with treatment-matched cage mates (i.e., SAL-BY 
together and MDMA-BY together) to avoid the continuous social 
transfer of pain. SAL- and MDMA-BY mice were housed separately 
to avoid any intergroup influence. Thus, each cage of four mice at 
the beginning of the experiment was split into two cages of two 
mice (one cage contained two CFA-DEM mice, while the other con-
tained two BY treated with either MDMA or SAL) (13). All mice 

were subjected to mechanical threshold testing at various time 
points following the social transfer. CFA-DEM mice were tested 
separately from BY mice to avoid social transfer of pain during 
brief exposures on the rack.

For social transfer of pain experiments using METH, mice were 
injected with METH (2 mg/kg, i.p.) or SAL 15 min before a 10-min 
interaction with a CFA DEM.

For social transfer of pain experiments in Shank3+/− mice, WT lit-
termates were used as CFA-DEM mice, and heterozygous Shank3+/− 
mice were used as BY mice. DEM mice were lightly restrained and 
injected with CFA in their left hindpaw before being immediately 
placed into a clean housing cage without food or water. Shank3+/− 
BY mice were then injected intraperitoneally with either SAL or MDMA 
(7.5 mg/kg) and placed immediately into the cage for a 1-hour inter-
action with the CFA DEM. After 1 hour, all mice were immediately 
subjected to mechanical threshold testing.

Social transfer of analgesia
On the 2 days before the social interaction, mice were habituated to 
both the testing room (30 to 60 min in their home cage) and the von 
Frey rack (20 to 30 min). Mice were again habituated to the room for 
30 min on the day of the interaction. One hour before the social in-
teraction, all mice were lightly restrained and injected with 10 μl of 
CFA into the left hindpaw. Fifteen minutes before the interaction, all 
analgesia DEM mice received MOR (10 mg/kg, s.c.) and were placed 
into a separate housing cage. BY mice received either SAL or MDMA 
(7.5 mg/kg, i.p.) injection and were placed individually into clean 
housing cages without food or water. Fifteen  minutes later, one 
MOR-DEM mouse was placed into this cage for a 10-min social in-
teraction with the BY mouse. Control CFA bystanders (CFA-CON-
BY) received SAL injection and interacted with a SAL-injected (rather 
than MOR-injected) CFA-DEM social partner. After the 10-min in-
teraction, all mice were returned to their respective home cages, but 
MOR-injected DEM mice were housed separately to avoid the con-
tinuous social transfer of analgesia. This resulted in each cage of four 
being separated into two cages of two (one containing both BY mice 
and the other containing both DEM mice). BY mice were subjected 
to mechanical threshold testing at various time points following the 
social interaction.

For all social transfer of analgesia experiments in Shank3+/− mice, 
WT littermates were used as analgesia DEMs and heterozygous 
Shank3+/− mice were used as bystanders. WT-CFA-MOR-DEM mice 
received CFA in their left hindpaw and subcutaneous MOR before 
being immediately placed into a clean housing cage without food or 
water. Shank3+/− BY mice received CFA in their left hindpaw and 
either SAL or MDMA (7.5 mg/kg, i.p.) before being immediately placed 
into the cage for a 1-hour interaction with the DEM mouse. Control 
mice (Shank3-CFA-CON-BY) were paired with a SAL-injected (rather 
than MOR-injected) WT-CFA-DEM mouse to control for the dem-
onstration of analgesia. After the interaction, all BY mice were imme-
diately subjected to mechanical threshold testing.

Social interaction time
Social interaction times between DEM and BY mice during the 
social transfer of pain were manually scored by experimentally 
blind researchers. Interaction time was defined as any period 
during which the BY mouse was actively sniffing any region of 
the DEM (including the snout, body, anogenital area, and tail) 
or grooming.
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For quantification of interaction times during the social transfer of 
pain in Shank3-deficient mice, only the 10-min period used for the 
social transfer of pain in wild-type mice was scored. Thus, interaction 
times were quantified from 15 to 25 min of the social interaction.

von Frey mechanical sensitivity testing
Mice were habituated to homemade plexiglass enclosures on top of 
a homemade wire testing rack for 20 min 2 days before the start of 
the experiment. On the day of testing, mice were habituated to the 
apparatus for 10 to 20 min before mechanical sensitivity testing. The 
plantar surface of the left hind paw was mechanically stimulated us-
ing von Frey hairs (0.01 to 2 g of plastic fibers, North Coast). Paw 
withdrawal, shaking, and licking were all considered responses. 
The up-down technique was used to calculate mechanical threshold 
values (42). This method uses stimulus oscillation around the re-
sponse threshold to determine the median 50% threshold of re-
sponse. The testing rack was placed in the same behavioral room, 
in which the social transfer occurred and was illuminated with a 
dim lamp. For social transfer of pain experiments involving a 
10-min social interaction, mechanical sensitivity testing occurred at 
1, 6, 24, and 48 hours after social interaction. For experiments using 
a 1-hour social interaction, testing occurred at 0, 4, 24, and 48 hours 
after the social interaction.

Targeted recombination in active populations
For TRAP experiments, Fos2A-iCreER;TRAP2 mice were crossed with 
Ai14 reporter mice to enable tdTomato expression in active neuronal 
populations. On the 2 days before the social experience, TRAP2/
Ai14 mice received intraperitoneal SAL injections and were placed in 
the behavioral room for at least 1 hour to habituate to the environ-
ment and injection. On the day of the experiment, TRAP2/Ai14 mice 
were habituated to the testing room for 20 min in their home cage 
before being injected with 4-OHT and either SAL or MDMA (7.5 mg/
kg, i.p.) and then placed into a clean cage with a CFA-injected cage 
mate for a total of 4 hours. All TRAP2/Ai14 mice used for experi-
ments were heterozygous. The 4-OHT was prepared fresh on the 
morning of the experiment. One week after the social interaction, all 
TRAP2;Ai14 BY mice were perfused and brains were sliced and im-
aged to quantify regional counts of tdTomato-expressing neurons.

Three-chamber social preference testing
The three-chamber apparatus (length, 72 cm; width, 23 cm; height, 
25 cm) was built in-house using 0.635-cm-thick sheets of clear ex-
truded acrylic for walls, white Komatex for floors, and black barrier 
walls (TAP Plastics). The apparatus consisted of two outer chambers 
(28 cm by 23 cm) connected by a center chamber (16 cm by 23 cm). 
Testing was performed as previously described with modification 
(43). The test mouse was first placed into the three-chamber appara-
tus for a 10-min habituation period, during which two empty in-
verted pencil cups were placed in the center of both outer chambers. 
On the following day, the mouse was reintroduced to the apparatus 
for a 10-min trial, in which one cup contained a novel object 
(nonsocial stimulus), while the other contained an age- and sex-
matched WT mouse (social stimulus). Between experimental ses-
sions, all cups, objects, and the three-chamber apparatus were wiped 
down with 70% ethanol. The cups used to hold mice were regularly 
rotated to minimize the effect of residual scents. Video was ac-
quired by a computer-controlled ceiling-mounted digital camera 
and analyzed offline using Biobserve tracking software (Biobserve 

GmbH). The amount of time spent in the “social” and “nonsocial” 
outer chambers was automatically scored by Biobserv. The prefer-
ence index was calculated as (social chamber time − nonsocial 
chamber time)/(social chamber time + nonsocial chamber time).

Intracerebral drug infusions
Double-lumen, 26-gauge threaded cannula guides were custom-
ordered (P1 Technologies) to enable bilaterally infusions into the 
NAc lateral core. Cannula guide dimensions were as follows: 
2.4-mm separation, 8-mm pedestal, cut 4 mm below pedestal. The 
cannula guide was lowered into the craniotomy sites to a position 
1 mm above the target structure and secured to the skull using a 
skull screw (Antrin Miniature Specialties; 00-90 x 1/16) followed 
by application of C&B Metabond (Parkell S371, S398, and S396) 
and light-cured dental adhesive cement (Geristore A&B paste, Den-
Mat). For infusions into the NAc lateral core, the following coordi-
nate was used: 0.98 anterior-posterior (AP), 1.2 medial-lateral 
(ML), and −3.0 dorsal-ventral (DV) (note that the drug infusion 
cannula extended 1 mm below the guide, targeting a −4.0 DV coor-
dinate). After securing the cannula guide, a bilateral dummy can-
nula was inserted into the infusion ports and the device was sealed 
with an aluminum cap. Drug infusion experiments were performed 
2 to 4 weeks after surgery.

For drug infusions, the dummy cannula was replaced with a 
bilateral infusion cannula measuring 1 mm longer than the corre-
sponding cannula guide. Infusions were delivered by inserting 
drug-primed bilateral infusers into the implanted cannula guide. 
Infusers were connected via PE-50 tubing to a 23-gauge needle of 
a syringe (Hamilton, model 7641 RN and 7786-01) mounted in a 
dual syringe pump (Harvard Apparatus, model 55-2222). MDMA 
was dissolved in 0.9% SAL to achieve a concentration of 0.5 μg in 
500  nl of infusate, delivered bilaterally at a rate of 350 nl/min. 
After a 90-s infusion, the infuser was held in place for an addi-
tional 30 s, then the dummy cannula was reinserted into the can-
nula guide and the implant was resealed with an aluminum cap.

Stereotactic surgeries
All surgeries were performed under aseptic conditions using a small 
animal digital stereotaxic instrument (David Kopf Instruments). 
Mice were anesthetized with isoflurane (5% induction and 1% 
maintenance). A small incision was made in the scalp, and burr 
holes were drilled in the skull at the appropriate stereotaxic coordi-
nates using a 0.5-mm drill bit (Fine Science Tools, 19007-05). Mice 
recovered from anesthesia individually on a heating pad before 
being returned to group housing. Meloxicam (5 mg/kg, s.c.) was 
given for postoperative analgesia.

Viral reagents and injections
All viral reagents were purchased from the Stanford Neuroscience 
Gene Vector and Virus Core. For optogenetic experiments in SERT-Cre 
mice, AAV-DJ-EF1-DIO-eYFP and AAV-DJ-EF1-DIO-hChR2(H134R)-
eYFP were used. Fiber photometry experiments in WT mice used 
AAV9-hSyn-GRAB-5HT3.6 (5HT3) (WZ Biosciences, Columbia, MD).

For experiments involving optogenetic manipulations, viruses 
(1 μl) were infused into the DR nucleus (−4.35 AP, 0.0 ML, and 
−2.95 DV). For fiber photometry experiments, virus was injected 
unilaterally into the NAc (+1.0 AP, +0.8 ML, and −3.7 DV from brain 
surface). All viruses were infused at a rate of 0.150 μl/min using a glass 
micropipette connected to a Hamilton syringe with tubing backfilled 
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with mineral oil. The injector tip was lowered an additional 100 μm 
below the planned injection site and then raised to the final coordi-
nate before infusion to facilitate virus diffusion at the site of injection. 
After infusion, the pipette was raised 100 μm for 5 min to allow for 
diffusion before being removed slowly. For all optogenetics experi-
ments, mice were allowed 6 weeks between the virus injection and 
behavioral testing to allow for viral expression at synaptic terminals.

Optogenetic manipulations
Optogenetic fibers targeting the NAc lateral core were custom-
ordered (Doric Lenses, two Ferrule cannula, 2.5-mm pitch, 4.5-mm 
fiber optic length, 200-μm fiber core diameter, FLT fiber tip). Can-
nulas were lowered until just above the NAc lateral core (0.98 AP, 
1.2 ML, and −3.75 DV) and secured to the skull using a skull screw 
(Antrin Miniature Specialties; 00-90 x 1/16) with sequential applica-
tion of C&B Metabond (Parkell S371, S398, and S396) and light-
cured dental adhesive cement (Geristore A&B paste, DenMat).

For optogenetic stimulation of ChR2, ferrules were connected to a 
473-nm laser diode (OEM Laser Systems) through a FC/PC adaptor 
and a fiber optic rotary joint (Doric Lenses). Laser output was con-
trolled using a Pulse Pal (Sanworks) to deliver 5-ms light pulses at 20 Hz. 
Light output was adjusted to 12 to 15 mW to stimulate synaptic ter-
minals using a digital power meter console (Thorlabs). Mice were ac-
climated to optogenetic tethers during the acclimation-habituation 
periods before the test day. For social transfer of pain and analgesia 
experiments involving optogenetic stimulation, light stimulation was 
delivered for the full duration of the 10-min interaction period. Light 
was not delivered during von Frey mechanical sensitivity testing.

For optogenetic experiments involving Shank3+/− × SERT-Cre mice, 
all procedures were performed as described above, but with an extended 
social interaction (1 hour rather than 10 min). Laser photostimulation 
(20 Hz, 5-ms pulses) was applied throughout the full 1-hour interaction.

Fiber photometry
Optical fibers (Doric Lenses, 5.0 mm in length, 400-μm core, 
0.66 numerical aperture, FLT) were unilaterally implanted over 
the NAc (+1.0 AP, +0.8 ML, and −3.7 DV from brain surface). 
Optical fibers were secured to the skull with stainless steel screws 
(thread size 00-90 x 1/16, Antrin Miniature Specialties), C&B 
Metabond, and light-cured dental adhesive cement (Geristore 
A&B paste, DenMat). Mice were group housed to recover for at 
least 3 weeks before recordings began.

Fiber photometry was performed as previously described (18, 
22, 39). AAV9-hSyn-GRAB 5-HT was injected into the NAc with 
a fiber directed above. After at least 3 weeks, mice were habituated 
to the photometry setup. On the test day, mice were connected to 
patch cables and allowed to habituate alone in the homecage for a 
10-min baseline recording. Mice were then injected with MDMA 
(7.5 mg/kg, i.p.), and recordings continued for another 40 min.

Data were acquired using Synapse software controlling an RZ5P 
lock-in amplifier (Tucker-Davis Technologies). GRAB 5-HT was ex-
cited by frequency-modulated 465- and 405-nm light-emitting di-
odes (Doric Lenses). Optical signals were bandpass-filtered with a 
fluorescence mini cube (Doric Lenses), and signals were digitized at 
6 kHz. Signal processing was performed with custom scripts in 
MATLAB (MathWorks). Briefly, signals were debleached by fitting 
with a mono-exponential decay function, and the resulting fluores-
cence traces were smoothed and z-scored. Peri-event time histo-
grams were constructed by taking the average of the 50-min recording 

consisting of the 10 min before and 40 min after MDMA adminis-
tration, which was defined as time = 0. Area under the curve was 
defined as the integral between 0 and 40 min. Photometry data were 
processed and analyzed in MATLAB with custom scripts. Area 
under the curve was calculated, and photometry data were graphed 
with GraphPad Prism 9.

Real-time place preference
The real-time place preference test was performed in a rectangular 
Plexiglas apparatus (length, 72 cm; width, 23 cm; height, 25 cm) 
with three chambers. The outer chambers had different wall patterns 
and flooring (walls: black and white stripes versus black and white 
squares; flooring: smooth versus rough plastic), while the center 
chamber was plain (no wall pattern, smooth floor). The subject 
mouse was placed in the center compartment for 2 min before it was 
allowed to explore the entire apparatus for 15 min. During this time, 
the mouse received photostimulation (20 Hz, 5-ms pulses) when-
ever it was in a designated chamber. The chamber used was alter-
nated between each testing session. Immediately after the initial test, 
a reversal test was conducted and the side paired with stimulation 
was switched. There was no interruption between the two phases of 
the experiment. The average time spent in each chamber during the 
initial and reversal sessions was used for analysis. Video tracking 
software (Biobserve) was used to record animal movement and 
automatically quantify chamber time. An eight-channel TTL output 
box (Biobserve GmbH, TTL-8-091120-1) was used to automate 
light delivery in the photostimulation-associated zone.

General histological procedures and imaging
Mice were anesthetized with isoflurane and transcardially per-
fused with 1× phosphate-buffered saline (PBS) followed by 4% 
paraformaldehyde in PBS. Brains were removed and postfixed for 
24 hours in 4% paraformaldehyde in PBS. Brains were sectioned at 
75 μm on a vibratome and collected in PBS. For localization of 
viral injections, sections were washed three times for 10  min in 
PBS and then incubated in PBS with 0.5% Triton X-100, 10% 
normal goat serum, and 0.2% bovine serum albumin (BSA) for 
1 hour. After a 5-min wash in PBS, the tissue was then incubated 
overnight in chicken anti–green fluorescent protein (GFP) (1:1000; 
Aves Labs, GFP-1010) in carrier solution containing 0.5% Triton 
X-100, 1% normal goat serum, and 0.2% BSA in PBS with agita-
tion. After four 10-min washes in PBS, sections were incubated in 
secondary antibody (1:750; goat anti-chicken Alexa Fluor 488, In-
vitrogen, A-11039) for 2 hours at room temperature. Sections 
were then washed four times in PBS, mounted onto SuperFrost 
Plus glass slides, and coverslipped with VECTASHIELD HardSet 
Mounting Media with 4′,6-diamidino-2-phenylindole. Imaging 
was performed on a Keyence BZ-X800 fluorescence microscope.

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
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