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Abstract

The recreational drug 3,4-methylenedioxymethamphetamine (MDMA) has well documented
prosocial effects and is currently under clinical investigation as a treatment for patients with
PTSD, autism, and other conditions. Early clinical trials have found that MDMA-assisted therapy
may have robust long-lasting therapeutic effects, yet the mechanism by which acute treatments
produce these long-term effects is unclear. Sensitization to certain behavioral drug effects is a
common rodent model used to assess long-lasting neurobiological adaptations induced by acute
drug treatments. Nine independent experiments were undertaken to investigate if/and how mice
sensitize to the prosocial effects of MDMA. When treated with 7.8 mg/kg MDMA and paired
every other day for a week, MDMA-induced social interaction increased precipitously across
treatment sessions. This previously unreported phenomenon was investigated and found to be
heavily influenced by a social context and 5-HT,R activation. Social sensitization did not appear
to develop if mice were administered MDMA in isolation, and pretreatment with MDL100907, a
selective 5-HToaR antagonist, inhibited the development of social sensitization. However, when
MDL100907 was administered to mice that had already been sensitized, it did not attenuate social
interaction, suggesting that 5-HT,aR activity may be necessary for the development of social
sensitization but not the expression of MDMA-induced social behavior. Additional investigation
is warranted to further explore the phenomenon of social sensitization and to determine the
underlying neurobiological mechanisms.

1. Introduction

3,4-methylenedioxymethamphetamine (MDMA\) is a recreational drug (ecstasy, molly) that
is under clinical investigation as a therapeutic adjunct for the treatment of post-traumatic
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stress disorder (PTSD), autism spectrum disorder, and other conditions (Mithoefer et al.,
2016). MDMA shares some similarities with psychostimulants and hallucinogens but is
generally regarded as a distinct, prototypically social drug (Kamilar-Britt and Bedi, 2015).
Volunteers administered MDMA report increased feelings of friendliness and closeness
towards others (Bedi et al., 2010; Hysek et al., 2013), they are more likely to choose

to participate in social situations (Kirkpatrick et al., 2014), and they spend more time
interacting with one another than those given placebo (Kirkpatrick and de Wit, 2014).
MDMA also increases measures of trust, generosity, and empathy (Bershad et al., 2016).
Although these prosocial effects are acute, they may contribute to the sustained therapeutic
benefits that have been reported following MDMA-assisted therapy in patients with autism
(Danforth et al., 2018) or PTSD (Mithoefer et al., 2018, 2013) in recent phase | and 1l
clinical trials.

The idea that acute administration of a drug can have lasting effects on the brain and
behavior has been extensively studied in the context of addiction (Robinson and Berridge,
2008). Rodents given repeated intermittent treatments with certain drugs of abuse, including
MDMA, show an enhanced or “sensitized” behavioral and neurochemical response to
subsequent drug treatments. Behavioral sensitization involves the enhancement of multiple
discrete and largely dissociable behaviors, with locomotor behavior being studied most
frequently (Robinson and Becker, 1986). Like many other recreational drugs, repeated
MDMA treatments can produce long-lasting locomotor and neurochemical sensitization in
rodents (Ball et al., 2011; Bradbury et al., 2012; Kalivas et al., 1998). However, sensitization
to MDMA's prosocial effects has not been previously reported. Sensitization to MDMA-
induced social behavior could indicate that MDMA produces lasting neurobiological
changes relevant to its social effects and provide a novel behavioral paradigm to investigate
these changes. Such a model could inform not only the mechanisms of MDMA-induced
prosocial behavior, but also the endogenous mechanisms that drive normal affiliative social
behaviors (Heifets and Malenka, 2016).

A series of experiments were performed to determine if mice sensitize to the prosocial
effects of MDMA and whether this is accompanied by sensitized locomotor and
neurochemical responses. Next, the pharmacological underpinnings of social sensitization
were assessed, focusing on the role of serotonin 2A receptors (5-HT,aRs). MDMA is a
partial 5-HT,R agonist (Nash et al., 1994), and 5-HT,aR activation has been implicated

in the prosocial (Pitts et al., 2017) and certain therapeutic-like effects of MDMA (Young
etal., 2017). 5-HT,aRs are also known to be involved in the development (Auclair et al.,
2004; Wu et al., 2015) and expression (Ramos et al., 2005; Zayara et al., 2010) of sensitized
locomotor and neurochemical responses to other drugs of abuse. Together these experiments
provide the first demonstration that animals sensitize to the prosocial effects of MDMA.

Methods

2.1 Animals

Male Swiss Webster mice (Charles River Laboratories, Wilmington, MA) aged 7-10 weeks
served as subjects in all experiments. Nine independent experiments were conducted, with a
total of 172 mice (Table 1). All mice entered the study drug-naive with no prior behavioral
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testing. Mice were housed five per cage in a temperature- and humidity-controlled colony
room at the Yerkes National Primate Research Center with food and water available ad
libitum. Lights were set to a 12-hour light/dark cycle. All experiments were performed at
an ambient temperature of 22 + 2°C during the lights-on phase. All studies were carried

out in accordance with the Guide for Care and Use of Laboratory Animals as adopted and
promulgated by the National Institutes of Health. Experimental protocols were approved by
the Emory University Institutional Animal Care and Use Committee.

MDMA HCI was supplied by the National Institute on Drug Abuse (Research Technology
Branch, Research Triangle Park, NC); d-amphetamine hemisulfate and the 5-HT,5R agonist
R(-)-2,5-Dimethoxy-4-iodoamphetamine HCI (DOI) were purchased from Sigma-Aldrich
(St. Louis, MO). Each was dissolved in 0.9% sterile saline. The 5-HT,aR antagonist R(+)-
MDL100,907 HCI (M100) was provided by Dr. Kenner Rice and was dissolved in sterile
saline containing HCI, with NaOH added to restore the solution to physiological pH. All
drugs were administered via intraperitoneal injection at a volume of 10 pl/g at previously
established doses: 7.8 mg/kg MDMA (Curry et al., 2018), 2 mg/kg d-amphetamine (Lanteri
et al., 2013), 1 mg/kg M100 (Brody et al., 2004), and 1 mg/kg DOI (Ross et al., 2006). All
doses were calculated and are expressed as salts.

2.3 Behavioral Tests

2.3.1 Social Interaction Procedure—The social interaction test is a well validated
measure of dyadic social behavior in male rodents (File and Seth, 2003) that is sensitive to
the behavioral effects of MDMA (Curry et al., 2018; Morley and McGregor, 2000). After
drug or vehicle treatments, each mouse was isolated in a clean cage for 25 minutes and

then paired with an unfamiliar conspecific from the same treatment group for a 10-minute
social interaction test in a clear 35 x 28 cm (unless otherwise noted) plexiglass arena. While
in the testing arena, subjects were free to move around and interact, allowing a diverse
range of observable behaviors. Tests were videotaped and scored using JWatcher by an
observer blind to the experimental conditions. The durations of three behaviors were scored:
anogenital investigation (sniffing the conspecific’s anogenital area), general investigation
(non-anogenital sniffing, grooming, and following the conspecific), and adjacent lying (side-
by-side contact or huddling, excluding climbing under/over the conspecific) (Morley et al.,
2005). The durations of these behaviors were averaged for each pair of mice and then
summed to produce a total social interaction score.

2.3.2 Social Sensitization to MDMA—To determine if mice sensitize to the prosocial
effects of MDMA, mice were administered MDMA or saline (5 pairs/group) every 48 hours
for a total of four treatment sessions. Due to high aggression within one saline-treated pair,
the two mice had to be separated during the first test day and were removed from the

study. To determine if increased social interaction following subsequent MDMA treatments
was due to experience with the testing procedure, five pairs of mice were treated with
saline during the first three social interaction tests and received MDMA on the forth test
day (day 7). To determine the persistence of MDMA-induced social sensitization and its
effect on off-drug social interaction, another cohort of mice (6 pairs/group) underwent
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the same sensitization procedure, receiving either saline or MDMA across four treatment
sessions, each 48 hours apart. On day 11, four days after the last treatment session, mice
were paired with an unfamiliar conspecific but did not receive drug treatments. On day 21,
14 days after the last treatment session, 7.8 mg/kg MDMA or saline was administered

to determine if sensitization persisted after two weeks. Finally, to determine if social
sensitization was dependent upon social interaction during the treatment sessions or if it
would occur regardless of the social context, mice (4 pairs/group) received MDMA across
three treatment sessions and were either isolated or paired for two hours after treatment,
before being returned to their home cages. On day 7, mice were given MDMA, isolated for
25 minutes, and then paired in a novel 30 x 18 cm testing arena. Their social interaction was
compared to mice receiving MDMA for the first time.

2.3.3 5-HToaR role in Social Sensitization—The role that 5-HT,aRs play in
mediating social sensitization was assessed with several related experiments. First, to
determine if activation of 5-HT,Rs is necessary for the development of social sensitization,
mice (4 pairs/group) received pretreatments of M100 or saline 15 minutes before treatment
with MDMA and subsequent social interaction testing. This procedure was repeated on days
3 and 5. On day 7, mice were given MDMA without a pretreatment and then tested for
social interaction. To determine if 5-HT,R activation was necessary for the expression

of sensitized MDMA-induced social behavior, an additional cohort of mice (4 pairs/group)
was given MDMA across three treatment sessions as above. On day 7 they were given

a pretreatment of M100 or saline 15 minutes before MDMA. Social interaction was then
tested as described above. Next, to determine if activation of 5-HT,aRs is sufficient to
induce the development of sensitization, mice (4 pairs/group) were administered DOI,
MDMA, or saline for three treatment and social interaction sessions as described above

and then treated with MDMA or saline on day 7 for sensitization testing. One MDMA
treated subject from the MDMA sensitization group escaped the testing arena during testing
on day 7 and had to be excluded from analysis.

2.3.4 Locomotor Activity Testing—Ambulatory activity was tested in a 45 x 39

x 37 cm open field activity monitoring apparatus in a dark, enclosed space (San Diego
Instruments, San Diego, CA). Accumulative beam breaks of adjacent photocells were
recorded as the measure of locomotor activity. The locomotor activity of each subject was
monitored for one hour immediately after drug administration. Mice (6/group) were tested
for locomotor sensitization across four treatments of MDMA or saline, each administered
48 hours apart. To measure cross-sensitization, all mice were given an injection of d-
amphetamine two weeks after the last MDMA or saline treatment. To assess off-target
effects of M100 (e.g., sedation) that might interfere with behavior, locomotor activity was
tested in a separate group of mice (5/group) for one hour following treatment with M100 or
saline.

Neurochemistry

2.4.1 Stereotaxic Surgery and Microdialysis—To determine if the MDMA dosing
regimen employed above produced neurochemical sensitization, 5-HT overflow was
measured in the nucleus accumbens (NAcc) via microdialysis. Eight mice were anesthetized
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and underwent stereotaxic surgery for implantation of unilateral guide cannulae, installed
1.9 mm anterior and 0.9 mm lateral to bregma. After surgery, mice were singly housed for
24 hours and then pair-housed for the duration of the experiment. Following at least five
days of recovery, mice were administered MDMA every 48 hours across four treatment
sessions. On each treatment day, mice were placed into a clean circular cage with access to
food and water. 5-HT overflow was measured during the first and forth treatment sessions.
CMA 7 dialysis probes with 1 mm membranes (CMA, Kista, Sweden) were connected

via FEP tubing to a Hamilton syringe mounted on a motor-driven syringe pump. Probes
were flushed with artificial cerebrospinal fluid (aCSF) for 30 minutes prior to insertion into
the guide cannulae (Thrivikraman et al., 2013). The flow of aCSF was maintained at 1
ul/min for the duration of the experiment. After a five-hour equilibration period, sample
collection and experimental manipulations began. Samples of dialysate were collected
every 20 minutes into micro-centrifuge tubes within a CMA refrigerated sample collector.
Three baseline samples were taken before treatment with MDMA, and seven samples were
collected post-treatment. Due to a non-responsive site or loss of guide cannula during the
course of the experiment, three mice were removed from analysis.

2.4.2 High-Performance Liquid Chromatography—The concentration of 5-HT in
each sample was quantified via high-performance liquid chromatography (HPLC) with
electrochemical detection using established methods (Murnane et al., 2010). The HPLC
system was composed of a small-bore column (3.2 mm x 150 mm x 3 um; 70-0636; Thermo
Scientific, Sunnyvale, CA), a Thermo Dionix Ultimate 3000 solvent delivery pump set to

a flow rate of 0.6 ml/min, a 5020 ESA guard cell (+350 mV; Chelmsford, MA), and an

ESA 542 autosampler. Detection was carried out with a dual-channel analytical cell (5014B,
Thermo Scientific) and an ESA Coulochem 111 detector. The analytical cell’s oxidative
channel was set to =150 mV and its reductive channel was set to +200 mV. The mobile
phase was prepared with polished water and contained 90 mM NayHPO4, 50 mM citric
acid, 1.7 mM 1-octanesulfonic acid, 50uM EDTA, 10% acetonitrile, and was adjusted with
phosphoric acid to a pH of 3. Data were acquired and analyzed using Chromeleon 6.8
software (Thermo Scientific).

2.5 Statistical Analysis

Data were analyzed with Prism (Graphpad, La Jolla, CA). For social interaction
experiments, pairs of mice were the units for statistical analysis. Sensitization of social
interaction and locomotor activity measured across multiple treatment days were assessed
by two-factor ANOVAs with Sidak’s multiple comparisons tests used to determine pairwise
differences between treatments and test days while controlling familywise error rates. The
primary statistical criterion for social and locomotor sensitization was the interaction of test
day and treatment. Because novel pairings of mice were used on each social interaction

test day to eliminate familiarity as a confound, comparisons across days were treated

as between-subjects. To assess within-subjects changes in the two longitudinal data sets,

a secondary analysis was performed with individual mice as the units of comparison

(see Supplementary Information). Sensitization of individual social behaviors within the
two treatment groups and locomotor sensitization were assessed with two-factor mixed-
design ANOVASs, and neurochemical sensitization was assessed with a two-factor repeated-

Neuropharmacology. Author manuscript; available in PMC 2021 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Curry etal. Page 6
measures ANOVA. Two-tailed Student’s t-tests or one-factor ANOVAs with a Tukey’s
post-hoc test were used to assess group differences at single time-points. Alpha for all
experiments was set at 5%. Error bars represent the standard error of the mean (SEM).

3. Results

3.1 Mice sensitize to the prosocial effects of MDMA

Pairs of rodents that are placed into an area where neither has established territorial

control will engage in a variety of social behaviors. These include active social behaviors
such as sniffing, following, and allogrooming, as well as passive social behaviors such as
lying in close contact (de Angelis and File, 1979; File and Hyde, 1978). Initial treatment
with MDMA did not affect the duration of social interaction between unfamiliar male

mice compared to saline treated subjects. However, subsequent MDMA treatments steadily
increased the duration of social interaction (Fig. 1a, Fig. S1), with a significant effect

of treatment (F(1,28) = 115.2, p < 0.0001), day (F(3,28) = 50.1, p < 0.0001), and most
importantly an interaction (F(3,28) = 29.32 p < 0.0001). Social interaction following
MDMA treatment was significantly greater than controls on days 5 and 7 (p < 0.0001),

and greater on these days than MDMA treatment on days 1 and 3 (p < 0.0001), and
MDMA-induced social interaction was greater on day 7 than on day 5 (p = 0.0003). Both
active and passive social behaviors were increased by MDMA across treatment sessions
(Fig. 1b), with a significant effect of day (F(3, 16) = 82.75, p < 0.0001), behavior (F(2,32)
=122.8, p <0.0001), and an interaction (F(6,32) = 12.44, p < 0.0001). General investigation
and adjacent lying increased significantly across subsequent MDMA treatments, while
anogenital investigation did not. General investigation was higher on days 5 and 7 than

on days 1 and 3 (p < 0.0001), and adjacent lying was higher on day 7 than on days 1 (p =
0.0008), 3 (p =0.001), and 5 (p = 0.0252). In contrast, mice treated with saline interacted at
a relatively stable amount upon each pairing (Fig. 1c).

Social sensitization was not an artifact of familiarity with the testing procedure (F(2,11) =
60.04, p < 0.0001) (Fig. 1d). Mice treated with MDMA on day 7, after three prior saline
treatments and social interaction tests, displayed no increase in social interaction relative
to mice treated with saline (p = 0.7914), and they interacted significantly less than mice
treated with MDMA on all four days (p < 0.0001). Sensitization did not affect off-drug
social interaction (Fig.1e). There was no difference in social interaction between subjects
with a treatment history of saline or MDMA when paired without treatment on day 11, four
days following their last treatments (t(10) = 0.1591, p = 0.8767). However, sensitization
was long lasting (Fig. 1f). Mice treated with MDMA on day 21, two weeks after their
previous treatment sessions, engaged in significantly more social interaction than saline
treated controls (t(10) = 2.646, p = 0.0245).

Social pairing during MDMA treatment sessions appeared crucial for the development of
social sensitization (F(2,9) = 8.236, p = 0.0093) (Fig. 1g). Mice that were isolated during
MDMA treatment sessions on days 1, 3, and 5 displayed significantly less social interaction
when paired on day 7 than did mice that were socially paired during all four MDMA
treatments (p = 0.0214). These previously isolated mice also displayed no more social
interaction than did mice receiving MDMA for the first time on day 7 (p = 0.9417). Social
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sensitization, therefore, does not appear to be merely a product of MDMA treatment, but
rather involves an interaction between the drug and the social environment in which it is
given.

3.2 Limited evidence of locomotor or neurochemical sensitization

Ambulatory activity was measured across four treatment sessions with MDMA or saline

and two weeks later with d-amphetamine (Fig. 2a). There was a significant effect of test

day (F(3,30) = 4.688, p = 0.0084) and trends towards an effect of treatment (F(1,10)
=4.627, p = 0.0570) and an interaction (F(3,30) = 2.451, p = 0.0828). MDMA treated

mice also had higher locomotor activity on day 7 than on day 1 (p = 0.0013). However,
because the interaction of test day and treatment was not significant, the null hypothesis
cannot be rejected. So, although locomotor sensitization might be occurring, the effect size
is too small for this study to detect. Yet, there was also no locomotor cross-sensitization
with d-amphetamine (t(10) = 0.1104, p = 0.9142), which is an effect that has previously
been demonstrated as robust when mice are sensitized to the locomotor effects of MDMA
(Bradbury et al., 2012; Lanteri et al., 2013). Thus, the effect of MDMA on locomotor
sensitization in this paradigm remains unclear, and if occurring, appears substantially more
modest than social sensitization. There was also no evidence of sensitized 5-HT release with
this treatment regimen. 5-HT overflow was measured in the NAcc during the first and fourth
MDMA treatment sessions (Fig. 2b). There was an effect of time (F(11,44) = 2.474,p =
0.0165) indicating that MDMA affected 5-HT overflow, but critically there was no effect of
treatment day (F(1,4) = 0.04376, p = 0.8445). However, there was large variability in 5-HT
overflow between subjects, limiting the interpretability of this finding.

3.3 5-HT,aR activity may be necessary but not sufficient for MDMA-induced social
sensitization

Pretreatment with the selective 5-HT,aR antagonist M100 inhibited the development of
social sensitization (Fig. 3a). There was a significant effect of pretreatment (F(1,24) =
9.257, p = 0.0056), a non-significant effect of day (F(3,24 ) = 1.406, p = 0.2653), and

a significant interaction (F(3,24) = 3.129, p = 0.0444). Mice in the saline pretreatment
group had significantly higher social interaction following MDMA treatment on day 7 than
they did on day 1 (p = 0.0242), and on day 7 their social interaction was higher than in
mice previously pretreated with M100 (p = 0.0358). However, MDMA-induced prosocial
behavior was not attenuated in mice pretreated with M100 only on day 7 (t(6) = 1.31, p

= 0.2380), indicating that while 5-HT,AR activity appears necessary for the development
of sensitization it may not be critical for the expression of sensitized social behavior (Fig.
3b). Treatment with M100 did not significantly affect locomotor activity (t(8) = 0.8869, p
= 0.401), indicating that changes in behavior following M100 were unlikely to have been
caused by sedation (Fig. 3c).

Administration of a 5-HT,aR agonist was insufficient to produce a later sensitized social
response to MDMA. Mice were administered DOI on days 1, 3, and 5, and then received
MDMA on day 7. Total social interaction on day 7 was compared to mice with a treatment
history of saline receiving MDMA for the first time and to mice treated with MDMA or
saline across all treatment sessions (Fig. 3d). There was a significant effect of treatment on
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day 7 (F(3,11) = 12.43, p = 0.0007). Mice previously treated with DOI displayed no more
social interaction than mice treated with saline (p = 0.9775), and they displayed significantly
less social interaction than mice treated with MDMA across all sessions (p = 0.0018). Thus,
activation of 5-HT,aRs appears to be necessary but not sufficient for the development of
social sensitization.

4. Discussion

The acute prosocial effects of MDMA have been well-characterized in humans and a
growing number of studies have reported similar effects in other species (Kamilar-Britt

and Bedi, 2015), including mice (Curry et al., 2018; Daza-Losada et al., 2009), rats (Ando
et al., 2006; Morley and McGregor, 2000), and nonhuman primates (Ballesta et al., 2016;
Pitts et al., 2017). In the present study, the prosocial effects of MDMA in mice increased
precipitously across repeated intermittent treatments. This progressive enhancement of
MDMA-induced social interaction appears to be a form of behavioral sensitization, wherein
repeated administration of a drug results in increasingly amplified responses (Robinson

and Becker, 1986). Much like locomotor sensitization, which has been extensively studied,
social sensitization developed rapidly with an amplified response to the drug after just two
or three intermittent treatments, the sensitized behavior did not persist off-drug, and yet it
could be re-elicited by the drug even many days later. These similarities could indicate that
social sensitization occurs in tandem with locomotor sensitization and that both phenomena
share the same underlying neurobiological mechanism. However, the present findings do not
support that conclusion. Although previous studies have demonstrated robust locomotor and
neurochemical sensitization to MDMA (Bradbury et al., 2012; Kalivas et al., 1998; Varela et
al., 2011), they utilized higher and/or more frequent dosing regimens than the present study
where MDMA was administered only every other day. With this dosing regimen, there was
only limited evidence that locomotor sensitization occurred and no cross-sensitization with
d-amphetamine. Compared to the robust sensitization of social behavior that was observed,
the effect on locomotor sensitization was more limited, with an effect size not large enough
to detect as significant in the present study. In mice, locomotor sensitization to MDMA

is reported to stem from neuronal adaptations that increase the quantity of 5-HT and NE
released by MDMA (Lanteri et al., 2013). There was also no evidence of sensitized 5-HT
release across treatments, and although NE release was not measured, we do not expect that
its sensitization would differ from 5-HT, given the evidence that their sensitization is linked
(Auclair et al., 2004; Lanteri et al., 2013). These findings suggest that social sensitization

to MDMA may occur independently from locomotor and neurochemical sensitization, but
additional studies will be necessary to clarify these results.

In addition to the acute prosocial effects of MDMA, there is also preliminary evidence

that MDMA-assisted therapy may produce long-lasting therapeutic effects and personality
changes (Mithoefer et al., 2016; Wagner et al., 2017). A small phase | clinical trial

recently found that psychotherapy including two MDMA-treatment sessions significantly
reduced social anxiety in autistic adults compared to psychotherapy with a placebo, and this
reduction persisted for at least 6 months following the treatments (Danforth et al., 2018).
The mechanism(s) by which an acute regimen of MDMA-assisted therapy can have long-
lasting effects is unclear. It is possible that the mechanisms involved in the development
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and long-term persistence of social sensitization are also involved in MDMA'’s long-lasting
therapeutically relevant effects. 5-HT,Rs facilitate neural plasticity (Carhart-Harris and
Nutt, 2017) and are important mediators of behavioral sensitization (Ago et al., 2008;
Auclair et al., 2004; Zayara et al., 2010). In the present study, pretreatment with the selective
5-HT,AR antagonist M100 inhibited the development of social sensitization. Activation

of these receptors may be necessary for social sensitization to develop, but stimulating

these receptors with an agonist was insufficient on its own to produce a later sensitized
social response to MDMA. This lack of sufficiency is not surprising given the purported
relevance of other acute pharmacological effects of MDMA, such as increased serotonin
and oxytocin release, in mediating the drug’s prosocial effects (Liechti and Vollenweider,
2001; Thompson et al., 2007). Furthermore, while 5-HT,AR activation appears necessary
for the development of sensitization, it does not appear necessary for the expression of
MDMA-induced social behavior. However, it is possible that higher or lower doses of DOI
or M100 might affect MDMA differently. Interestingly, mice that were treated with MDMA
using the same sensitization protocol, but without concomitant social pairing on days 1,

3, and 5, did not display sensitized social behavior when paired with a novel conspecific

on day 7. Therefore, social sensitization to MDMA seems to result from a combination of
acute prosocial drug-effects, 5-HT,aR activation to potentially facilitate neuroplasticity, and
a social setting.

Behavioral sensitization to drugs of abuse has long been studied in the context of addiction
(Robinson and Berridge, 2008). There is evidence that many drugs of abuse can produce
adaptations within the mesocorticolimbic system that lead to sensitized behavioral responses
and potentially increase the salience of drug associated cues (Robinson and Berridge, 2008;
Steketee and Kalivas, 2011). Social interaction is a natural reward that engages some of

the same brain circuits as abused drugs (Hung et al., 2017; Insel, 2003). Intriguingly, the
neuropeptide oxytocin, which is released by MDMA (Hysek et al., 2013; Thompson et al.,
2007), can mediate social reward in mice and alter synaptic plasticity in the NAcc (Ddlen et
al., 2013), producing alterations similar to those associated with drug-induced sensitization
(Brebner et al., 2005; Thomas et al., 2001). Oxytocin has been proposed as a key neural
signal that links social stimuli to the mesolimbic reward system and increases their salience
(Hung et al., 2017; Ross and Young, 2009; Xiao et al., 2017). MDMA increases activation
of many mesolimbic brain regions involved in reward (e.g. NAcc and VTA), but only when
administered in a social context (Thompson et al., 2009). Thus, MDMA may increase social
behavior, at least in part, by enhancing social reward (Ramos et al., 2015), and social
sensitization may reflect the increasing salience of social stimuli.

There are several important limitations in the present study. All experiments were
conducted with relatively small sample sizes. As previously mentioned, the locomotor and
neurochemical sensitization experiments may have been insufficiently powered to detect
genuine group differences. Furthermore, given the intriguing finding that social pairing
was critical for the development of social sensitization, future studies are warranted to
further dissect the role that a social context has on sensitization to MDMA'’s effects. It

is possible that social interaction during MDMA treatment would also increase locomotor
and neurochemical sensitization. Another limitation of the present study is that only male
mice were used. Future studies will be needed to determine if female mice also sensitize to
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the prosocial effects of MDMA. Lastly, a discussion of sensitization would be incomplete
without also mentioning tolerance. With repeated administration of a drug, sensitization may
develop to some effects while tolerance develops to others. The species, dose, and frequency
of treatments all influence which of the two occurs, and in some cases initial sensitization
may give way to tolerance (Stewart and Badiani, 1993). Although, in the present study,

mice sensitized to the prosocial effects of MDMA, if higher or more numerous doses had
been given, there is evidence to suggest that tolerance might have developed instead. In a
separate study, rats given repeated binge doses of MDMA had decreased off-drug social
interaction and a blunted prosocial response to subsequent MDMA treatments (Thompson
et al., 2008). Even 12 weeks later, a higher dose of MDMA was required to produce the
prosocial effects previously elicited by MDMA in these subjects. This kind of “chronic
tolerance” has been described in heavy recreational MDMA users (Parrott, 2005, 2013).
Tolerance to MDMA may develop due to depletion of 5-HT, potentially caused by MDMA
neurotoxicity (Baumann et al., 2008; Jones et al., 2010). As clinical trials with MDMA
move forward, it is important to consider how repeated treatments may produce different
effects over time.

5. Conclusion

To our knowledge, this is the first report demonstrating sensitization to the prosocial

effects of MDMA. Sensitization developed rapidly and persisted even following extended
abstinence. Both 5-HT,aR activation and a social context appear necessary for the
development of social sensitization. Social sensitization may represent a novel animal model
to study the neural adaptations elicited by MDMA. Such adaptations may have a role in the
remarkable durability of MDMA-assisted therapy’s putative therapeutic effects (Danforth

et al., 2018; Mithoefer et al., 2018, 2013). Although changes in off-drug social behavior
were not observed in the social interaction test, more sensitive measures should be explored
in future studies to determine if acute MDMA treatments can effect long-lasting changes

to murine social behavior. Identifying the neurobiological changes that are responsible for
sensitization to MDMA’s prosocial effects should also be pursued. These changes may shed
light on the endogenous biological systems that mediate social interaction and provide clues
as to what has gone awry in disorders characterized by deficits in normal social behavior.
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Fig. 1. Mice sensitize to the prosocial effectsof MDMA.
(a) Mice were treated every-other day with 7.8 mg/kg MDMA or saline and paired with

a novel conspecific from the same treatment group for a 10-minute social interaction

test. The duration of MDMA-induced social interaction increased precipitously across
treatment sessions. (b) Total social interaction was the sum of three social behaviors:

general investigation, adjacent lying, and anogenital investigation. The durations of

general investigation and adjacent lying, but not anogenital investigation, increased across
subsequent MDMA-treatment sessions. (C) In contrast, mice treated with saline interacted

at a relatively stable amount upon each pairing. (d) Social sensitization to MDMA was

not due to familiarity with the testing procedure. Mice that had been tested with saline on
days 1, 3, and 5 did not display increased social interaction when treated with MDMA

on day 7. (e) Sensitization of MDMA-induced social interaction did not affect off-drug
social interaction when mice were paired without treatment. (f) Sensitization was long-
lasting. When mice were treated again, following two weeks off-drug, MDMA-treated mice
interacted significantly more than mice treated with saline. (g) A social context appears
critical for the development of social sensitization. Mice that were paired during each
treatment displayed significantly more social interaction when paired in a novel environment
on test day 7 than did mice that had been isolated during the previous treatment sessions.
Despite receiving MDMA during all four treatment sessions, these previously isolated mice
displayed no more social interaction than mice receiving MDMA for the first time. Symbols
Indicate that social behavior was significantly different (p < 0.05) from day 1 (¢), day 3 (1),
aay 5 (#), or that treatment day’s control group(s) (*).
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Fig. 2. Limited evidence of locomotor and neurochemical sensitization.
(a) The seven-day MDMA treatment regimen produced only limited evidence of locomotor

sensitization. Locomotor activity was higher among MDMA-treated mice on day 7 than
onday 1 (¢, p =0.0013), and there was a trend towards an interaction between the
treatments and test days. However, this trend was not large enough to reach the predefined
level of significance. There was also no cross-sensitization with d-amphetamine (2 mg/kg).
(b) There was no evidence that 5-HT release sensitized across treatment sessions. 5-HT
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overflow in the nucleus accumbens did not significantly differ between the first MDMA
treatment given on day 1 and the fourth MDMA treatment given on day 7.
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Fig. 3. 5-HT24R activity may be necessary but not sufficient for the development of social
sengitization.

(a) Pretreatment with the 5-HT,aR antagonist M100 (1 mg/kg) on days 1, 3, and 5 inhibited
the development of social sensitization in MDMA treated mice. On day 7 when mice were
tested for social interaction without pretreatments, mice that had received M100 during the
previous treatment sessions interacted significantly less than mice that had received saline
pretreatments during those days. (b) When M100 was administered before MDMA on day
7 to mice that had received MDMA without pretreatments on the three previous test days,
M100 did not attenuate MDMA-induced social interaction. Therefore, at this dose M100
does not appear to inhibit the expression of MDMA-induced social behavior in mice that
are already sensitized. (c) M100 did not significantly affect locomotor activity relative to
saline. (d) Treatment with the 5-HT,aR agonist DOI (1 mg/kg) during test days 1, 3, and

5 did not sensitize mice to MDMA-induced social interaction when it was administered on
day 7. Treatment with a 5-HToaR agonist therefore appears insufficient to sensitize mice to
the prosocial effects of MDMA. Symbols indlicate that social interaction was significantly
different (p < 0.05) from aay 1 (¢) or that treatment day’s control group(s) (*).
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Independent Experiments

Treatment Groups  Mice per group (pairsper group)®  Descriptive Figure

Social sensitization to MDMA

Durability of sensitization

Development of sensitization in isolated vs paired mice
Locomotor sensitization

Neurochemical sensitization

M100 and development of sensitization

M100 and expression of sensitization

Effect of M100 on locomotor activity

DOI and expression of sensitization
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Fig. 3d
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Pairs of mice were the unit of analysis in social interaction experiments (n=pairs/group).

bSociaI interaction for group 3 (Saline days 1,3,5; MDMA day 7) was only measured on day 7 (Fig. 1d).
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