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Abstract

Background: Regulator of G protein Signaling (RGS) proteins inhibit G protein-coupled
receptor (GPCR) signaling, including the signals that arise from neurotransmitter release. We
have shown that RGS12 loss diminishes locomotor responses of C57BL/6J mice to dopamine
transporter (DAT)-targeting psychostimulants. This diminution resulted from a brain region-
specific upregulation of DAT expression and function in RGS12-null mice. This effect on DAT
prompted us to investigate whether the serotonin transporter (SERT) exhibits similar alterations
upon RGS12 loss in C57BL/6J mice.

Aims: Does RGS12 loss affect 1) hyperlocomotion to the preferentially SERT-targeting
psychostimulant 3,4-methylenedioxymethamphetamine (MDMA), 2) SERT expression and
function in relevant brain regions, and/or 3) serotonergically modulated behaviors?

Methods: Open-field and spontaneous home-cage locomotor activities were quantified. 5-HT,
5-HIAA, and SERT levels in brain-region homogenates, as well as SERT expression and

function in brain-region tissue preparations, were measured using appropriate biochemical assays.
Serotonergically modulated behaviors were assessed using forced swim and tail suspension
paradigms, elevated plus and elevated zero maze tests, and social interaction assays.

Results: RGS12-null mice displayed no hyperlocomotion to 10 mg/kg MDMA. There were
brain region-specific alterations in SERT expression and function associated with RGS12 loss.
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Drug-naive RGS12-null mice displayed increases in both anxiety-like and anti-depressive-like
behaviors.

Conclusion: RGS12 is a critical modulator of serotonergic neurotransmission and
serotonergically modulated behavior in mice; lack of hyperlocomotion to low dose MDMA in
RGS12-null mice is related to an alteration of steady-state SERT expression and 5-HT uptake.

Keywords

MDMA,; Regulators of G protein Signaling; RGS12; serotonergically modulated behaviors;
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Introduction

Serotonin (5-HT), widely distributed throughout the developing and adult CNS (reviewed

in (Okaty et al., 2019)), influences a myriad of physiological processes, including mood

and anxiety (see reviews by (Berger et al., 2009; Carhart-Harris and Nutt, 2017)).
Serotonergic innervation in the brain is derived from cell populations within the raphe
nuclei of the brainstem (Muzerelle et al., 2016). 5-HT serves as an integral modulator

of processes that form and mature thalamocortical and limbic neurocircuits throughout

the developing forebrain (Okaty et al., 2019; Suri et al., 2015). Transgenic (Yadav et

al., 2011) or pharmacological (Yu et al., 2014) perturbations of serotonergic signaling

in early CNS development thus lead to maladaptive behaviors in adulthood, including
altered responses to psychostimulants (e.g., d-~amphetamine [AMPH]), anxiety-/depressive-
like phenotypes, and enhanced sensitivity to environmental stressors (Suri et al., 2015;
Daubert and Condron, 2010). For these reasons, serotonergic dysfunction is commonly
linked to neuropsychiatric disorders (Nordquist and Oreland, 2010). Consequently, 5-HT-
directed drugs (e.g., selective serotonin reuptake inhibitors [SSRIs]) are among the most
frequently prescribed psychiatric medications (Pratt et al., 2017). Recreational drugs, such as
3,4-methylenedioxymethamphetamine (MDMA\), also target the 5-HT system (Parrott, 2002;
Spanos and Yamamoto, 1989). MDMA is most widely recognized as a club drug that gained
widespread popularity in the 1990’s (Parrott, 2004). Recent revisiting of this drug’s utility
(Mithoefer et al., 2011; Oehen et al., 2013) suggests that MDMA has significant clinical
efficacy as an adjunct to psychotherapy, particularly for post-traumatic stress disorder. Thus,
a deeper understanding of the precise mechanisms by which MDMA exerts its complex
effects on 5-HT function in the CNS is needed.

The most proximal molecular targets of MDMA are the plasmalemmal monoamine
transporters (MATS) (especially the 5-HT transporter (SERT), the dopamine (DA)
transporter (DAT), and the norepinephrine transporter). MATS on presynaptic membranes
normally mediate neurotransmitter reuptake from the synaptic cleft following
neurotransmitter release (Blakely et al., 1994) (for review, see (Uhl and Johnson, 1994;
Iversen, 2000)). Although MDMA dose-dependently interacts with each MAT mentioned
above, it has highest affinity for SERT (Han and Gu, 2006; Rothman and Baumann, 2003).
MDMA is a substrate for SERT and acts as a competitive reuptake inhibitor of endogenous
5-HT — one mechanism by which MDMA elevates extracellular 5-HT (Rudnick and Wall,
1992; Sandtner et al., 2016). Once MDMA is taken up by SERT into presynaptic 5-HT
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terminals, the drug facilitates reverse transport by SERT (via multiple complex mechanisms)
to ultimately drive 5-HT efflux into the synaptic cleft, thereby further augmenting 5-HT
levels (Rudnick and Wall, 1992; Koch and Galloway, 1997; Hilber et al., 2005). The ability
of MDMA to markedly increase 5-HT release throughout the brain is required for its unique
and diverse effects (Liechti et al., 2000).

RGS proteins principally accelerate the termination of heterotrimeric G protein signaling
downstream of GPCR activation (/.e., exerting GTPase-accelerating protein [GAP] activity)
via the highly conserved Ga-interacting RGS domain (Soundararajan et al., 2008). RGS12,
a member of the Regulator of G protein Signaling (RGS) protein superfamily (Snow et

al., 1998; Snow et al., 1997), is abundantly expressed in the embryonic nervous system
(Martin-McCaffrey et al., 2005), and it displays appreciable protein expression within
some serotonergic projection regions of the adult mouse brain (e.g., cortex, hippocampus,
striatum, midbrain) (Gross et al., 2018; Gross et al., 2019). We have previously shown that
stimulation of hyperlocomotion by acute administration of DAT-targeting psychostimulants
(AMPH, cocaine) is reduced in RGS12-null mice (Gross et al., 2018). Moreover, these
mice exhibit brain region-specific alterations in DAT expression and function. Given

these previous observations that RGS12 is required for normal responses to DAT-targeting
psychostimulants, we sought to determine whether RGS12 also plays a role in MDMA-
induced hyperlocomotion, SERT expression/function, and/or serotonergically modulated
behaviors.

Generation of Rgs1245-6/45-8 mice on a C57BL/6J background was previously described
(Gross et al., 2018). Male and female mice were generated by heterozygous breedings

and housed under standard temperature, humidity, and lighting (12 hours light / 12 hours
dark; lights on at 6:00am). All behavioral experiments and tissue procurements were
performed during the light cycle using mice between 8-10 weeks of age. All mice were
provided food and water ad /ibitum. All experiments were conducted in accordance with
approved protocols from the West Virginia University and Duke University Animal Care
and Use Committees and followed the National Institute of Health guidelines for use of
animals in research. Procedures for the behavioral assays are described below and were
conducted according to previously published methods (as cited). Mice were used for only
one behavioral assay involving acute drug dosing. More specifically, all drug-based studies
were performed with drug-naive mice. Thus, there was no sequence of multiple, drug-based
experimental trials to define for individual mice used in this study.

MDMA-stimulated locomotor activity

Open-field locomotor activity was evaluated at WVU using 16 x 16 photobeam activity
system (PAS) chambers from San Diego Instruments, San Diego, CA (enclosure dimensions
of 16” (w) x 16” (d) x 15” (h)) under standard environmental conditions and as previously
described (Gross et al., 2018). Horizontal locomotor activity was measured as total X

and Y coordinate beam-breaks collected in 5-min bins. Acute MDMA-induced locomotor
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activity experiments were conducted after two days of acclimation to the open-field
chamber. On day 1, RGS12-null mice and wild-type littermate controls were habituated
to the locomotor chambers over 150 min to reduce the influence of novelty on subsequent
testing. On day 2, all mice were placed into the locomotor chambers for 30 min before a
control, intraperitoneal (ip) administration of saline (0.9% NaCl at 10 ml/kg final volume);
locomotor activity was measured subsequently over 80 min. On day 3, mice were placed
again into the locomotor chambers for 30 min and then injected with MDMA (10 or 30
mg/kg, dissolved in saline at 10 ml/kg final volume, ip; see (Doly et al., 2008)). MDMA-
induced hyperlocomotion was then monitored over 80 min. MDMA was obtained from
Cayman Chemical Co. (Ann Arbor, MI); all other drugs used in this study were obtained
from Sigma-Aldrich (St. Louis, MO) or Tocris (Minneapolis, MN).

High-performance liquid chromatography with electrochemical detection (HPLC-ECD)

Dissected, 5-HT-enriched brain regions (whole cerebral cortex or “cortex,” hippocampus,
midbrain, ventral striatum, and dorsal striatum) from RGS12-null and wild-type littermate
control mice were shap-frozen in a dry-ice/ethanol bath. Subsequent HPLC-ECD
measurements of 5-HT and its metabolite 5-HIAA were performed in collaboration with
the Vanderbilt VBI Neurochemistry Core using published procedures (Ye et al., 2014; Ye et
al., 2015; Oliver et al., 2016; Dohn et al., 2017).

[3H]Citalopram saturation binding to SERT

SERT saturation binding experiments, conducted to determine whether mice exhibited
differential SERT protein levels/binding sites, were performed as previously described (Doly
et al., 2008) with minor modifications. Briefly, several SERT-expressing brain regions were
rapidly dissected from RGS12-null and wild-type littermate control mice and frozen on

dry ice. All procedures were carried out at 0 — 4 °C unless otherwise denoted. Brain

tissues were separately homogenized with a Polytron homogenizer with 10 volumes of
transporter binding buffer (50 mM Tris-HCI pH 7.4, 120 mM NacCl, and 5 mM MgCl,).
Homogenates were then centrifuged at 20,800 x g for 20 min. The resulting pellet was

then resuspended in transporter binding buffer and added to tubes containing [3H]citalopram
(Perkin-Elmer, Waltham, MA) (0.63 to 20 nM final concentrations) and incubated for 1 hr
at room temperature; nonspecific binding was determined in the presence of 10 uM cold
citalopram. Binding reactions were filtered through 0.1% polyethylenimine (PEI)-soaked
Whatman GF/B filters using a Brandel harvester. After three rapid washes with ice-cold
transporter binding buffer, the resulting filter discs were analyzed by liquid scintillation
counting in EcoScint A cocktail. Curves of specific [3H]citalopram binding (i.e., total
[*H]citalopram binding - non-specific [3H]citalopram binding) were fit using nonlinear
regression (GraphPad Prism 8) to determine maximal binding (Bnyax) and dissociation
constant (Kj) values.

[3H]5-HT uptake and MDMA-induced [3H]5-HT efflux in synaptosomes

For [3H]5-HT uptake experiments, synaptosomes were prepared by homogenizing brain-
region tissues (pooled from three mice per genotype) in 10 volumes of ice-cold sucrose
buffer (10% sucrose, 5 mM HEPES pH 7.4) with a Potter-Elvehjem homogenizer (10
strokes). All procedures were carried out at 0 — 4 °C unless otherwise denoted. Homogenates
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were centrifuged at 1,000 x g for 10 min, and supernatants containing crude synaptosomes
were maintained on ice. Synaptosomes were then added to tubes containing Krebs-Ringer
uptake buffer (120 mM NaCl, 20 mM Tris-HCI pH 7.4, 5 mM KCIl, 1.2 mM MgSQy,

2.5 mM CaCl,, 10 mM glucose, 1 mM ascorbic acid, and 0.1 mM pargyline [an MAO
inhibitor]) plus [3H]5-HT (14.2 uM, Perkin-Elmer) and incubated for 10 min at room
temperature. Non-specific [3H]5-HT uptake was determined in the presence of 10 uM cold
citalopram and subtracted from total uptake. Uptake reactions were filtered through 0.1%
PEI-soaked Whatman GF/B filters using a Brandel harvester. After washing the filters three
times with ice-cold Krebs-Ringer buffer, synaptosomal [3H]5-HT content was measured
by liquid scintillation counting in EcoScint A cocktail. Specific [3H]5-HT uptake curves
were fit using nonlinear regression (Prism 8) to determine the maximum rate (Vmax) and
Michaelis-Menten constant (Kp,) values.

MDMA-induced [3H]5-HT efflux assays were performed as previously described (Rothman
et al., 2001). Briefly, synaptosomes were prepared as described above but with ice-cold
sucrose buffer supplemented with 1 uM reserpine (VMAT?2 inhibitor), 100 nM GBR12935
(DAT-specific inhibitor), and 100 nM nomifensine (DAT/NET inhibitor). GBR12935 and
nomifensine were added to the buffer in order to prevent non-specific uptake of [3H]5-HT
through DAT and NET, respectively (Rothman et al., 2001). Synaptosomes were then
preloaded by incubating them for 60 min with 5 nM [3H]5-HT in uptake buffer (0.5 mM
Nay;SOy4, 0.5 mM KH,POy4, 126 mM NaCl, 2.4 mM KClI, 0.83 mM CaCl,, 0.8 mM MgCl,,
11.1 mM glucose, 50 uM pargyline, 1 mg/mL ascorbic acid, pH 7.4) supplemented with

1 uM reserpine, 100 nM GBR12935, and 100 nM nomifensine. Following preloading, 450
ul of preloaded synaptosomes were added to tubes containing MDMA (0.1 uM to 10 pM)

in Krebs-Ringer buffer. The release reactions proceeded for 5 min and were terminated by
addition of 3 ml of ice-cold wash buffer (10 mM Tris-HCI pH 7.4, 0.9% NacCl), followed by
rapid filtration through 0.1% PEI-soaked Whatman GF/B filters using a Brandel harvester.
Filters were rapidly washed three times with ice-cold wash buffer, and synaptosomal [3H]5-
HT content was measured via liquid scintillation counting in EcoScint A cocktail. [3H]5-HT
release data were fit using nonlinear regression (Prism 8) to determine maximal efficacy
(Emayx) and half-maximal effective concentration (ECgp) values.

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR) analysis of
Slc6a4, Tph2, and Fev steady-state mMRNA levels

To obtain raphe-containing brain tissue, four cuts per brain were made, as shown in
Supplemental Fig. S1. Total RNA was extracted from dissected tissues using an RNeasy
Protect Kit (Qiagen) following the manufacturer’s protocol. First-strand cDNA was prepared
from RNA using a QuantiTect Reverse Transcription Kit (Qiagen) according to the
manufacturer’s instructions. qPCR reactions were prepared and run on a Rotor Gene

Q (Qiagen) using a QuantiTect SYBR Green PCR Kit (Qiagen) as instructed by the
manufacturer. To assess steady-state levels of S/c6a4, TphZ, Fev, Rn18s, and Tubb2
mMRNA, QuantiTect Primer Assays (Qiagen) were used (catalog numbers QT00163345,
QT00125265, QT00265167, QT02448075, and QT01060283, respectively). The 2 AACt
method (Livak and Schmittgen, 2001) was applied to the qPCR data to calculate fold
change in steady-state S/c6a4, Tph2, and Fev mRNA levels as a function of genotype using
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steady-state levels of RnZ8s mRNA as a comparator. Similar results were obtained using
steady-state levels of 7ubb2 mRNA as a comparator.

8-OH-DPAT-induced hypothermia

The procedure described by Diaz and colleagues (Diaz et al., 2012) was followed, with
minor modifications. Rectal temperatures, before and after ip administration of 8-OH-DPAT,
were measured using a JJK/T thermocouple and a lubricated RET-3 probe (Kent Scientific).
Mice were acclimated to the testing room for one hour prior to assay. To establish a steady
baseline, four measurements per mouse were taken at ten-minute intervals. Afterwards,
8-OH-DPAT (0.5 mg/kg; dissolved in sterile saline solution) was injected ip, and four
measurements per mouse were taken at ten-minute intervals.

Behavioral analyses

Open-field locomotion —Novelty-induced open-field locomotor activity was assessed
at WVU by placing naive RGS12-null and wild-type littermate control mice into

PAS chambers (described above) under standard environmental conditions. Horizontal
locomotion was monitored for 110 min and quantified as the sum of the total X and Y
coordinate beam-breaks collected in 5-min bins. Each PAS apparatus was cleaned between
subjects using a water-moistened cloth.

Home-cage locomotion —Spontaneous home-cage locomotor activity (.., activity
in a non-stressful environment) was assessed at WVU using singly housed mice. Mice
were acclimated to the testing room for one hour. Then, home-cage locomotor activity was
video recorded and tracked for distance traversed over 20 min using ANY-maze software
(Stoelting).

Forced swim test (FST) —The procedure described by Can and colleagues (Can et

al., 2012) was conducted at WVU. RGS12-null and wild-type littermate control mice were
acclimated to the testing room for 1 hour. A cylindrical tank (30 cm high x 20 cm diameter)
was filled with a volume of water at room temperature sufficient to achieve a depth of

15 cm; a water-resistant infrared thermometer was used to verify the temperature. A video
camera was placed to the side of the apparatus and was used to record the behavior of the
animal in the tank. Mice were separately held by the tail and slowly placed into the water.
Once each mouse was in the water, it was slowly released and monitored (by video camera
and by an observer) for 6 min, with only the last 4 min analyzed for the total amount of time
the mouse was inactive.

Tail-suspension test (TST) —Tail suspension tests (Steru et al., 1985) were conducted
at WV U following a previously established procedure (Braida et al., 2009; Kinsey et al.,
2007). Briefly, RGS12-null and wild-type littermate control mice were acclimated to the test
room for 1 hr. Individual mice were suspended from a flat, horizontal bar 40 cm above the
table with adhesive tape placed 1 cm from the tip of the tail. Mice were each suspended for 6
min; the total time each mouse struggled was hand-scored by a blinded observer using video
and ANY-maze tracking software (Stoetling Co., Wood Dale, IL). Although tail climbing
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has been previously reported in C57BL/6 mice using a round bar (Mayorga and Lucki,
2001), no tail climbing was observed in the present study.

Elevated plus maze (EPM) —The protocol described by Walf and Frye (Walf and
Frye, 2007) was followed at WVU. Briefly, RGS12-null and wild-type littermate control
mice were acclimated to a dimly lit room (50-60 lux) housing the black plastic apparatus,
consisting of four arms (two open arms and two arms enclosed by 15.25 cm-high walls)
30 cm long and 5 cm wide, mounted 40 cm off the worktable. Mice were initially placed
in the center of the maze facing an open arm and allowed to ambulate over 5 min. Video
tracking (ANY-maze; Stoelting) was used to automatically collect arm time data from a
digital camera mounted overhead.

Elevated zero maze (EZM) —We also performed EZM tests at Duke University, given
that some have argued that the elevated zero maze may be superior to the EPM in modeling
the anti-anxiety activity of established anxiolytics (Kulkarni et al., 2007; Shepherd et al.,
1994). EZM tests were performed as previously described (Fukui et al., 2007). Briefly,

an annular maze containing two closed and two open quadrants was surrounded by black
curtains and illuminated by 50-60 lux. RGS12-null or wild-type littermate control mice
were placed into a closed quadrant and allowed to freely explore the apparatus for 5 min.
Responses were recorded by a video camera suspended above the apparatus and analyzed by
EthoVision XT software version 9 (Noldus Information Technology, Leesburg, VVA). Percent
open arm time was computed for each genotype.

Social interaction test —Sociability was evaluated at Duke University using methods
previously described (Bey et al., 2018). First, an RGS12-null or wild-type littermate control
mouse was placed into the center of a test chamber containing two identical, non-social
stimuli (“non-social stimulus 1” [NS1] and “non-social stimulus 2” [NS2]) enclosed within
wire-mesh containers located on opposite sides of the apparatus. After 10 min, the test
mouse was removed from the chamber and one non-social stimulus (NS) was replaced with
an adult female C3H/HeJ mouse (Stock No. 000659; Jackson Lab, Bar Harbor, ME) that
was confirmed to not be in estrous. The test mouse was then returned to the apparatus and
was given free access to the remaining NS and the novel social stimulus (S1) for 10 min.
All behaviors were filmed, transferred to Media Player (Noldus Information Technology,
Leesburg, VA), and scored using Ethovision software with center and nose-point tracking
(Noldus). To calculate a social preference score, the time spent with one stimulus (NS1 or
S1) was subtracted from the time spent with the other stimulus (NS2 or NS, respectively)
and divided by the total time spent with both stimuli. Positive scores indicated that mice
display a preference for S1 relative to NS, whereas negative scores signified a preference
for NS. A score of “0” indicated no preference. Data were normalized for each mouse

by subtracting the baseline preference score (NS1-NS2) from the novel social stimulus
preference score (NS-S1).

All data are presented as the mean + SEM. Statistical significance was set at p < 0.05 for
all experiments, and data were analyzed by Student’s #test or two-way ANOVA followed
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by Sidak’s post hoc test where appropriate. Shapiro-Wilk tests were performed to evaluate
normality (p > 0.05) for each behavioral experiment, and Mann-Whitney U tests were

used to determine significance for non-parametric data. [3H]5-HT efflux, [3H]5-HT uptake,
and [3H]citalopram binding data points for samples from each genotype were fit to the
appropriate mathematical model, and nonlinear regression analysis was performed using
Prism 8; for each pair of curves, best-fit values were tested for statistically significant
difference using F-tests.

RGS12 loss affects MDMA-induced hyperlocomotion after open-field acclimation

Given prior observations that RGS12-null mice exhibit attenuated hyperlocomotion to
amphetamine or cocaine (Gross et al., 2018), we first investigated whether RGS12-null mice
displayed a similar decreased response to the serotonergic psychostimulant MDMA. After

a first-day’s exposure to an open-field locomotion chamber to acclimate each individual
mouse to this novel environment, mice of both genotypes (RGS12-null and wild-type
littermate controls) exhibited equivalent locomotion, both before and after a control, saline
injection (Fig. 1a; two-way ANOVA effects of genotype not significant: F 44 = 0.025, p

= 0.876 over first 30 min, and F1 44 = 0.47, p = 0.497 over subsequent 60 min). Mice of
both genotypes also exhibited equivalent locomotion over the first thirty minutes of exposure
to the same open-field locomotion chamber on the third day (Fig. 1b,c; two-way ANOVA
effects of genotype not significant: Fq 43 = 1.4, p = 0.244 over first 30 min prior to 10

mg/kg MDMA, and F1 43 = 0.05, p = 0.831 over first 30 min prior to 30 mg/kg MDMA).
However, on the third day, following acute administration of 10 mg/kg MDMA, RGS12-null
mice exhibited markedly reduced locomotion over 60 min relative to wild-type littermate
controls (Shapiro-Wilk W = 0.933, p = 0.012; Mann-Whitney U = 63.50, p < 0.0001; Fig.
1b /nsel). Repeated-measures two-way ANOVA of locomotor activity over these 60 min
revealed an effect of genotype (F1 43 = 23.9, p < 0.0001), time (F11 473 = 7.8, p < 0.0001),
and a genotype x time interaction (F11 473 = 5.1, p < 0.0001). In contrast, RGS12-null

mice exhibited similar locomotor activity over 60 min following a higher dose (30 mg/kg)
of MDMA relative to wild-type littermate controls (£3 = 1.5, p = 0.148; Fig. 1c insel).
Repeated-measures two-way ANOVA of locomotor activity following acute administration
of 30 mg/kg MDMA (Fig. 1c) revealed no effect of genotype (Fq 43 = 1.8, p = 0.191), but
effects of time (F17 731 = 104.7, p < 0.0001) and a genotype x time interaction (F17 731 = 3.0,
p < 0.0001) were significant. To control for any inherent changes to spontaneous locomotor
activity that may arise upon RGS12 loss, singly housed mice of both genotypes were
observed in a non-stressed, home-cage environment. No significant difference in locomotor
behavior was found between the genotypes (Kolmogorov-Smirnov nonparametric, unpaired
t-test: p = 0.60; Fig. 1d).

Investigations of 5-HT, 5-HIAA, and SERT levels in the brains of RGS12-null mice

Steady-state levels of 5-HT, 5-HIAA, and 5-HT turnover—To determine if
homeostatic levels of 5-HT or its major metabolite 5-hydroxyindoleacetic acid (5-HIAA)
were altered in the absence of RGS12 expression, we performed HPLC-ECD analysis on
several 5-HT-rich brain regions (cortex, hippocampus, midbrain, ventral striatum, and dorsal
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striatum) from RGS12-null and wild-type mice. These analyses revealed that RGS12-null
mice contain increased levels of 5-HT in the cortex (Fig. 2a(i); 9= 2.6, p = 0.027) and
hippocampus (Fig. 2b(i); #;p= 2.2, p = 0.044), but not in the midbrain, ventral striatum, or
dorsal striatum (Fig. 2c—e(i); p > 0.05). Levels of the 5-HT metabolite 5-HIAA did not differ
between genotypes in any brain regions tested (Fig. 2a—e(ii); p > 0.05). Calculation of the
5-HIAA to 5-HT ratio as an index of metabolic activity (Rothman et al., 2001) suggested
that RGS12 loss does not significantly affect 5-HT metabolism in any brain regions assayed
(Fig. 2a—e(iii)). However, a notable trend for increased 5-HT turnover was observed in the
midbrain (Fig. 2c(iii); #;p= 2.0, p = 0.068).

Steady-state levels of SERT binding sites—Mice lacking SERT expression exhibit
locomotor insensitivity to MDMA (Bengel et al., 1998), supporting the idea that

changes in SERT expression and/or function might underlie the altered MDMA-induced
hyperlocomotion we observed in RGS12-null mice. To ascertain whether RGS12 loss
results in any alteration of steady-state SERT protein levels, we performed [3H]citalopram
saturation binding assays (Fig. 3) using membrane preparations from the cortex,
hippocampus, midbrain, ventral striatum, and dorsal striatum of RGS12-null mice and
wild-type littermate controls. RGS12-null mice exhibited an increased number of SERT
binding sites (Bpax) in the cortex (Fig. 3a; F1 44 = 29.9, p < 0.0001) and midbrain (Fig.

3c; F1 67 = 20.3, p < 0.0001) — namely, the two regions with the highest SERT expression
among the subset of brain regions surveyed. RGS12-null mice were also found to have a
slight decrease in SERT Bpax in the hippocampus compared to wild-type controls (Fig. 3b;
F144 = 10.5, p = 0.002). By comparison, By,ax measurements were similar for the ventral
striatum (Fig. 3d; F1 gg = 1.9, p = 0.165) and dorsal striatum (Fig. 3e; Fq 44 = 3.4, p = 0.070)
of RGS12-null mice compared with wild-type controls. The affinity of [3H]citalopram for
SERT (Kjy) in the hippocampus was significantly different between genotypes (F1 44 = 7.4, p
= 0.009); however, the Ky values did not differ between genotypes in any of the other brain
regions tested. The Biax and Ky values for all brain regions tested are summarized in Table
1.

SERT function is altered in brain regions of RGS12-null mice

SERT-specific [3H]5-HT uptake—To determine whether RGS12-null mice exhibit
alterations in SERT function, we performed [3H]5-HT uptake analyses using brain region-
derived synaptosomal preparations pharmacologically treated to isolate SERT function (Fig.
4i), as previously described (Doly et al., 2008). Synaptosomes from the cortex (Fig. 4a(i);
F1 103 = 13.5, p = 0.0004) and the midbrain (Fig. 4c(i); F1 92 = 14.4, p = 0.0003) of
RGS12-null mice exhibited increased, SERT-specific, [3H]5-HT uptake (Vmay), consistent
with the observations of increased SERT Bax in these regions (Fig. 3a,c). In addition,
elevated SERT Vax Was observed in synaptosomes from the ventral striatum of RGS12-null
mice (Fig. 4d(i); F1 66 = 14.6, p = 0.0003), despite no observed difference in SERT By, in
this region between the two genotypes (Fig. 3d). By contrast, [2H]5-HT uptake was similar
in synaptosomes from the hippocampus (Fig. 4b(i); F1 56 = 0.004, p = 0.944) and dorsal
striatum (Fig. 4e(i); F1 48 = 0.003, p = 0.955) of RGS12-null and wild-type mice. The
affinities of [3H]5-HT for SERT (K, values) did not differ between genotypes across all
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five brain regions tested (p > 0.05). The Vhax and Ky, values for all brain regions tested are
summarized in Table 1.

MDMA-induced [3H]5-HT efflux—MDMA elevates extracellular 5-HT levels primarily
by stimulating SERT-mediated 5-HT efflux (/.¢e., creating conditions for SERT reverse
transport) (Rudnick and Wall, 1992; Crespi et al., 1997). Given that mice lacking

SERT do not display hyperlocomotion in response to MDMA administration (Bengel

et al., 1998), locomotor responses to MDMA are likely dependent, at least in part, on
MDMA-induced 5-HT efflux through SERT. To evaluate whether the alterations to MDMA-
induced hyperlocomotion in RGS12-null mice (Fig. 1) are associated with differences in
MDMA-induced 5-HT efflux, we performed MDMA-stimulated [3H]5-HT efflux assays
with preloaded, brain-region synaptosomes from RGS12-null and wild-type mice, as
previously described (Rothman et al., 2001). DAT and NET inhibitors (/.e., GBR12935

and nomifensine) were co-incubated with [3H]5-HT during synaptosome preloading to
prevent [3H]5-HT uptake through DAT and NET, respectively (Rothman et al., 2001). Slight
decreases in the maximal efficacy (Emay) Of MDMA in stimulating [3H]5-HT efflux were
observed in cortical (Fig. 4a(ii); F1 178 = 6.8, p = 0.009) and midbrain (Fig. 4c(ii); F1 159
=12.6, p = 0.0005) synaptosomes of RGS12-null mice as compared with those of their wild-
type littermates. By comparison, no genotype differences were discerned in synaptosomes
from the hippocampus (Fig. 4b(ii); F1 76 = 0.1, p = 0.743), ventral striatum (Fig. 4d(ii);
F1132 =25, p=0.114), or dorsal striatum (Fig. 4e(ii); £z 77= 0.5, p = 0.476). The potency
(ECsp) by which MDMA elicited [3H]5-HT efflux from preloaded synaptosomes did not
differ between genotypes in any of the five brain regions tested. The Epax and pECsg values
for all brain regions tested are summarized in Table 1.

RGS12 loss does not affect midbrain Slc6a4, Tph2 or Fev mRNA levels, or 5-HT 5 receptor

signaling

Given the brain-region-specific effect of RGS12 loss on [3H]citalopram binding sites and
[3H]5-HT uptake activity, we measured the steady-state levels of SERT-encoding mRNA
(Slc6a4). In the adult brain, S/lc6a4 mRNA is expressed predominantly in the raphe. As
such, we dissected raphe-containing tissue from the brains of RGS12-null and wild-type
littermates and extracted RNA for subsequent qRT-PCR analysis. As shown in Fig. 5a,
steady-state levels of S/c6a4 mRNA did not differ significantly between tissue from Rgs12
knockout and wild-type mice. Contemporaneously, we measured steady-state levels of 7ph2
(the gene encoding brain-specific tryptophan hydroxylase) and Fev (the gene encoding the
Pet-1 transcription factor) mRNAs — commonly assessed markers of serotonergic neurons.
As shown in Fig. 5a, steady-state levels of 7ph2and Fevdid not differ significantly between
tissue from Rgs12knockout and wild-type mice.

As the GAP activity of RGS12 is known to oppose signaling from activated GPCRs coupled
to heterotrimeric Gi/o proteins (e.g., (Snow et al., 1998; Soundararajan et al., 2008; Gross et
al., 2019)), a simple explanation for the observed behavioral and biochemical phenotypes of
Rgs12knockout mice could be a resultant sensitization of Gi/o-coupled GPCRs to agonist
stimulation. To test this possibility for the serotonin 5-HTq receptor, we treated RGS12-
null mice and wildtype littermate controls with 8-hydroxy-2-(di-/+propylamino)tetralin
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(8-OH-DPAT) and measured their rectal temperatures in 10-minute intervals. No genotype-
associated difference in 8-OH-DPAT-induced hypothermia was observed (Fig. 5b).

RGS12 loss disrupts serotonergically modulated behaviors

Observations of altered SERT expression (Fig. 3) and 5-HT uptake (Fig. 4) in RGS12-null
mice suggest that the loss of RGS12 expression leads to basal disruptions to serotonergic
neurotransmission in adult mice (/.e., even under drug-independent conditions). 5-HT is
recognized as an integral modulator of many clinically relevant behavioral responses,
including stress-coping/depression-like behavior (for review, see (Meltzer, 1990; Owens and
Nemeroff, 1994; Nutt, 2002)) and anxiety-like behavior (Holmes et al., 2003b; Kalueff et
al., 2007; Mosienko et al., 2012). To evaluate whether RGS12 loss is sufficient to disrupt
any of these processes, we conducted a battery of behavioral assays related to each of

these serotonergically modulated behavioral outcomes (Fig. 6). We first evaluated open-field
locomotor activity in RGS12-null and wild-type littermate control mice. We found that
RGS12-null mice had reduced locomotion in a novel environment relative to wild-type
controls (Fig. 6a). To assess stress-coping/depression-like behavior, we used the forced
swim test (FST) and the tail suspension test (TST) (Castagne et al., 2011). In both assays,
RGS12-null mice exhibited reduced immobility relative to wild-type controls (FST: Fig. 6b;
t39=3.7, p = 0.0005) (TST: Fig. 6¢c; t;3= 2.1, p = 0.049). These findings suggest that
RGS12-null mice exert an active stress-coping strategy and display an anti-depressive-like
phenotype in these assays, consistent with responses produced by acute administration of an
SSRI anti-depressant to elevate serotonin levels (Holmes et al., 2002).

To evaluate anxiety-like behavior, we tested RGS12-null mice in the elevated plus maze
(EPM) and elevated zero maze (EZM) (Shepherd et al., 1994; Walf and Frye, 2007).
RGS12-null mice showed decreased open arm time in both assays (EPM: Fig. 6d; t5,=

3.3, p=0.002) (EZM: Fig. 6e; t34= 2.2, p = 0.029), suggesting that these mice exhibit

an anxiety-like phenotype. An examination of sociability/social interaction revealed that
the RGS12-null mice spent reduced time with a novel social stimulus versus a non-social
stimulus relative to wild-type mice (Fig. 6f; £39= 2.4, p = 0.020). RGS12-null mice and their
wild-type littermates did not differ in their baseline preference for non-social stimuli (£g =
1.1, p =0.226; RGS12-null = -0.058 £ 0.047, wild-type = 0.038 + 0.063). Taken together,
these behavioral data suggest that constitutive loss of RGS12 alters serotonergic function
sufficiently to manifest disruptions in several serotonergically modulated behaviors in adult
mutant mice.

Discussion

The key findings from this study are that RGS12 loss leads to (i) reduced hyperlocomotion
when administered a low dose of MDMA, (ii) increased, brain region-specific, SERT
expression and 5-HT uptake, and (iii) increased anxiety-like and anti-depressive-like
behaviors. These findings suggest that RGS12 expression is required to establish and/or
maintain the proper function of specific serotonergic regions/circuits in adult mice. SERT
knockout mice exhibit neither hyperlocomotion (Bengel et al., 1998) nor augmented
extracellular 5-HT levels (Hagino et al., 2011) following administration of low-to-moderate
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doses of MDMA. Additionally, mice constitutively lacking the transcription factor Pet-1
—encoded by Fevand required for proper development of CNS serotonergic circuitry
(Hendricks et al., 1999) -- fail to display hyperlocomotion upon administration of 5 or 10
mg/kg MDMA (Yadav et al., 2011; Kiyasova et al., 2011). Notably, synaptosomes from
these Pet-1-null knockout mice exhibit comparable MDMA-induced [3H]5-HT efflux to
synaptosomes from control mice when normalized for their deficient [3H]5-HT preloading
capacity (Kiyasova et al., 2011). Taken together, these prior reports indicate that a loss

of MDMA-induced hyperlocomotion can occur (1) independent of concomitant disruptions
in MDMA-evoked 5-HT efflux and (2) following neurodevelopmental perturbation of 5-
HT signaling/circuitry. In light of these previous findings, we suspect that the lack of
hyperlocomotion to a low dose of MDMA in RGS12-null mice could be related to altered
connectivity of serotonergic neurons with some or all of their targets, changes in the
morphology of serotonergic neurons (e.g., axon branch development; (Deneris and Gaspar,
2018), and/or differential biochemistry (e.g., increased SERT expression and 5-HT uptake).
The lack of hyperlocomotion in response to MDMA in RGS12-null mice does not seem

to be dependent upon changes in MDMA-induced 5-HT efflux, as synaptosomes from
RGS12-null mice fail to exhibit appreciable alterations in MDMA-induced [3H]5-HT efflux.
Notably, the observed increase in SERT expression does not correspond with alteration in
Slc6a4 mRNA levels, suggesting a post-translational mechanism.

Enhanced SERT expression and SERT-mediated 5-HT uptake capacities in the cortex,
midbrain, and ventral striatum of RGS12-null mice may enable more efficient clearance

of extracellular 5-HT /n vivo. This circumstance would lead to reduced hyperlocomotion
following administration of 10 mg/kg MDMA -- especially if this dose of MDMA does

not saturate SERT in these mice. By comparison, higher doses of MDMA likely saturate
all, or nearly all of, SERT in RGS12-null mice, thereby precluding their increased reuptake
capacity and thus normalizing hyperlocomotor responses to those of wild-type controls.
This hypothesis is consistent with our prior observations that RGS12-null mice show
reduced hyperlocomotion to low-to-moderate doses of the DAT-targeting psychostimulant
AMPH, display enhanced DAT expression and [2H]DA uptake (in ventral, but not dorsal,
striatum), and exhibit only a mild attenuation of AMPH-induced [3H]DA efflux potency in
ventral striatal synaptosomes (Gross et al., 2018). Together, these prior and current findings
provide support for the idea that RGS12 loss reduces hyperlocomotion to low-to-moderate
doses of psychostimulants (e.g., AMPH, cocaine, MDMA), at least in part, through
enhanced transporter (7.e., DAT, SERT) expression and/or transporter-mediated monoamine
neurotransmitter clearance in combination with mildly dysfunctional transporter-mediated
DA/5-HT efflux (Gross et al., 2018). Evidence that 8-OH-DPAT-induced hypothermia is
unchanged in RGS12-null mice (Fig. 2) does suggest that no alteration has occurred in the
function of raphe somatodendritic 5-HT1 5 autoreceptors (Higgins et al., 1988).

Our study has also revealed that RGS12-null mice display several aberrant, serotonergically
modulated behavioral phenotypes under drug-naive conditions. Acute administration of
SSRIs or chemogenetic activation of serotonergic raphe neurons each recapitulates the
behavioral phenotypes that we observed in RGS12-null mice -- namely, reduced open-field
exploration and increased anti-depressive- and anxiety-like behaviors (Teissier et al., 2015).
Thus, it is possible that RGS12-null mice tonically and/or phasically (e.g., under conditions
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of environmental stress) exhibit elevated serotonergic neurotransmission, thereby resulting
in attenuated responses to novelty (e.g., to an open field, to novel social stimuli), in anxiety-
like behaviors, and in anti-depressive-like behaviors. Early developmental periods are
particularly sensitive to perturbations in serotonergic homeostasis. For example, transgenic
over-expression of SERT in mice engenders anti-anxiety-like/depressive-like phenotypes in
adulthood (Jennings et al., 2006; Line et al., 2011). Conversely, SSRI exposure during early
postnatal development (Ansorge et al., 2004; Ansorge et al., 2008) or constitutive SERT
deletion (Kalueff et al., 2007; Holmes et al., 2003a; Lira et al., 2003) (both of which
augment serotonergic tone) each leads to “paradoxical” anxiety-like and depressive-like
behavioral phenotypes in adult mice (reviewed in (Suri et al., 2015)). Based on the four
lines of evidence enumerated below, we suspect that RGS12 plays a key role in serotonergic
signaling during early, sensitive periods of CNS development, particularly in processes and
within CNS regions integral for determining the sensitivity and/or maturation of cortical
and limbic circuits that underlie behaviors during adulthood: (1) RGS12 is highly expressed
during neurodevelopment (Martin-McCaffrey et al., 2005); (2) Rgs12 mRNA is abundant
in E12.5 serotonergic neurons of rostral and caudal neural tube regions (Supplemental Fig.
S2), yet this same level of abundance is not evident in adult dorsal raphe or median raphe
neurons (Supplemental Fig. S3); (3) appropriate levels of RGS12 expression are required
for proper axonogenesis in primary neurons (é.g., dorsal root ganglia) (Willard et al., 2007);
and (4) RGS12 expression is altered following neurodevelopmental perturbations (e.g.,
whisker-trimming (Butko et al., 2013) or DISC1 overexpression (Sialana et al., 2018)).

Initial studies of S/c6a4 knockout mice were conducted in CD-1 mice (Bengel et al.,
1998). Similar to our finding with RGS12-null mice in the C57BL/6J background, Bengel
and colleagues reported that CD-1 mice lacking SERT expression exhibit no locomotor
stimulation upon treatment with low-dose MDMA (5 mg/kg — a dose that elicited robust
hyperlocomotion in wild-type CD-1 mice). In contrast, S/c6a4 knockout CD-1, like wild-
type control CD-1 mice, exhibit robust hyperlocomotion in response to amphetamine (5
mg/kg) (Bengel et al., 1998). More recently, S/c6a4 knockout mice on the C57BL/6J
background have been described (Kalueff et al., 2007). Kalueff and colleagues found that
SERT loss led to “striking reductions in exploration and activity in novelty based tests”
(including open-field and novel-object-recognition tests). Further, Kalueff et a/. observed
that C57BL/6J mice lacking SERT exhibited “markedly reduced” sociability compared with
wild-type C57BL/6J mice, similar to our findings with RGS12 loss.

In summary, constitutive loss of RGS12 in mice disrupts both basal and pharmacologically
evoked serotonergic signaling and serotonergically modulated behavior. We recently
identified the mechanism by which RGS12 modulates DAT expression/function: /.e.,
differential effects on the heterotrimeric G protein and B-arrestin signaling pathways
originating from kappa opioid receptor (KOR) activation (Gross et al., 2019). As dynorphin
in the ventral striatum can elicit local stimulation of serotonin reuptake (Schindler et al.,
2012), and KOR ligands can also modulate SERT function (Sundaramurthy et al., 2017), it
is possible that the effects of RGS12 on SERT expression/function are similarly mediated by
KOR or another GPCR.
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Figure 1.

MDMA-induced locomotor activity in RGS12-null mice. (a) Baseline (first 30 min; open
bar) and control injection (saline)-induced locomotion by RGS12-null (Rgs1225-8/A5-8)
mice and wild-type (Rgs12'*) littermate controls. /nset, Bar graph of cumulative
locomotion over 60 min post-saline injection (grey bar), derived from data in panel a.

(b) Baseline (first 30 min) and 10 mg/kg MDMA-induced locomotion by RGS12-null
(Rgs1225-8/85-8) mice and wild-type (Rgs12!*) littermate controls. /nset, Cumulative
locomotion over 60 min post-MDMA injection, derived from data in panel b. (c) Baseline
and 30 mg/kg MDMA-induced hyperlocomotion in RGS12-null mice and wild-type
littermates. /nset, Cumulative locomotion over 60 min post-MDMA injection, derived
from data in panel c. All data are presented as the mean = SEM (n= 22-23 mice per
group) and were analyzed by two-way ANOVA or, for cumulative locomation bar-graph
insets, by Student’s #test or Mann-Whitney U test (see Results for more details). (d)
Spontaneous home-cage locomotor activity by RGS12-null (Rgs1225-8/A5-8) mice and wild-
type (Rgs12'*) littermate controls (mean = SEM; n = 3 mice per genotype).
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Figure2.

Measurement of baseline tissue levels of 5-HT (i), its major metabolite 5-HIAA (ii), and
their computed ratio (iii) in selected brain regions of RGS12-null and wild-type mice,
including cortex (&), hippocampus (b), midbrain (c), ventral striatum (d), and dorsal striatum
(e). Data are presented as the mean + SEM (7= 6 mice per group) and were analyzed by
Student’s #test. *, p < 0.05.
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Figure 3.
Analysis of SERT expression/binding sites by radioligand saturation binding.

[H]citalopram binding to SERT in membrane preparations from (a) cortex, (b)
hippocampus, (c) midbrain, (d) ventral striatum, and (€) dorsal striatum of RGS12-null mice
and wild-type littermate controls. Non-specific binding was determined in the presence of 10
UM cold citalopram. Data are presented as the mean £ SEM (/7= 6-15 mice per group) and
were analyzed by nonlinear regression. Asterisks denote a statistically significant difference
in the number of SERT binding sites (Bmax) between genotypes. Significance derived from
F-tests of curve fits: ns, not significant (p > 0.05); **, p < 0.01; ***, p < 0.001; **** p

< 0.0001. The affinity of [3H]citalopram for SERT (K) differed between genotypes in the
hippocampus, but not in any other brain region tested (p > 0.05).
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Figure 4.
Assessment of SERT-specific [3H]5-HT uptake and MDMA-stimulated [3H]5-HT efflux in

synaptosomal preparations from indicated brain regions of RGS12-null and wild-type mice.
SERT-specific [3H]5-HT uptake (i panels) in synaptosomal preparations from (a) cortex, (b)
hippocampus, (c) midbrain, (d) ventral striatum, and (e) dorsal striatum. Data are presented
as the mean £ SEM (7= 6-12 mice per group) and were analyzed by nonlinear regression
to derive values for Vihax and Kp,. Asterisks denote a statistically significant difference of
maximal uptake rates (Vmax) between genotypes; significance derived from F-tests of curve
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fits: ns, not significant (p > 0.05); ***, p < 0.001. No differences in the affinity (K,) of
[3H]5-HT for SERT were identified for any brain regions tested (p > 0.05). Analyses of
SERT-specific MDMA-stimulated [3H]5-HT efflux (ii panels) in preloaded synaptosomal
preparations from (a) cortex, (b) hippocampus, (c) midbrain, (d) ventral striatum, and

(e) dorsal striatum of RGS12-null mice and wild-type littermate controls. Data are the
mean + SEM (= 6-15 mice per group) and were analyzed by nonlinear regression.
Asterisks denote a statistically significant difference of efficacy (Enax) between genotypes;
significance derived from F-tests of curve fits: **, p < 0.01; ***, p < 0.001. No differences
in MDMA efflux potency (pECsg) were observed for any brain regions tested.
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Figureb.
Analyses of brain region relative mMRNA expression and 5-HT1 5 receptor agonist-induced

hypothermia in RGS12-null mice. (a) Relative mMRNA expression levels of S/c6a4 (encoding
SERT), 7phZ (encoding tryptophan hydroxylase 2), and Fev (encoding the serotonergic
neuron marker/transcription factor Pet-1) are unaltered in RgsZ2-null mice. Data are
reported as the mean £ SEM (n = 3 mice/genotype). (b) Hypothermia induced by 8-OH-
DPAT (0.5 mg/kg, ip) is unaltered in RGS12-null mice. Data are reported as the mean +
SEM (n = 6 mice/genotype).
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Figure 6.

Evaluation of serotonergically modulated behaviors in RGS12-null mice. (a) Open-field
locomotor activity over 60 min in naive RGS12-null mice and wild-type littermate controls
upon their first exposure to the activity chambers. Data are presented as the mean £ SEM

of n=76-79 mice per group. (b) Immobility time in the forced swim test exhibited by
RGS12-null mice and wild-type littermate controls. Data are presented as the mean + SEM
(n=18-23 mice per group) and were analyzed by Student’s £test (***, p < 0.001). (c)
Immobility time in the tail suspension test displayed by RGS12-null mice and wild-type
littermate controls. Data are presented as the mean + SEM (1= 7-8 mice per group)

and were analyzed by Student’s #test (*, p < 0.05). (d) Time spent in the open arms of

the elevated plus maze by RGS12-null mice and wild-type littermate controls. Data are
presented as the mean + SEM (7= 11-13 mice per group) and were analyzed by Student’s
Etest (**, p < 0.01). (e) Percentage of time spent in the open areas of the elevated zero maze
by RGS12-null mice and wild-type littermate controls. Data are presented as the mean +
SEM (n= 17-18 mice per group) and were analyzed by Student’s #test (***, p < 0.001). (f)
Test of sociability by RGS12-null mice and wild-type littermate controls. Data are presented
as the mean = SEM (7= 17-24 mice per group) and were analyzed by Student’s £test (*, p
< 0.05).
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Table 1.

Summary of values derived from ex vivo biochemical determinations of SERT binding sites and synaptosomal
serotonin uptake and efflux in indicated brain regions of RGS12-null mice and wild-type littermate controls.

Rgs12** Rgs1205-6/5-8

[®H]citalopram binding

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Bmax (fmol/mg) Ky (nM) Bmax (fmol/mg) Ky (M)

cortex 281.5+14.3 29+04 402.9 £13.6 3.0+0.3
hippocampus 238.9+11.6 48+0.6 192.7+8.0 29+0.3
midbrain 1063 + 36.8 27+0.2 1294 + 33.7 29+0.2
ventral striatum 165.3+7.8 27+04 181.4+79 24+03
dorsal striatum 1268+7.3 24+04 110.2£5.3 18+03

[BH]5-HT uptake

Vmax (fmol/mg/min) K (M) Vmax (fmol/mg/min) Ky (M)
cortex 24717 286 +6.5 33212 269+34
hippocampus 46.7+£3.8 29.7+£7.0 472+36 176+5.1
midbrain 51.4+3.6 34.7+8.0 73.1+3.9 33.9+6.0
ventral striatum 136+0.7 20.2+4.6 17.7+£0.6 16.7+£25
dorsal striatum 8.2+0.4 153+35 8.1+0.3 116+24

cortex
hippocampus
midbrain
ventral striatum

dorsal striatum

43.0+1.0
48.7+1.7
43.8+0.8
529+1.1
613+14

MDMA-elicited [3H]5-HT efflux

7.3+0.06
74+0.1
7.2+0.05
7.3+0.06
7.5+0.06

Enax (Maximal % decrease vs vehicle control) PECsg Emax (Maximal % decrease vs vehicle control)

39.1+£0.9
48.0+1.2
39.9+0.6
50.1+1.2
60.2+0.8

PECso
7.2£0.06
7.5+0.07
7.2+0.04
7.3+0.06
7.4+0.04

Data from at least three experiments were fit to the appropriate mathematical model using Prism 8 to determine the best-fit values (+ SE) for the

indicated measures.
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