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Blockade of the 5-HT transporter contributes
to the behavioural, neuronal and molecular
effects of cocaine
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BACKGROUND AND PURPOSE
The psychostimulant cocaine induces complex molecular, cellular and behavioural responses as a consequence of inhibiting
presynaptic dopamine, noradrenaline and 5-HT transporters. To elucidate 5-HT transporter (SERT)-specific contributions to co-
caine action, we evaluated cocaine effects in the SERT Met172 knock-in mouse, which expresses a SERT coding substitution that
eliminates high-affinity cocaine recognition.

EXPERIMENTAL APPROACH
We measured the effects of SERT Met172 on cocaine antagonism of 5-HT re-uptake using ex vivo synaptosome preparations and
in vivo microdialysis. We assessed SERT dependence of cocaine actions behaviourally through acute and chronic locomotor acti-
vation, sensitization, conditioned place preference (CPP) and oral cocaine consumption. We used c-Fos, quantitative RT-PCR and
RNA sequencing methods for insights into cellular and molecular networks supporting SERT-dependent cocaine actions.

KEY RESULTS
SERT Met172 mice demonstrated functional insensitivity for cocaine at SERT. Although they displayed wild-type levels of acute
cocaine-induced hyperactivity or chronic sensitization, the pattern of acute motor activation was different, with a bias toward
thigmotaxis. CPP was increased, and a time-dependent elevation in oral cocaine consumption was observed. SERT Met172 mice
displayed relatively higher levels of neuronal activation in the hippocampus, piriform cortex and prelimbic cortex (PrL), accom-
panied by region-dependent changes in immediate early gene expression. Distinct SERT-dependent gene expression networks
triggered by acute and chronic cocaine administration were identified, including PrL Akt and nucleus accumbens ERK1/2
signalling.

CONCLUSION AND IMPLICATIONS
Our studies reveal distinct SERT contributions to cocaine action, reinforcing the possibility of targeting specific aspects of cocaine
addiction by modulation of 5-HT signalling.
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Abbreviations
CPP, conditioned place preference; DAT, dopamine transporter; DEGs, differentially expressed genes; FDR, false discovery
rate; IEGs, immediate early genes; KO, knockout; KRH, Krebs–Ringer’s HEPES; MDMA, 3,4-
methylenedioxymethamphetamine; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; NET, noradrenaline
transporter; NPS, new psychoactive substances; PBS-T, PBS with 0.3% Triton-X100; PrL, prelimbic cortex; qRT-PCR,
quantitative reverse-transcriptase polymerase chain reaction; RNA-Seq, RNA sequencing; SERT, 5-HT (serotonin) trans-
porter; SSRI, selective 5-HT reuptake inhibitor; WT, wild-type

Introduction
Cocaine abuse and dependence is a world-wide health prob-
lem. Despite various approaches and many years of preclini-
cal studies, we still lack effective, mechanism-based
therapies to support recovery from dependence and addic-
tion. The development of effective treatment strategies re-
quires a wholistic understanding of in vivo cocaine
pharmacodynamics. Primary contributions of dopamine
transporter (DAT) inhibition to the reinforcing and addictive
properties of cocaine are well-documented (Luscher and
Ungless, 2006), but the psychostimulant also potently blocks
the serotonin (5-HT) and noradrenaline (NE) trans-
porters (SERT and NET, respectively) in vitro and in vivo, at
levels of the drug abused by humans (Han and Gu, 2006;
Simmler et al., 2013). SERT inhibition has been suggested to
be protective with respect to the abuse liability of cocaine
(Filip et al., 2005).

SERT knockout (KO) mice have been used to investigate
the contributions of 5-HT to cocaine action (Sora et al.,
1998; Sora et al., 2001), including demonstration of increased
cocaine conditioned place preference (CPP). SERT KO mice,
however, display significant molecular, cellular and behav-
ioural changes that reflect both a developmental and ongoing
loss of reuptake inhibition (Murphy and Lesch, 2008). Addi-
tionally, cocaine retains the ability to elevate extracellular 5-
HT levels in the striatum of SERT KO animals, most likely
due to compensatory 5-HT uptake by DAT or NET in these an-
imals (Shen et al., 2004). Genetic manipulations of 5-HT re-
ceptors alter cocaine self-administration (Nair et al., 2013;
Brodsky et al., 2016; You et al., 2016), though these studies
also may be questioned as to compensatory alterations. As
an alternative to genetic manipulation, pharmacological
modulation of 5-HT receptor subtypes has been widely used
to study 5-HT-mediated cocaine action. Such pharmacologi-
cal interaction studies also support a role of SERT blockade
in different facets of cocaine action (Filip et al., 2005). For ex-
ample, signalling by prefrontal 5-HT2A and 5-HT2C recep-
tors has been implicated in cue reactivity in cocaine self-
administering rats (Anastasio et al., 2014; Cunningham and
Anastasio, 2014). However, as the actions of many other 5-
HT receptors may also modulate the actions of cocaine, other
approaches are needed to assess the collective actions of sero-
tonergic signalling in both acute and chronic cocaine action.

To ascertain SERT-specific components of cocaine action,
we took advantage of a knock-in mouse that expresses an
Ile172Met substitution (SERT Met172). Because the SERT
Met172 variant reduces SERT inhibitory potency for multiple
selective 5-HT reuptake inhibitors (SSRIs), the SERT Met172
model has proved useful in demonstrating requirements (or

lack thereof) for SERT antagonism in antidepressant action
(Henry et al., 2006; Thompson et al., 2011; Bonnin et al.,
2012; Nackenoff et al., 2016). With respect to the current
study, the Met172 variant also significantly reduces cocaine
potency when tested using radiolabeled 5-HT uptake in
transfected cells (Henry et al., 2006). Importantly, the
Met172 mutation does not affect SERT-mediated 5-HT recog-
nition or transport kinetics or SERT protein expression levels
(Thompson et al., 2011; Nackenoff et al., 2016), providing an
opportunity to identify SERT-dependent actions of cocaine
without concerns about compensation arising from loss of
in vivo SERT activity. In an initial exploration of the utility
of the model to study cocaine action (Prosser et al., 2014),
we demonstrated a loss in SERT Met172 mice of cocaine-
induced changes in suprachiasmatic neuron (SCN) firing
and circadian free-running behaviour. Here, we have con-
firmed a loss of high-affinity cocaine recognition at SERT in
the SERT Met172 mouse model using ex vivo and in vivo para-
digms, followed by an assessment of cocaine-modulated be-
haviours. To identify 5-HT-dependent cellular networks
contributing to cocaine action, we examined the effects of
the loss of SERT antagonism on cocaine-induced neuronal ac-
tivation, as reported by c-Fos expression, and through analy-
sis of differential patterns of immediate early gene (IEG)
expression, targeting molecules thought to trigger
addiction-associated plasticities (Nestler, 2012). Finally, to
capture signalling networks linked to 5-HT-dependent co-
caine actions more broadly, we pursue transcriptome analy-
ses, targeting the prelimbic cortex (PrL) and nucleus
accumbens (NAc). Our results elucidate several dimensions
of 5-HT contributions to cocaine action, findings we discuss
in relation to earlier genetic and pharmacological studies.

Methods

Construction of homology models
To illustrate the potential for theMet172 substitution to limit
cocaine interactions, Phyre2-based one-to-one threading of
the amino acid sequences of wild-type (WT) mouse SERT
(Ile172) and SERT Met127 was performed with PDB template
structure 4XP4 [Drosophila DAT-cocaine (Penmatsa et al.,
2013)] using PSI-BLAST alignment and an HMM (hidden
Markov model) secondary structure prediction (Kelley et al.,
2015). Side chain placements were modelled to minimize
backbone and steric hindrance. The resulting structures were
aligned with chain A of the 4XP4 structure using PyMOL
(PyMOL Molecular Graphics System, Version 1.7.4
Schrödinger, LLC).
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Animals
All animal care and experimental procedures were conducted
under a protocol approved by the Vanderbilt Institutional
Animal Care and Use Committee or the University of Texas
Medical Branch Institutional Animal Care and Use Commit-
tee, compliant with the US National Research Council’s
Guide for the Care and Use of Laboratory Animals, the US
Public Health Service’s Policy on Humane Care and Use of
Laboratory Animals and Guide for the Care and Use of Labo-
ratory Animals. Animal studies are reported in compliance
with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath
and Lilley, 2015).

SERT Ile172 (referred to here as WT) and SERT Met172
mice were maintained on a C57BL/6J background following
backcrossing for >10 generations from the original
129S6/S4 background. As previously described, we main-
tained the 129S6 SERT ER haplotype inWT animals to ensure
only the Met172 variant accounted for differences observed
(Nackenoff et al., 2016). SERT WT and Met172 genotypes
were established by PCR using oligonucleotide primers 50-
CCTGGCCCTCTTAGCAGGTT-30 and 50-AGGAGGAGAAG
CCAGCAAGG-30, assessing the presence of 700 BP or 750 BP

bands that are diagnostic for Ile172 or Met172 encoding al-
leles respectively (Thompson et al., 2011). All experiments
were performed with adult, 10–15 week old mice. Unless oth-
erwise stated, experiments and analyses were not conducted
blinded for genotypes. Mice were group housed under a
12 h light/dark cycle with water and food ad libitum. Experi-
ments were all performed during the light period. With the
exception of the RNA sequencing (RNA-Seq) studies, which
were performed using male mice only, we performed all ex-
periments on both male and female mice in approximately
equal numbers. Data from males and females were combined
unless a gender effect was evident. Animals were killed by
rapid decapitation without prior anaesthesia for synapto-
somes and mRNA experiments, with pentobarbital (100-
mg·kg�1 i.p.) prior to 4% p-formaldehyde perfusion for

immunohistochemistry, or with euthanasia by CO2 inhala-
tion after behavioural experiments where tissue was not col-
lected for further analysis.

Synaptosomal [3H]5-HTuptake inhibition
To verifymutation-induced loss of cocaine sensitivity, we pre-
pared synaptosomes frommidbrain (�4 to�5.3mmposterior
frombregma) ofWT and SERTMet172mice. Samples were ho-
mogenized in 5 mM HEPES with 0.32 mM sucrose (pH 7.4),
and crude synaptosomes were prepared by differential centri-
fugation as previously described (Ansah et al., 2003). P2 pel-
lets were resuspended in 1 mL of Krebs–Ringer’s HEPES
(KRH) assay buffer (130 mM NaCl, 1.3 mM KCl, 2.2 mM
CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1.8 g·L�1 glucose,
10 mM HEPES, pH 7.4) containing 100 μM ascorbic acid and
100 μM pargyline. Protein content of synaptosomal suspen-
sions was determined using BCA Protein Assay Reagent
(Thermo Scientific, Rockford, IL, USA), and the protein con-
centration of ice cold synaptosomal suspensions was adjusted
to 0.1–0.15 mg·mL�1. Synaptosomes were pre-incubated in
triplicate at 37°C for 10 min with agitation prior to the addi-
tion of 50 nM [3H]5-HT (Specific activity 28 Ci·mmol�1;
PerkinElmer, NET498, Waltham, MA, USA) and various

concentrations of cocaine, D-amphetamine, RTI-55, or
MDMA (10�11–10�3 M) followed by a further 10 min incuba-
tion. Maximal capacity for [3H]5-HT uptake was assessed by
incubation with KRH buffer only, and non-specific uptake de-
termined by parallel incubations performed in the presence of
10 μM paroxetine, which shows equivalent SERT inhibition
potency in WT and SERT Met172 animals (Thompson et al.,
2011). Radiolabelled synaptosomes were captured over
Whatman GF/B glass fibre filters (Brandel, Gaithersburg,
MD, USA) that were presoaked with 0.3% polyethyleneimine
using a Brandel Cell Harvester (Brandel, Gaithersburg, MD,
USA). Radioactivity was eluted in Ecoscint scintillation fluid
(National Diagnostics, Atlanta, GA, USA) for 12–16 h and sub-
sequently quantified by scintillation spectrometry.

Microdialysis assessment of 5-HT release
in vivo
To complement ex vivo studies, we validated loss of high-
affinity cocaine recognition in vivo by assessing the effect of
the psychostimulant to elevate extracellular 5-HT using mi-
crodialysis methods. We performed these experiments in
the ventral hippocampus as a projection area with a promi-
nent 5-HT innervation that affords use of a 3 mmmicrodialy-
sis probe (to maximize recovery) as well as to afford
comparison with our earlier studies demonstrating loss of
SSRI sensitivity (Thompson et al., 2011). For stereotactic sur-
gery, mice were anaesthetized with 2.5% isoflurane, and
betadine solution was used to promote aseptic incisions. A
0.62-mm-diameter guide cannula (Synaptech, Marquette,
MI, USA) was implanted in the ventral hippocampus of WT
and SERT Met172 mice [guide cannula tip coordinates from
bregma and dura mater were �3.18 mm AP, 2.5 mm ML and
�1.0 mm DV (Paxinos and Franklin, 2004)]. Ketoprofen
(5mg·kg�1 once per 24 h) was administered for analgesia,
and the animals were observed after surgery until they
resumed normal activity including ambulation. After 24 h
of recovery from surgery, a microdialysis probe (3 mm
membrane length, active site �1.0 to �4.0 DV from dura
mater, 20 000 Da cut-off; Synaptech, Marquette, MI, USA)
was inserted and perfused for 4 h at a rate of 1.0 μL·min�1

with artificial cerebrospinal fluid (149 mM NaCl, 2.8 mM
KCl, 1.2 mM CaCl2, 1.2 mM MgCl2, pH 7.2) before initiation
of sample collections. Dialysate was collected every 20 min
before and after cocaine injections (20 mg·kg�1, i.p.).
Experiments were performed in non-anaesthetized, freely
moving animals. 5-HT levels in the dialysate were quantified
with HPLC-EC in the Vanderbilt Brain Institute Neurochem-
istry Core Facility. Correct probe locations were confirmed
by visual inspection following cresyl violet staining of
coronal brain sections, fixed with 4% p-formaldehyde.

Open field locomotor activity and sensitization
Mice were handled once daily for 5 days before the first day of
testing. To record locomotor activity, we used open field
chambers (27 × 27 × 20.5 cm) with infrared photobeam track-
ing (MedAssociates, St. Albans, VT, USA), placed in sound-
attenuating boxes. The boxes were moderately illuminated
(33 lux at floor of boxes) and had white flooring. Prior to all
open field testing, mice were allowed to acclimatize to the
testing room in their home cage for 30 min and for 20 min
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in the open field chambers before injection. On the first day
of testing, mice were injected with saline (20 mL·kg�1, i.p.)
and locomotor activity was recorded 20 min prior and
50 min post injection. On the second day, mice were injected
with 15 mg·kg�1 cocaine i.p. and locomotor activity was re-
corded. In addition to horizontal locomotor activity, zone
analysis of ambulation in centre and surround zones (with
borders defined as 2.5 cm from wall edge), as well as time
spent in vertical movements or stereotypical activities (de-
fined by repeated beam breaks), was collected. Then, for sen-
sitization, cocaine (15mg·kg�1, i.p.) was injected in the home
cages for 3 days, followed by one cocaine administration in
the open field chambers with recording. The mice were then
subjected to 14 days of forced abstinence in their home cages
without any injections. During the last 5 days of the absti-
nent period, mice were handled daily. After the 14 days of ab-
stinence, mice were injected i.p. with 15mg·kg�1 cocaine and
locomotor activity was recorded.

Conditioned place preference
For the conditioned place preference (CPP) paradigm, we
used two compartment chambers with distinctive tactile cues
(mesh vs. grid flooring) located in sound-attenuating and
moderately illuminated boxes. The locomotion of the mice
was tracked by infrared photobeam detectors (MedAssociates,
St. Albans, VT). Mice were acclimatized for at least 30 min in
the testing room prior to each session. The paradigm is illus-
trated in Figure 4C. On the habituation day, mice were
allowed to explore both sides of the chambers for 20 min.
The next day, their preference bias for the chambers was
quantified by assessing the time spent on each side of the
chamber during 20 min. Typically, the mice had a preference
for the mesh flooring, and we therefore assigned the grid
flooring to all subjects as CS+ where cocaine was paired with
the context, and the mesh flooring as CS� for the saline
pairing. On the subsequent 8 days, either cocaine
(15mg·kg�1, i.p.) was injected and mice were placed immedi-
ately after the injection into the CS+ side of the chamber or
saline was injected (20 mL·kg�1, i.p.) and mice were placed
into the CS� side. During the 30 min post injections, mice
were conditioned to the stimulus by giving them selective ac-
cess to only one side of the chamber. Only one CS+ or CS�
session took place per day. On day 11, after four CS+ and four
CS� sessions, the preference was re-assessed by giving the
mice access to both sides during 20 min without prior injec-
tion. Then, 8 days of extinction conditioning followed, on
which mice were given saline in the CS+ and in the CS� on
alternating days. Place preference post-extinction was
assessed on day 20 without prior injections. The following
day, mice were injected with 15 mg·kg�1 cocaine i.p. to assess
cocaine-induced reinstatement of place preference. The time
spent in each side of the chamber was recorded during 20min
immediately after the cocaine injection.

Two-bottle choice test
Mice were singly housed and allowed 1week of habituation to
unlimited access to two bottles of pure drinkingwater. Follow-
ing this week of pre-exposure, a bottle with pure drinking wa-
ter and a bottle with cocaine in drinking water (0.1 mg·mL�1)
were provided in the home cages with 24 h access. The loca-
tion of the bottles was switched daily to prevent the

development of a side preference. The liquid consumption
wasmeasured once weekly for 3 weeks, and the relative intake
of the cocaine-containing water was calculated by normaliza-
tion to total liquid intake (cocaine-containing water + pure
water).

c-Fos immunohistochemistry
Brains from WT and SERT Met172 mice were collected
120 min after a single dose of cocaine (20 mg·kg�1, i.p.) or sa-
line. Subjects were anaesthetized with 100mg·kg�1 pentobar-
bital i.p. and were perfused with 4% p-formaldehyde (pH 7.5)
at 8 mL·min�1 over 5 min. From the perfusion-fixed brains,
40-μm-thick coronal frozen sections were cut on a sledge mi-
crotome (Leica, Buffalo Grove, IL, USA) for free-floating im-
munohistochemistry. Sections were washed four times
(5 min each) in PBS with 0.3% Triton-X100 (PBS-T) and then
incubated in PBS with 0.3% H2O2 for 30 min. After three ad-
ditional washes in PBS-T, sections were incubated for 1 h in
PBS-T with 3% normal goat serum and then incubated with
primary rabbit anti mouse c-Fos antibody (PC38,
Calbiochem, Millipore, San Diego, CA, USA), diluted
1:15 000 PBS-T/normal goat serum, for 3 days at 4°C. Sections
were then washed four times in PBS-T and incubated for
90 min with secondary antibody (diluted 1:500, biotinylated
goat anti rabbit, Jackson ImmunoResearch Laboratories,
West Grove, PA, USA). Sections were then washed four times
in PBS-T, followed by a 1 h incubation with an avidin-biotin
complex (VECTASTAIN Elite ABC Kit, Vector Laboratories,
Burlingame, CA, USA) at room temperature, followed by four
washes in PBS-T. Sections were then incubated with diamino-
benzidine (Vector Laboratories, Burlingame, CA) for 4.5 min
and then washed in PBS three times. c-Fos positive nuclei in
developed brain sections were quantified from brain sections
using ImageJ software (NIH, Bethesda, MD, http://imagej.
nih.gov/ij/). Selected brain regions identified based on a
mouse brain atlas (Paxinos and Franklin, 2004) were analysed
by an experimenter blind to genotype and drug treatment.

Analysis of mRNA levels by qRT-PCR
Prior to treatment for tissue collection, mice were handled for
5 min·day�1 for 7 days. We singly housed mice (in cages with
fresh bedding) 24 h before killing to avoid the confound of
gene expression alterations arising from interactions between
cocaine- and saline-treated cagemates. To assess acute, single-
dose cocaine effects, mice were injected in their home cage
with either saline (20 mL·kg�1, i.p.) or cocaine (20 mg·kg�1,
i.p.) by an experimenter blind to genotype and then killed
30 or 120 min later. For chronic cocaine administration, mice
were treated with saline or cocaine (15 mg·kg�1, i.p., to paral-
lel sensitization experiments) for 5 days in their home cage
and killed 120min after the last injection. For experiments ex-
amining a drug challenge after a period of abstinence, saline
or cocaine (15 mg·kg�1, i.p.) administration took place in
their home cage for 5 days, then an injection-free period of
14 days followed, and on day 20, mice were challenged with
saline or cocaine (15 mg·kg�1, i.p.). Mice were killed
120 min after the challenge injection, by rapid decapitation
and brains were quickly removed, 1mmcoronal sections were
obtained on ice with a slice matrix (Ted Pella, Redding, CA
USA) and then regional dissections were performed using
1.5- or 2-mm-diameter punches (Harris Uni-Core™; Ted Pella,
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Redding, CA, USA). Total RNA from the PrL and the NAc
punches were isolated using the Trizol method (Life Technol-
ogies, Grand Island, NY, USA) according to the manufac-
turer’s protocol. Reactions were performed with a one-step
quantitative RT-PCR (qRT-PCR) kit (Kapa Biosystems,
Woburn, MA, USA) and Sybr-Green-based detection, apply-
ing a standard three-step thermal profile. Oligonucleotide
primers were developed to be cDNA-specific and were vali-
dated for efficiency. The forward and reverse primers were 50-
GGGTGAGCTGAAGCCACAAA-30; 50-CTGGTATGAATCAC
TGGGGGC-30 for Arc, 50-ACCTGACCACAGAGTCCTTTT-30;
50-TGGCTGGGATAACTCGTCTC-30 for Egr1, 50-CTCGTC
GGTGACCATCTTCC-30; 50-TTGATCATGCCATCTCCCGC-30

for Egr2, 50-CATCGGCAGAAGGGGCAAAG-30; 50-TCTGTC
TCCGCTTGGAGTGT-30 for Fos, 50-GAAAAGCGAAGGGTTC
GCAG-30; 50-GCTGATCAGTTTCCGCCTGA-30 for Fosb; 50-
CCTATCGGGGTCTCAAGGGT-30; 50-TGACCCGAAAAGTA
GCTGCC-30 for Junb. Tbp mRNA levels, obtained using
primers 50-GGCGGTTTGGCTAGGTTT-30 and 50-GGGTTATCT
TCACACACCATGA-30 were used to normalize candidate gene
mRNA levels across samples. Reactionswere conducted indupli-
cates on an Eco Thermal Cycler (Illumina, San Diego, CA, USA).

RNA-Seq analysis
Paralleling the qRT-PCR studies described above, mice were
pre-handled for 7 days prior to treatment and singly housed
for 24 h prior to sacrifice. Male mice were used only. For acute
cocaine action, SERTMet172 andWTmice were injected with
cocaine (20 mg·kg�1, i.p.) in their home cages and killed
120 min after injections. For chronic cocaine action, mice
were treated with cocaine (15 mg·kg�1, i.p.) once daily for 5-
days and killed 120 min after the fifth cocaine injection. Sac-
rifice took place by rapid decapitation, and tissue punches of
the PrL and NAc tissue punches were collected immediately
as described above. Total RNA was isolated using RNeasy
(Qiagen, Valencia, CA, USA). To reduce RNA-Seq variability,
RNA was pooled from three mice, and three pooled samples
per condition were sequenced to allow for statistical analysis.
RNA sequencing was performed in the Vanderbilt Technolo-
gies for Advanced Genomics (VANTAGE) core facility. Sample
preparation was performed with the Illumina True-seq
stranded mRNA sample preparation kit (Illumina, San Diego,
CA, USA), and sequencing was performed at Single Read 50 BP

on aHiSeq 2500 (acute cocaine action) or Single Read 75 BP on
an Illumina NextSeq500 (chronic cocaine action; Illumina,
San Diego, CA, USA). Sequence reads were mapped to a refer-
ence genome using Tophat2. The rates for mapped reads were
>97% for all samples but one (77%; sample ‘WT 2946-RB-17’,
Supporting Information Table S3). For validation of the data
set, we generated correlation blots of the top 1000 genes for
all samples within one condition. Strong correlations for all
sample combinations within a group were evident by Spear-
man correlation coefficients of >0.87. Differentially
expressed genes (DEGs) between genotypes after cocaine ex-
posure were identified using the EdgeR package. Assessment
of genotype-dependent gene networks regulated in response
to drug was performed via Ingenuity Pathway Analysis
(QIAGEN Redwood City, CA, www.qiagen.com/ingenuity)
for each brain region. Statistically significant DEGs [thresh-
old forDEGs significance set to false discovery rate (FDR)<5%
for NAc with chronic cocaine treatment and P< 0.05 without

FDR correction for all other data sets] were analysed to detect
which pathways and networks in the Ingenuity Knowledge
Base were significantly enriched (P < 0.05) with DEGs. The
significant canonical pathways and top five networks are pre-
sented in the Supplementary Information. Raw data files
showing DEGs are available online.

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). Statistical analyses and graphical
evaluations were performed with Prism 6.0 (GraphPad, Inc.,
La Jolla, CA, USA) or SAS 9.4 (Cary, NC, USA). All illustrations
of coronal brain sections to indicate brain areas used in the
experiments were adapted from the mouse brain atlas
(Paxinos and Franklin, 2004). Figure legends provide n values
and specific statistical tests performed. Unequal group size re-
sulted from efforts to match age of experimental cohorts aris-
ing from in-house breeding, or from exclusion of outliers.
Data derive from at least three independent experiments with
statistical analyses performed on groups of five or more sub-
jects. In all analyses, P< 0.05 was taken as indicative of statis-
tical significance. For two-way ANOVAs, we report significant
interaction and/or main treatment/genotype effects. F-values
are summarized in Supporting Information Table S9. Sidak
post hoc tests for treatment and/or genotype were performed
only for significant main effects (F-values with P < 0.05) and
if there was no significant variance inhomogeneity (Barlett’s
test) or if group sizes were similar (N-value from largest
group/N-value from smallest group<1.5). Outliers were iden-
tified and excluded based on the ROUT outlier test. All data
were analysed for sex effects by ANOVA and if no effects were
detected, data frommale and female animals were combined,
unless otherwise noted.

Materials
Cocaine-HCl, ±3,4-methylenedioxymethamphetamine (MD-
MA)-HCl, D-amphetamine sulfate, paroxetine-HCl-0.5H2O
and miscellaneous laboratory reagents were obtained from
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted
and were of the highest grade available. RTI-55 ((-)-2-β-
carbomethoxy-3-β-(4-iodophenyl)tropane) D-tartrate was
obtained from the NIMH Chemical Synthesis and Drug Sup-
ply Program (https://nimh-repository.rti.org). Solutions of
cocaine for injections were prepared fresh for each experi-
ment from frozen 20 mg·mL�1 solutions, with sterile 0.9%
NaCl as solvent. Cocaine doses for in vivo treatments were cal-
culated as the cocaine salt. Treatment (saline or cocaine) was
randomly assigned before each experiment and cohort by an
experimenter, matching group sizes of all conditions within
every cohort. Unless otherwise stated, experiments and anal-
ysis were not conducted blinded for treatment condition.

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Southan
et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexander et al.,
2015a,b,c,d).
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Results

SERT Met172 mice exhibit a loss of
cocaine-sensitivity ex vivo and in vivo
To illustrate the potential for obstruction of the presumptive
cocaine binding site by a Met substitution at Ile172 in mouse
SERT, we used a homology model based on a cocaine-bound
X-ray structure of DAT (Penmatsa et al., 2013). In Figure 1A,
B, the Met172 residue can be seen to introduce greater bulk
into the cocaine binding site that, without other structural
accommodations, could diminish cocaine affinity. With
ex vivo synaptosomal experiments and in vivo microdialysis
experiments, we sought to provide empirical evidence for
this loss. As shown in Figure 1C, dose–response 5-HT uptake
inhibition studies of cocaine and the cocaine analogue
RTI-55 demonstrated significantly lower potencies compared
to WT synaptosome preparations, as demonstrated by 80-
and 550-fold increases in IC50 respectively. In contrast,
potencies for SERT inhibition by the substrates MDMA and
D-amphetamine were unaffected. Although a larger potency
shift was evident for RTI-55, we pursued the use of cocaine
in subsequent investigations because it is the more clinically
relevant substance of abuse. To demonstrate the loss of
cocaine potency in vivo, we examined the ability of systemic
cocaine injections (20 mg·kg�1, i.p.) to elevate extracellular
5-HT using a microdialysis approach. As shown in Figure 2,

whereas cocaine induced the expected rise in extracellular
hippocampal 5-HT in WT animals, SERT Met172 animals
demonstrated a significantly blunted response (Figure 2),
whether profiling the temporal course of cocaine effects or
by calculating a cumulative response (AUC, inset) from 0 to
100 min after drug injection. Mean baseline 5-HT values ±
SEM prior to drug treatment were 0.23 ± 0.08 nM for WT
(N = 7) and 0.17 ± 0.08 nM for Met172 (n = 5), values that
did not differ significantly between the two genotypes
(P > 0.05, Student’s unpaired t-test).

SERT Met172 mice demonstrate an altered
pattern of cocaine-induced locomotion
In open field tests of horizontal locomotor responses to co-
caine, we found no change in basal levels of activity in SERT
Met172mice, when compared withWT animals prior to or af-
ter saline injection (Figure 3A, C). SERT Met172 mice also did
not differ from WT animals in horizontal locomotion levels
(Figure 3B, D) or in total vertical activity or stereotypic behav-
iour (Supporting Information Figure S1) following systemic
cocaine administration (15 mg·kg�1, i.p.). Interestingly, we
detected a change in the pattern of horizontal locomotion.
When individual centre and surround locomotion levels were
normalized to pre-injection values, we detected a reduced
ambulation of SERTMet172 animals in the centre of the open
field chamber (thigmotaxis) as compared to WT animals

Figure 1
Homology models of mouse SERT Ile172 (A) andMet172 (B) superimposed on the DrosophilaDAT-cocaine co-crystal structure suggest steric over-
lap of the Met172 side chain with cocaine. The Ile/Met172 side chain is shown as semi-transparent spheres and cocaine (COC) from the 4XP4
structure is shown in stick mode. Transmembrane domains (TMs) illustrated are part of the binding pocket. (C) The steric overlap of Met172 with
cocaine depicts one potential basis for the loss of high-affinity binding and a subsequent shift in uptake inhibition potency of cocaine for 5-HT
transport, as shown with ex vivo preparation of synaptosomes from WT and SERT Met172 mice. The potency shift is also evident for the
cocaine-analogue RTI-55, whereas amphetamine and MDMA potencies are not affected by the mutation. Data are mean ± SEM of independent
experiments (n = 5 for all, except n = 4 for MDMA WT and n = 3 for MDMA Met172) performed in triplicate. IC50 values ± SEM (n = 5 for
all, except n = 4 for MDMA WT and n = 3 for MDMA Met172) are IC50; cocaine, WT = 0.45 ± 0.03 μM, IC50; cocaine, Met172 = 36 ± 7 μM,
IC50; RTI-55, WT = 1.1 ± 0.2 nM, IC50; RTI-55, Met172 = 0.62 ± 0.10 μM, IC50; amphetamine, WT = 9.4 ± 2.2 μM, IC50; amphetamine, Met172 = 19 ± 4.8 μM,
IC50; MDMA, WT = 0.53 ± 0.11 μM and IC50; MDMA, Met172 = 0.71 ± 0.11 μM. IC50 values for cocaine and RTI-55 were significantly different
between WT and SERT Met172 (P < 0.05; cocaine and RTI-55 analysed separately with Student’s t-test comparing respective WT IC50 vs. SERT
Met172 IC50), but not for amphetamine (P > 0.05). Statistical comparison for MDMA was not conducted since n was <5.

SERT-mediated cocaine effects BJP

British Journal of Pharmacology (2017) 174 2716–2738 2721



(Figure 3D). Next, we examined cocaine-induced locomotor
sensitization in WT and SERT Met172 animals, treated with
cocaine (15 mg·kg�1, i.p.) for five consecutive days and chal-
lenged with cocaine (15 mg·kg�1, i.p.) after an abstinence pe-
riod of 14 days. Compared to hyperlocomotion on day 1 of
cocaine treatment, both WT and SERT Met172 mice showed
significant locomotor sensitization after 5 days of treatment
and challenged after abstinence (Figure 4A). The levels of sen-
sitization were equivalent for both genotypes.

Loss of SERT inhibition increases consumption
and cocaine place preference
Although the locomotor activating properties of cocaine were
intact in the SERT Met172 mice, these assays do not report
whether changes in cocaine hedonic value have been altered.
To explore this dimension, we implemented the two-bottle
choice test where animals are given free choice to
consume cocaine (0.1 mg·mL�1 in water) versus supple-
mented water in the home cage. For this concentration of
cocaine, average daily cocaine intake was as follows: week 1
(WT 15.6 ± 0.86mg·kg�1·day�1; SERT Met172 14.1 ±
1.6mg·kg�1·day�1); week 2 (WT 13.4 ± 0.98mg·kg�1·day�1;
SERT Met172 16.4 ± 1.2mg·kg�1·day�1); week 3 (WT
12.3 ± 0.88mg·kg�1·day�1; SERT Met172 11.8 ±
1.1mg·kg�1·day�1); WT mice demonstrated reduced average
daily intake of cocaine in week 3 versus week 1 (significant
main time effect and genotype × time interaction in

two-way ANOVA, P < 0.05 in Sidak post hoc test). We found
time-dependent genotype differences in preference of
cocaine-containing water relative to non-supplemented wa-
ter. WT animals did not exhibit significant changes in the
preference for cocaine over the course of 3 weeks of testing
(week 1 ~60% vs. water; week 2 ~57% vs. water; week 3
~54% vs. water). In contrast, SERTMet172 mice showed a sig-
nificantly increased preference for cocaine in week two
(~70% vs. water) compared to week 1 (~54% vs. water) or
week 3 (~52% vs. water) of testing (significant main time ef-
fect and genotype × time interaction in two-way ANOVA,
P < 0.05 in Sidak post hoc test). Consequently, the preference
for cocaine at week 2 was significantly higher for SERT
Met172, compared to WT mice (Figure 4B).

As a second test of cocaine ‘liking’, we implemented the
CPP paradigm, where animals are able to associate cocaine
with cues linked to one side of a two-sided chamber. Here,
we found that after 8 days of conditioning (see Methods sec-
tion), both WT and SERT Met172 spent more time in the side
of the chamber (CS+) associated with cocaine injections
(Figure 4C). Notably, SERT Met172 mice exhibited a signifi-
cantly greater increase in time on the cocaine-paired side
than WT mice did. After 8 days of extinction conditioning,
animals of both genotypes displayed a reduced preference
for the formerly cocaine-paired side of the chamber and the
genotype differences in side preference had disappeared.
However, when animals were administered a single cocaine
injection (15 mg·kg�1, i.p.) following extinction training,
the increased preference for CS+ in the SERT Met172 mice
re-emerged.

Cocaine-induced c-Fos is enhanced in the
prelimbic cortex, piriform cortex and the
hippocampal CA3 region in SERT Met172 mice
Our behavioural studies above indicated that SERT Met172
genotype affects the actions of cocaine following both acute
and chronic administration. To identify brain regions
where neuronal activation following acute cocaine
administration is supported by enhanced 5-HT signalling,
we quantified c-Fos expression via immunohistochemistry.
We selected specific brain regions for analysis due to their
published involvement in cocaine action and/or prominent
serotonergic innervation (Zombeck et al., 2010). Compared
to saline, cocaine (20 mg·kg�1, i.p.) induced a significant
increase in the number of c-Fos+ cells in all brain areas
analysed for both WT and SERT Met172 mice (Figure 5).
Whereas we detected no difference in the extent of Fos
induction following cocaine in WT and SERT Met172
animals for the NAc shell, basolateral amygdala, infralimbic
cortex or dorsal striatum, we detected elevated expression
in SERT Met172 versus WT mice in the prelimbic cortex
(PrL), the piriform cortex and the dorsal CA3 region of the
hippocampus.

Contribution of SERT inhibition to cocaine-
induced IEG expression in the PrL and NAc
To extend our studies of c-Fos activation to other IEGs known
to be responsive to acute cocaine administration (Bhat et al.,
1992; Fosnaugh et al., 1995; Nestler, 2012), we quantified
changes in mRNA levels by qRT-PCR, focusing on PrL and

Figure 2
In vivo microdialysis in the ventral hippocampus of SERT Met172
mice reveals a loss of 5-HT elevations following 20 mg·kg�1 cocaine
i.p. Significant main time and genotype effects in two-way
RM-ANOVA. Inset left: probe location in hippocampus �3.18 ante-
rior from bregma. Inset right: AUC from in vivo microdialysis studies,
calculated for 100min post injection, *P< 0.05, signficantly different
from WT; unpaired Student’s t-test. Data plotted are means ± SEM;
n = 5 (WT), 7 (Met172).
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NAc. We chose the PrL because it demonstrated a genotype
effect in our studies of c-Fos-based neuronal activation and
has been consistently implicated in addiction. Although the
NAc, in contrast to the PrL, did not show differential neu-
ronal activation in our previous experiment, we chose to
assess it for mRNA studies because it receives top-down
control from the PrL (Dalley et al., 2011) and is a brain area
where cocaine-induced plasticity of intrinsic neurons (e.g.
medium spiny neurons) are thought to drive cocaine addic-
tion (Koob and Volkow, 2010). We assessed mRNA changes
at 30 and 120 min following acute cocaine injection to
capture the varying dynamics of IEG activation. We ob-
served that, compared to saline, single-dose cocaine treat-
ment significantly increased mRNA levels in both PrL and
NAc for all genes evaluated, at one or both of the time
points, except for Egr1 (also known as Zif268), which
displayed no cocaine-induced change at either 30 or
120 min in PrL (Figure 6B). Significant genotype differences
in cocaine-induced IEG up-regulation were evident in the
NAc (Figure 6A) for Egr1 and Egr2 (males only), driven by
diminished cocaine-induced mRNA elevations relative to
saline in SERT Met172 animals. In the PrL (Figure 6B),
significant genotype differences were evident for Junb,
driven by greater mRNA elevations induced by cocaine in
SERT Met172 compared to WT animals.

To examine whether the SERT Met172 genotype confers
differences in gene expression following chronic cocaine

administration (15 mg·kg�1·day�1 for 5 days), we assessed
IEGs induced 120 min following the last injection, as well as
following a challenge dose administered 14 days following
cocaine abstinence. After the fifth daily cocaine injection,
all IEGs demonstrated cocaine-dependent increases in mRNA
levels in both the NAc and PrL, as evident by significant main
drug effects; however, post hoc tests were not significant for all
conditions (see Figure 7A, B). We did not observe any signifi-
cant main effects of genotype in the chronic treatment.
Following a cocaine challenge administered after cocaine
abstinence, Fosb, Junb and Arc in the NAc and the PrL were sig-
nificantly up-regulated in both genotypes (Figure 8A, B).
SERT Met172 mice did not show increased Egr1 levels in the
NAc after a cocaine challenge, and post hoc testing confirmed
that, in cocaine-treated animals, SERT Met172 Egr1 mRNA
levels are significantly lower compared to WT. Together,
these findings document region-dependent, 5-HT-driven
effects on IEG induction.

Gene networks in the PrL related to
SERT-inhibition in acute and chronic cocaine
action
To gain insight into a broader network of gene activation aris-
ing from cocaine-induced 5-HT elevations, we pursued
transcriptome-wide analysis of mRNA levels using RNA se-
quencing (see Table S1–S8 for normalized expression levels

Figure 3
Locomotor response to cocaine in WT and SERT Met172 mice. Acute locomotor activity after 20 mL·kg�1 saline i.p. (A) and 15 mg·kg�1 cocaine
i.p. (B) was not different between WT and SERT Met172 mice (two-way RM-ANOVA). I.p. injections were administered at time point 0. (C, D)
Locomotor activity presented as average distance travelled in 10 min blocks during 50 min post injection normalized to individual baseline
activities recorded 10 min prior to the injection. Surround and centre zone in the open field test were differentiated. No genotype differences
were observed after saline treatment (C). After cocaine treatment (D), SERT Met 172 mice showed less ambulation in the centre zone than
WT mice. Significant interaction effect but main drug and zone effect were not significant. Normalized locomotion is average distance travelled
during 30 min post injection divided by average distance during 10 min prior to injection. Data plotted are means ± SEM, n = 27 (WT),
20 (Met172), *P < 0.05, signficantly different as indicated; two-way ANOVA with Sidak’s post hoc test.
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and statistics). Using a nominal cut-off of P < 0.05 for
differentially expressed genes (DEGs; cocaine-treated WT vs.
cocaine-treated SERT Met172 mice), the PrL showed more
5-HT sensitive genes than the NAc (370 DEGs in the PrL vs.
55 DEGs in the NAc) following acute treatment, consistent
with the greater degree of neuronal activation in the former
region observed in c-Fos studies. In contrast, chronic
treatment resulted in a greater genotype-dependent effect
on gene expression in the NAc than in the PrL (319 DEGs in
the PrL vs. 1517 DEGs in the NAc). Of the acute DEGs, only
one DEG in the PrL, Ano3, survived a 5% FDR, whereas only
Arc reached that threshold in the PrL following chronic
treatment. In the NAc, no genotype-dependent changes in
gene expression following acute cocaine administration
survived FDR correction, whereas 292 genes, including Arc,
Junb, Fosb, Egr1 and Egr2, passed this threshold following
chronic cocaine treatment.

As false discovery rate corrections impose stringent lim-
itations on the detection of potentially important func-
tional differences in individual genes, we also asked
whether specific signalling pathways were overly enriched
compared to chance with genes that satisfied the nominal
P value < 0.05 to examine pathways enriched for
SERT-dependent DEGs. For the NAc data set obtained after
chronic treatment, we used < 5% FDR as in this instance a
larger number of genes survived FDR correction. Interest-
ingly, this analysis identified networks associated with
NFκB, ERK1/2 and Jnk signalling in both the NAc and PrL
after acute and chronic treatment (Table 1, Figure 9 and
Supporting Information Figures S2–S20). In the acute treat-
ment, gene networks in the PrL included more DEGs than
the gene networks in the NAc, whereas such regional differ-
ences were not observed in the chronic treatment. Several
networks were observed in the same brain area in both

Figure 4
(A) Locomotor sensitization to cocaine (15 mg·kg�1, i.p.) did not differ between WT and SERT Met172 mice. Significant main time effect in two-
way RM-ANOVA. *P < 0.05, signficantly differences between day 5 and day 1 and between challenge and day 1; Sidak post hoc test, n = 26 (WT),
28 (Met172). (B) Two-bottle choice test to assess consumption of cocaine (0.1 mg·mL�1) administered in the drinking water. WT mice did not
change their preference for cocaine-supplemented water relative to supplemented drinking water over time. Met172 mice showed a greater co-
caine preference compared to WT in the second week (significant interaction and main time effect. Data are means ± SEM, n = 19 (WT), 8
(Met172). *P < 0.05, signficantly different from WT; two-way ANOVA with Sidak post hoc test,. (C; top) Schematic outline of the paradigm. C,
cocaine treatment (15 mg·kg�1, i.p.); S, saline treatment; +, in cocaine-paired cue (CS+); �, in saline-paired cue (CS�). Place preference testing
occurred on days 1 (D1), 2 (D2), 11 (D11), 20 (D20) and 21 (D21). (C; bottom) Conditioned place preference Δtime in CS+ represents individual
time difference spent in the cocaine-paired chamber on test day versus pre-conditioning day. Values are seconds from total 1200 s session time.
SERT Met172 mice spent more time in CS+ than WT post conditioning and after cocaine (15 mg·kg�1) reinstatement. Significant main time and
genotype effect in two-way ANOVA, All data represent mean ± SEM; n = 76 for post conditioning and post extinction, n = 32 (WT), 28 (Met172)
for reinstatement. * P < 0.05, signficantly different from WT; Sidak post hoc test.
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the acute and chronic treatment, for example, the
ERK1/2-related network in the PrL. Although these net-
works had the same genes as network hubs, the DEGs
forming the networks were different between acute and
chronic paradigms. Other networks, for example, that
linked to PrL Akt signalling (acute cocaine treatment) or
NAc ERK1/2 (chronic cocaine treatment) (Figure 9), were
specific to the duration of cocaine treatment and brain re-
gion of analysis.

Discussion
The elimination of high-affinity cocaine recognition in the
SERT Met172 mouse in the absence of altered baseline 5-HT
transport provides an ideal opportunity to examine the de-
gree to which SERT inhibition contributes to the molecular
and behavioural actions of the psychostimulant, without
the confounding aspects of the SERT KOmodel. In our initial
studies (Thompson et al., 2011; Nackenoff et al., 2016), we

Figure 5
Identification of brain regions where SERT-inhibition had a significant contribution to c-Fos expression. Brains from WT and SERT Met172 mice
were collected 120 min after a single dose of cocaine (20 mg·kg�1, i.p.) or saline. (A) Areas in which stained nuclei were quantified (BLA,
basolateral amygdala; CA3, hippocampal CA3; dCPu, dorsal caudate putamen; IL, infralimbic cortex; NAcS, nucleus accumbens shell; pir, piriform
cortex; PrL, prelimbic cortex). (B) Representative pictures of c-Fos positive stained nuclei in the prelimbic cortex. (C) Quantified c-Fos expression as
marker for neuronal activity in selected brain areas for saline and cocaine-treated mice. Using two-way ANOVA, we found significant main treat-
ment effects in all brain areas displayed here, and additionally a significant main genotype effect in the CA3, piriform cortex and PrL. Data plotted
are means ± SEM; n = 19–25; exact group sizes are indicated in the graphs. *P < 0.05, signficantly different as indicated; Sidak post hoc test.
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Figure 6
(A) Selected IEG mRNA expression in the nucleus accumbens (NAc) from WT and SERT Met172, 30 and 120 min after a single dose of cocaine
(20 mg·kg�1, i.p.) or saline. Gene expression was calculated relative to levels of the housekeeping gene Tbp and normalized to the WT saline con-
trol of the respective time point. All genes were analysed separately using two-way ANOVA with Sidak post hoc test at the 30 and 120 min time
points. We found significant main effects of drug in all groups except for Egr1 at 30 min and Fos at 120 min and a significant interaction between
the effects of drug and genotype for Egr1 and Egr2 at 120 min. Males and females were analysed separately for Egr2 at 120 min since a significant
main sex effect was evident. All other data are males and females combined as no sex differences were observed. n = 7–16; exact group sizes are
indicated in the graphs. (B) IEGmRNA expression in the PrL fromWT and SERTMet172 30 and 120min after a single dose of cocaine (20mg·kg�1,
i.p.) or saline. We found significant main treatment effects for Fos, Fosb and Junb at 30 and 120 min and for Arc and Egr2 at 120 min. A significant
main effect of genotype was evident for Junb at 120 min. All data are males and females combined as no sex differences were observed. Data plot-
ted represent mean ± SEM; n = 7–9; exact group sizes are indicated in the graphs. *P < 0.05, signficantly different as indicated, two-way ANOVA
with Sidak post hoc test. cocaine versus respective saline or WT versus SERT Met172.
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Figure 7
(A) IEGs mRNA expression in the NAc from WT and SERT Met172 chronically treated with cocaine (15 mg·kg�1, i.p.) or saline (20 mL·kg�1) and
killed 120 min after the last injection. Main treatment effect was significant for all genes, two-way ANOVA, * indicates P < 0.05, Sidak post hoc
saline versus cocaine, n = 9–10; exact group sizes are indicated in the graphs. (B) IEGs expression in the prelimbic cortex from chronically treated
mice. Main treatment effect was significant for all genes except for Egr2, two-way ANOVA, Data represent mean ± SEM; n = 9–11; exact group
sizes are indicated in the graphs. *P < 0.05, signficantly different as indicated; Sidak post hoc test.
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Figure 8
(A) IEGs mRNA expression in the nucleus accumbens from WT and SERT Met172 chronically treated with cocaine (15 mg·kg�1, i.p.) or saline
(20mL·kg�1) followed by 14 days of abstinence and a challenge dose (cocaine 15mg·kg�1 or saline). Mice were killed 120min after the challenge
dose. Main interaction for Egr1 and main treatment effect for all genes except for Egr2; two-way ANOVA Data are mean ± SEM.; n = 8–9; exact
group sizes are indicated in the graphs. * P< 0.05, signficantly different as indicated; Sidak post hoc test. (B) IEGs expression in the prelimbic cortex
from mice challenged with a cocaine or saline dose after 14 days abstinence as described in A. Main treatment effect for Fosb, Junb, Egr1 and Arc,
two-way ANOVA. Data are mean ± SEM; n = 8–9; exact group sizes are indicated in the graphs. *P< 0.05, signficantly different as indicated; Sidak
post hoc test.
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Table 1
Top networks for the NAc and PrL from Ingenuity Pathway Analysis with genes differentially expressed in WT and SERT Met172 mice treated with
acute and chronic cocaine

Brain area;
treatment
paradigm

Network
hub

N of protein-coding
genes in the
network that were
differentially
expressed

Up-regulated
protein-coding
genes in network that
reached threshold for
differential expression

Down-regulated
protein-coding genes
in network that reached
threshold for differential
expression

NAc; acute Mapk8 (JNK) 22 Cd24a, Cdca7, Col5A1, Dcx,
Igfbpl1, Kif23, Marcksl1, Nfe2l3,
Nusap1, Pbk, Prc1, Prr11, Rnasel,
Rrm2, Thbs4, Top2a

Acvr1c, Cd4, Cep126, Icam1, Mme,
Myoc

NAc; acute Ubc (UBC) 15 Aspm, Fam83d, Hes6,
2810417H13Rik, Lmbr1l,
Mki67, Pole, Tac2, Wdr6

Dach1, Dgkb, Mpp7, Pde7b,
S100pbp, Spock3

NAc; acute Ubc (UBC) 13 Ckap2l, Cpne7, Fkbp10, Grhl1,
Mex3a, Olfml2b, Pbk, Rnasel,
Slc26a11

Impg1, Pld5, S100pbp, Slc35d3

NAc; acute Nfkb1; Mapk1
(NFκB; ERK)

8 Calb2, Sp8 Ano3, Erdr1, Jph1, Musk, Slc22a3,
Uhrf1

PrL; acute Nfkb1 (NFκB) 29 Cep164, Dzip1, Frem1, Luc7l3,
Mcc, Mtbp, Pdcd5, Slc15a2,
Tagln2

Ano3, Bcl11b, Camk4, Dffa, Inf2,
Map3k13, Nnpnt, Nvl, Pcp4l1,
Pim3, Ppm1l, Slc16a3, Slc25a4,
Slc25a5, Slc25a13, Smpd3, Strn,
Syt2, Tmem14c, Trpc3

PrL; acute Akt1 (Akt) 27 Dffb, Dpysl2, Fam107a, Gng13,
Hook2, Nek1, Pfdn5, Rgs11, Rpl17,
Rpl37, Rpl39, Rpl22l1, Tnfrsf22/
Tnfrsf23

Adcy5, Cdc42ep3, Gnb5, Ina,
Kcna1, Kcna5, Kcnab1, Lrrk2, Nefl,
Nefm, Parm1, Rgs9, Ric8b, Ttll7

PrL; acute Mapk8 (JNK) 23 Akap8l, Arhgap31, Cbs/
LOC102724560, Col5a1, Col5a3,
Flnb, Psrc1, Rassf2, Tfr2, Tgfbr1

Acvr1b, Adamts2, Add2, Cdk17,
Clip4, Dach1, Igsf1, Kif11, Osbpl8,
Peg10, Ppp6c, Rasd2, Spats2

PrL; acute Mapk1; Mapk3
(ERK1/2)

22 Akap13, C4a/C4b, Dio2, Fcgr2b,
Fxyd55, Mfge8, Nktr, Wsb1, Zfp57

Akap5, Cebpd, Chn2, Cyld, Dgkb,
Dgki, Dlk1, Kcnq3, Ndfip2, Pacsin2,
Sema3f, Trpc5, Wnt2

PrL; acute Mapk1 (ERK) 22 Arhgef5, Ccdc80, Fau, Rps25,
Rps27a, Sst

Cartpt, Epha7, Got1, Irs2, Nkx6–2,
Oasl2, Pcsk1, Pde10a, Pde1b,
Pde1c, Pde7b, Pdyn, Penk, Rnf130,
Slc5a7, Tac1

NAc; chronic Mapk1; Mapk3
(ERK1/2)

23 B3gnt2, Tmem158 Abca1, Ank2, B3gnt2, Cntnap1,
Irs4, Lrp1, Lrp8, Lrp1B, Ptprb, Ptprd,
Ptprg, Ptprt, Ptprz1, Rasd1, Ryr2,
Scn1a, Scn8a, Scube1, Slc6a11,
Smg1, Tnr, Vwf

NAc; chronic Nfkb1 (NFκB) 23 Acvrl1, Brms1, Cyp2s1, Nrgn, Peli1,
Spata2l, Trim8,

Akap13, Cacna1d, Camk2d,
Cyp2j6, Dscam, Epha10, Flnb,
Igsf1, Lrrfip1, Myo16, Nrxn1, Rif1,
Slc30a3, Slc8a1, Vsnl1, Wnt10a

NAc; chronic Mapk1 (ERK) 23 Dlx5, Egr2, Egr3, Fosb, Homer1,
Nab2, Nr4a1, Nr4a3, Pdp1,
Pou3f1, Sox8, Sox10, Top2a

Adarb1, Fat1, Kcnc1, Mdn1, Mid1,
Nf1, Pde1a, Prkdc, Rasgrf2, Shank1

NAc; chronic Akt1 (Akt) 20 Akt1s1, Arc, Dach1, Egr1, Egr4,
Foxg1, Foxo1, Foxo6, Mpped2,
Rxrg, Vgf

Bsn, Dzip1, Mrpl55, Nrp2, Pclo,
Plxna1, Plxna4, Plxnb1, Slit2

NAc; chronic Junb (JUNB) 18 Junb, Klf5, Lmo2, Mme, Spry2,
Tiparp

Apc, Birc6, Exph5, Faah, Hipk2,
AI314180, Lpp, Macf1, Nav1,
Nr2f1, Ubr4, Usp24

continues
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capitalized on the SERT Met172 model and its loss of high-
affinity SSRI recognition to demonstrate a requirement for
5-HT signalling in preclinical measures of antidepressant
action. The model also proved capable of identifying SERT-
independent actions of the SSRI citalopram, specifically
an effect on axon guidance mediated by σ receptor interac-
tions (Bonnin et al., 2012).

In the present study, we first demonstrated the loss of co-
caine sensitivity at SERT Met172 ex vivo and in vivo and then
assessed the effects of this loss of SERT inhibition to
cocaine-mediated behaviour and gene expression. The slow
rise in 5-HT levels in the hippocampus compared with the
faster onset of cocaine locomotor effects suggests a role for
signalling by other cocaine-elevated neurotransmitters, such
as neostriatal dopamine signalling, which our genotype
comparisons support. The rate of rise of 5-HT in the hippo-
campus, compared to the rise of dopamine in the NAc or
striatum, will be a complex factor of the density of 5-HT and
dopamine fibres in these regions, the basal and drug-
modulated firing rates of these projections and the differen-
tial potencies of cocaine for SERT and DAT. Our initial
findings confirmed that acute locomotor response as well as
sensitization to the locomotor effects of cocaine are indepen-
dent of SERT blockade, which was long suspected but not pre-
viously demonstrated conclusively. Given the powerful
modulation exerted by dopamine on subcortical motor sys-
tems and the ability of dopamine receptor antagonists to

block acute locomotor effects of cocaine (O’Neill and Shaw,
1999), we expected that acute response to cocaine in the open
field would derive predominantly from DAT blockade. In-
deed, mice rendered less sensitive to cocaine at DAT via an
analogous mutation approach demonstrate a complete loss
of locomotor activation following acute cocaine administra-
tion (Chen et al., 2006). This model has been used to demon-
strate that DAT inhibition is also required for cocaine
sensitization (O’Neill et al., 2014). Interestingly, we did detect
a significant change in the pattern of locomotion after
cocaine treatment in SERTMet172 animals, with reduced am-
bulation in the centre of the chamber compared with WT
animals. To our knowledge, the only previous connection be-
tween cocaine-modulated zone entry and the 5-HT system
are reports by Carey and colleagues who showed that a
5-HT1A agonist suppressed centre entries after cocaine
administration (Carey et al., 2002; Carey et al., 2008). Centre
versus surround occupancy and locomotion in open field
chambers is a measure of anxiety-like behaviour and is sensi-
tive to anxiolytic treatments (Prut and Belzung, 2003). Thus,
it is tempting to suggest that SERT antagonism by cocaine re-
duces the potentially anxiogenic effect of being injected with
a powerful psychoactivating agent. However, the interpreta-
tion of centre/surround measure as an anxiety measure has
also been questioned due to the failure of mouse strains
(particularly the C57BL/6 background of our SERT Met172
line) to be sensitive to prototypical anxiolytic drugs

Table 1 (Continued)

Brain area;
treatment
paradigm

Network
hub

N of protein-coding
genes in the
network that were
differentially
expressed

Up-regulated
protein-coding
genes in network that
reached threshold for
differential expression

Down-regulated
protein-coding genes
in network that reached
threshold for differential
expression

PrL; chronic Map2k1; Map2k2
(MAP2K1/2)

21 Bdnf, Btg2, Cartpt, Cck, Dusp1,
Dusp6, Klf10, Nudt11, Pvalb

Adcy9, Galnt10, Gdf11, Ksr1,
Mef2d, Pde10a, Plxnb2, Plxnd1,
Ptprf, Ptprh, Slit1, Ssh1

PrL; chronic Mapk1; Mapk3
(ERK1/2)

20 Arc, Dpysl2, Il17d, Spry4, Trib1,
Vapa

Aebp1, Cntnap1, Dag1, Dpysl3,
Gnaz, Klhl3, Mid1, Myoc, Ndst1,
Pcdhgc3, Slc12a7, Slc17a6, Trpm2,
Wnk2

PrL; chronic Nfkb1 (NFκB) 19 2700029M09Rik, Camk2n1,
Gadd45a, Gadd45b, Gas5, Ier2,
Nfil3, Pttg1, Wnt10a

C4a/C4b, Cacna1h, Cacnb1,
Cacng4, Dvl3, Efs, Fosb, Peli3,
Rusc2, Znf668

PrL; chronic Mapk8 (JNK) 19 Clk1, Cox5a, Cycs, Cyr61, Junb,
Lsm1, Lsm5, Nr4a1, Snrpf, Tra2a,
Zcrb1

Arhgef10l, Cabp7, Col6a2, Ints1,
Myt1l, Nlgn3, Smpd3, Ttc28

PrL; chronic Racgap1 (GTPase) 32 Alkbh2, C9orf40, Crk, Hjurp,
Htatip2, Msrb3, Nprl2, Nrsn1,
Nxf1, Ovol2

Abca2, Adap1, Agap2, Arhgef17,
Atad2, Ccnd1, Cybrd1, Evi5l,
Gltscr1, Kcnd1, Lnx2, Megf8,
Mex3b, Myo18a, Ncl, Nfe2l2,
Pcdha2, Pcdha3, Pcdha10,
Plekhg5, Rabgap1l, Srgap2

WT and SERT Met172 mice were treated once with 20 mg·kg�1 cocaine i.p. (acute) or on five consecutive days with 15 mg·kg�1 cocaine i.p. (chronic).
Mice were killed 120min after the last cocaine dose. Each network consists of 35 genes total. Genes within the network that were differentially expressed
are listed. Network hub genes are noted in two common nomenclatures. The graphical illustration for each network can be found in the Supplementary
Information. Genes with higher expression in WT than in SERT Met172 mice are up-regulated, and molecules with lower expression in WT than in SERT
Met172 mice are down-regulated.
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Figure 9
Representative gene networks that were significantly regulated (P < 0.05 with the Fisher’s exact test) in response to cocaine in WT compared to
SERT Met172 mice. Gene expression was assessed using RNA-Seq and figures were generated by Ingenuity Pathway Analysis Path Designer
(Qiagen). (A) Network centred around the network hub genes Akt (Akt1) in the PrL after acute cocaine treatment (20 mg·kg�1). (B) Network
centred around the network hub genes ERK1/2 (Mapk1 and Mapk3) in the NAc after chronic cocaine treatment (5 days, 15 mg·kg�1 daily). Seed
molecules from the list of differentially regulated genes in WT compared to SERT Met172 mice are shown in the form of protein networks in red
(upregulated in WT) or green (down-regulated in WT), along with other molecules (grey and white) that connect smaller networks to make larger
networks. Darker green or red indicates higher statistical significance for differential gene expression. Interaction or regulation between proteins
or complexes is shown with arrows (activation) or blunt-ended lines (inhibition). See Supporting Information Figures S7 and S11 for subcellular
network versions of panels A and B.
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(Thompson et al., 2015). As the latter agents typically act via
GABAergic mechanisms, it is possible that the broader actions
of these agents may confound attempts to use pharmacology
to attribute predictive validity to this measure. Future studies
examining the SERTMet172model in other tests with predic-
tive validity for anxiolytic agents may prove useful in further
analysis of these observations.

The two-bottle choice and CPP tests provide measures of
drug liking, with the CPP test offering opportunities to assess
aspects of reward-driven contextual learning. Both tests pro-
vide evidence of a suppressive contribution normally made
by augmented 5-HT signalling following cocaine administra-
tion and suggest that SERT inhibition by cocaine attenuates
specific cocaine-related action. Our findings are in accor-
dance with an increased preference for the cocaine-paired
compartment observed in SERT KO mice (Sora et al., 1998).
Specific 5-HT receptors have also been implicated in themod-
ulation of cocaine CPP. For example, pharmacological modu-
lation of the 5-HT2C receptor with a selective agonist (Craige
and Unterwald, 2013) and 5-HT6 receptor overexpression
in the NAc (Ferguson et al., 2008) reduced cocaine CPP. The
modulation of the reward system by 5-HT is a widely accepted
hypothesis (Daw et al., 2002) and is supported by a shift to
lower abuse liability for amphetamine analogues that display
a relative elevation in SERT, compared with DAT inhibition
(Wee et al., 2005; Bauer et al., 2013). Our behavioural findings
provide further evidence for an opposing role of 5-HT effects
in cocaine abuse liability.

In c-Fos-based studies of cocaine-induced neuronal activa-
tion, we found further evidence of a normally suppressive role
of SERT inhibition, revealed by increased numbers of c-Fos
immunoreactive neurons in SERT Met172 mice following co-
caine injections. This pattern was region-specific, with signif-
icant changes evident in PrL, CA3 hippocampus and piriform
cortex. Serotonergic inputs innervate and excite GABAergic
interneurons in many cortical regions including these three
regions (Freund et al., 1990; Gellman and Aghajanian, 1993;
Santana et al., 2004). Loss of 5-HT-driven activation of these
interneurons due to a lack of SERT inhibition by cocaine and
subsequent loss of pyramidal cell inhibition could account
for our findings. Together with the infralimbic cortex, the
PrL constitutes the medial prefrontal cortex (mPFC), which
sends glutamatergic projections to the NAc and mediates
cocaine-evoked plasticity (Pascoli et al., 2014b). The SERT-
dependent modulation of cocaine effects in the PrL could be
of significance with respect to an eventual progression to co-
caine dependence since this region plays a crucial role in
top-down control over the behaviours driven by networks
within the ventral striatum (Dalley et al., 2011), and 5-HT sig-
nalling via 5-HT2A and 5-HT2C receptors in the mPFC is impli-
cated in cocaine cue reactivity and self-administration
(Anastasio et al., 2014; Cunningham and Anastasio, 2014).

As IEGs have been demonstrated to be elevated in re-
sponse to acute cocaine administration, and neuroadaptive
changes of relevance to addiction are linked to persistent
drug-induced changes in transcription factors, including
IEGs (Nestler, 2012), we evaluated several IEGs to broaden
our evaluation of molecular pathways where cocaine-
induced activation is significantly influenced by elevated
5-HT signalling. Overall, SERT-mediated IEGs expression
changes were subtle, which agrees with our locomotor

sensitization data and a prominent role of striatal dopamine
D1 receptors in activation of IEGs (Drago et al., 1996). Nev-
ertheless, SERT Met172 and WT comparisons revealed geno-
type differences for some IEGs in both PrL and the NAc. The
reduced activation of IEGs in the NAc suggests that the ac-
tions of cocaine on WT SERT provide a stimulatory effect
onto principle neurons in this region. As one potential target,
antagonists of 5HT2A receptors attenuate c-Fos activation in
the NAc (Szucs et al., 2005). A role of 5-HT in Egr1 regulation
has been shown as lesions of 5-HT neurons resulted in
blunted Egr1 expression after cocaine and amphetamine
injections (Bhat et al., 1992). Additionally, cocaethylene, the
metabolite that is formed from cocaine in combination with
ethanol, acts more potently on DAT than SERT and induces
lower Egr1 and Fos expression in the NAc than cocaine
(Thiriet et al., 2000).

Further confirming a role of SERT in IEG expression, Arc
(activity-regulated cytoskeletal associated protein) stood out
in the RNA-Seq data set from chronic treatment, with signifi-
cantly (FDR < 5%) lower expression in SERT Met172 com-
pared to WT, both in the PrL and in the NAc. As an IEG
effector protein expressed in dendrites, Arc is regulated via
synaptic excitation and has been implicated in cocaine sensi-
tization (Samaha et al., 2004). Arc expression is directly con-
nected to the expression of the IEGs Egr1 and Egr3 (Li et al.,
2005), and the lower Egr1 and Egr3 expression levels we found
for cocaine-treated SERTMet172mice compared toWT in the
RNA-Seq data set are therefore consistent with our finding of
relatively lower Arc levels.

Pathway analysis performed with our transcriptome-wide
expression data set offers a strategy to capture 5-HT-
dependent signalling networks activated by cocaine without
the power limitations of individual gene comparisons. This
effort revealed networks associated with specific MAP-kinases
(i.e. ERK2, ERK1 and Jnk) and Akt in PrL and NAc in both
acute and chronic cocaine treatment. ERK1 and ERK2 (Mapk1
and Mapk3 in mouse gene nomenclature) have been strongly
linked to drug-induced plasticity (Pascoli et al., 2014a), co-
caine CPP and locomotor sensitization (Ferguson et al.,
2006; Valjent et al., 2006; Pascoli et al., 2011). We also found
significant DEG networks associated with the transcription
factor NF-κB, which is activated by ΔFosB (a truncated prod-
uct of Fosb) and plays a role in mediating cocaine reward
and NAc neuronal morphology (Russo et al., 2009; Robison
and Nestler, 2011). Genes in networks associated with Akt
(Akt1; protein kinase B) were also significantly differentially
expressed in our RNA-Seq experiments, aligning with evi-
dence for the Akt-GSK3 signalling pathway playing a role in
cocaine CPP (Miller et al., 2014). Only a few studies have to
date associated these pathways with the serotonergic compo-
nents of cocaine action. SSRIs induce ERK phosphorylation in
the prefrontal cortex (Valjent et al., 2004), and cocaine
occludes hippocampal long-term potentiation via 5-HT1A

receptors and ERK signalling (Grzegorzewska et al., 2010).
Importantly, these network hub molecules were not them-
selves differentially expressed between genotypes, indicating
that our network analyses were able to bring their potential
roles to light in a way that would not be established by simply
examining individual DEGs. Our RNA-Seq studies thus sup-
port a contribution of SERT inhibition to adaptations in spe-
cific signalling networks that drive critical plasticity likely to
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underlie addiction. More targeted studies are now warranted,
where, for example, pharmacological or genetic modulation
of specific 5-HT receptors, or more network based interven-
tions, can be employed to limit drug self-administration or
reinstatement.

Our work documents a pattern of neuronal activation and
gene expression linked specifically through use of the SERT
Met172 model to cocaine inhibition of SERT. To date, most
strategies to generate pharmacological approaches to combat
cocaine addiction have centred on manipulation of
dopamine signalling, for example, the development of non-
reinforcing cocaine analogues that might serve as ‘cocaine
antagonists’. Further work is needed to assess whether
and/or how the SERT-dependent actions of cocaine that we
reveal relate to cocaine addiction, though evidence indicates
that manipulation of specific facets of 5-HT action may limit
substance abuse (Howell and Cunningham, 2015). From this
perspective, our data set of specific network influences may
be helpful in sharpening pharmacological options that affect
the SERT-dependent networks activated by cocaine. Our work
may also provide a better understanding of the actions of new
psychoactive substances (NPS), such as bath salts that also act
on multiple monoamine transporters. Many NPS resemble in
structure or effects the well-known psychostimulants includ-
ing cocaine, amphetamine and MDMA (Baumann et al.,
2013; Simmler et al., 2013). The variable induction of 5-HT-
dependent networks by these agents may ultimately dictate
the differential characteristics of NPS exposure and the degree
to which the generalization of cocaine-targeted therapies will
succeed for these emerging drugs of abuse. Furthermore, if the
changes in locomotor patterns we observe (centre vs. sur-
round) following cocaine administration to SERT Met172 as
compared with WT animals, are indicative of an anxiogenic
response, the SERT-dependent patterns of neuronal activa-
tion and gene networks we have uncovered may also aid in
understanding the participation of 5-HT signalling to
anxiety.
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Figure S1 Stereotypies and vertical movements in the open
field test in response to acute cocaine as a function of geno-
type. Number of stereotypies (A), time in stereotypy (B), num-
ber of vertical counts (C), and time vertical (D) during 50 min
post injections. Saline (20 ml kg-1 i.p.) was administered in
the first and cocaine (15 mg kg-1 cocaine i.p.) in the second
session. Data represent mean ± S.E.M., n=28-31. Main treat-
ment effect was significant in RM-2-way ANOVA. *P<0.05,
by Sidak’s post hoc test.
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Figures S2 Jnk-related network, generated by IPA Path De-
signer (Qiagen). This gene network was significantly regu-
lated (P<0.05, with the Fisher’s Exact Test) in the NAc in
response to acute cocaine (20 mg kg-1, i.p.) in WT compared
to SERT Met172 mice. The network is centered around the
network hub gene Jnk. Seed molecules from the list of differ-
entially regulated genes in WT compared to SERT Met172
mice are shown in the form of protein networks in red (upreg-
ulated in WT) and green (downregulated in WT), along with
other molecules (gray and white) that connect smaller net-
works to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figure S3 UBC related network, generated by IPA Path De-
signer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the NAc in
response to acute cocaine (20 mg kg-1, i.p.) in WT compared
to SERT Met172 mice. The network is centered around the
network hub gene UBC. Seedmolecules from the list of differ-
entially regulated genes in WT compared to SERT Met172
mice are shown in the form of protein networks in red (upreg-
ulated in WT) and green (downregulated in WT), along with
other molecules (gray and white) that connect smaller net-
works to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figure S4 UBC related network, generated by IPA Path De-
signer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the NAc in
response to acute cocaine (20 mg kg-1, i.p.) in WT compared
to SERT Met172 mice. The network is centered around the
network hub gene UBC. Seedmolecules from the list of differ-
entially regulated genes in WT compared to SERT Met172
mice are shown in the form of protein networks in red (upreg-
ulated in WT) and green (downregulated in WT), along with
other molecules (gray and white) that connect smaller net-
works to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figure S5 NFκB/ERK related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in response to
acute cocaine (20 mg kg-1, i.p.) in WT compared to SERT
Met172 mice. The network is centered around the network
hub genes NFκB and ERK. Seed molecules from the list of dif-
ferentially regulated genes in WT compared to SERT Met172
mice are shown in the form of protein networks in red (upreg-
ulated in WT) and green (downregulated in WT), along with
other molecules (gray and white) that connect smaller net-
works to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figure S6 NFκB related network, generated by IPA Path De-
signer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the PrL in
response to acute cocaine (20 mg kg-1, i.p.) in WT compared
to SERT Met172 mice. The network is centered around the
network hub genes NFκB. Seed molecules from the list of dif-
ferentially regulated genes in WT compared to SERT Met172
mice are shown in the form of protein networks in red (upreg-
ulated in WT) and green (downregulated in WT), along with

other molecules (gray and white) that connect smaller net-
works to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figure S7 Akt related network, generated by IPA Path De-
signer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the PrL in
response to acute cocaine (20 mg kg-1, i.p.) in WT compared
to SERT Met172 mice. Network is centered around the net-
work hub genes Akt. Seed molecules from the list of differen-
tially regulated genes in WT compared to SERT Met172 mice
are shown in the form of protein networks in red (upregu-
lated in WT) and green (downregulated in WT), along with
other molecules (gray and white) that connect smaller net-
works to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figures S8 Jnk related network, generated by IPA Path De-
signer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the PrL in
response to acute cocaine (20 mg kg-1, i.p.) in WT compared
to SERT Met172 mice. Network is centered around the net-
work hub genes Jnk. Seed molecules from the list of differen-
tially regulated genes in WT compared to SERT Met172 mice
are shown in the form of protein networks in red (upregu-
lated in WT) and green (downregulated in WT), along with
other molecules (gray and white) that connect smaller net-
works to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figure S9 ERK1/2 related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the PrL in re-
sponse to acute cocaine (20 mg kg-1, i.p.) in WT compared
to SERT Met172 mice. Network is centered around the net-
work hub genes ERK1/2. Seedmolecules from the list of differ-
entially regulated genes in WT compared to SERT Met172
mice are shown in the form of protein networks in red (upreg-
ulated in WT) and green (downregulated in WT), along with
other molecules (gray and white) that connect smaller net-
works to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figure S10 ERK related network, generated by IPA Path De-
signer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the PrL in
response to acute cocaine (20 mg kg-1, i.p.) in WT compared
to SERT Met172 mice. Network is centered around the net-
work hub genes ERK. Seed molecules from the list of differen-
tially regulated genes in WT compared to SERT Met172 mice
are shown in the form of protein networks in red (upregu-
lated in WT) and green (downregulated in WT), along with
other molecules (gray and white) that connect smaller net-
works to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figures S11 ERK1/2 related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the NAc in re-
sponse to chronic cocaine (15 mg kg-1, i.p. for five days) in
WT compared to SERT Met172 mice. Network is centered
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around the network hub gene ERK1/2. Seed molecules from
the list of differentially regulated genes in WT compared to
SERTMet172mice are shown in the form of protein networks
in red (upregulated inWT) and green (downregulated inWT),
along with other molecules (gray and white) that connect
smaller networks to make larger networks. Interaction or reg-
ulation between proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figures S12 NFκB related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly
regulated (P<0.05 with the Fisher’s Exact Test) in the
NAc in response to chronic cocaine (15 mg kg-1, i.p. for
five days) in WT compared to SERT Met172 mice. Net-
work is centered around the network hub gene NFκB.
Seed molecules from the list of differentially regulated
genes in WT compared to SERT Met172 mice are shown
in the form of protein networks in red (upregulated in
WT) and green (downregulated in WT), along with other
molecules (gray and white) that connect smaller networks
to make larger networks. Interaction or regulation be-
tween proteins or complexes is shown with arrows (acti-
vation) or blunt-ended lines (inhibition).
Figures S13 ERK related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly
regulated (P<0.05 with the Fisher’s Exact Test) in the
NAc in response to chronic cocaine (15 mg kg-1, i.p. for
five days) in WT compared to SERT Met172 mice. Net-
work is centered around the network hub gene ERK. Seed
molecules from the list of differentially regulated genes in
WT compared to SERT Met172 mice are shown in the
form of protein networks in red (upregulated in WT)
and green (downregulated in WT), along with other mol-
ecules (gray and white) that connect smaller networks to
make larger networks. Interaction or regulation between
proteins or complexes is shown with arrows (activation)
or blunt-ended lines (inhibition).
Figures S14 Akt related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly reg-
ulated (P<0.05 with the Fisher’s Exact Test) in the NAc in
response to chronic cocaine (15 mg kg-1, i.p. for five days)
in WT compared to SERT Met172 mice. Network is cen-
tered around the network hub gene Akt. Seed molecules
from the list of differentially regulated genes in WT com-
pared to SERT Met172 mice are shown in the form of pro-
tein networks in red (upregulated in WT) and green
(downregulated in WT), along with other molecules (gray
and white) that connect smaller networks to make larger
networks. Interaction or regulation between proteins or
complexes is shown with arrows (activation) or blunt-
ended lines (inhibition).
Figures S15 JUNB related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly reg-
ulated (P<0.05 with the Fisher’s Exact Test) in the NAc in
response to chronic cocaine (15 mg kg-1, i.p. for five days)
in WT compared to SERT Met172 mice. Network is cen-
tered around the network hub gene JUNB, but also actin,
caspase, and cyclin A. Seed molecules from the list of dif-
ferentially regulated genes in WT compared to SERT
Met172 mice are shown in the form of protein networks
in red (upregulated in WT) and green (downregulated in
WT), along with other molecules (gray and white) that

connect smaller networks to make larger networks. Interac-
tion or regulation between proteins or complexes is shown
with arrows (activation) or blunt-ended lines (inhibition).
Figures S16 MAP2K1/2 related network, generated by IPA
Path Designer (Qiagen). This gene network was significantly
regulated (P<0.05 with the Fisher’s Exact Test) in the PrL in
response to chronic cocaine (15 mg kg-1, i.p. for five days) in
WT compared to SERT Met172 mice. Network is centered
around the network hub gene MAP2K1/2. Seed molecules
from the list of differentially regulated genes inWT compared
to SERT Met172 mice are shown in the form of protein net-
works in red (upregulated in WT) and green (downregulated
in WT), along with other molecules (gray and white) that
connect smaller networks to make larger networks. Interac-
tion or regulation between proteins or complexes is shown
with arrows (activation) or blunt-ended lines (inhibition).
Figures S17 ERK1/2 related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the PrL in re-
sponse to chronic cocaine (15 mg kg-1, i.p. for five days) in
WT compared to SERT Met172 mice. Network is centered
around the network hub gene ERK1/2. Seed molecules from
the list of differentially regulated genes in WT compared to
SERTMet172mice are shown in the form of protein networks
in red (upregulated inWT) and green (downregulated inWT),
along with other molecules (gray and white) that connect
smaller networks to make larger networks. Interaction or reg-
ulation between proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figures S18 NFκB related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the PrL in re-
sponse to chronic cocaine (15 mg kg-1, i.p. for five days) in
WT compared to SERT Met172 mice. Network is centered
around the network hub gene NFκB. Seed molecules from
the list of differentially regulated genes in WT compared to
SERTMet172mice are shown in the form of protein networks
in red (upregulated inWT) and green (downregulated inWT),
along with other molecules (gray and white) that connect
smaller networks to make larger networks. Interaction or reg-
ulation between proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figures S19 Jnk related network, generated by IPA Path De-
signer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the PrL in
response to chronic cocaine (15 mg kg-1, i.p. for five days) in
WT compared to SERT Met172 mice. Network is centered
around the network hub gene Jnk. Seed molecules from the
list of differentially regulated genes in WT compared to SERT
Met172 mice are shown in the form of protein networks in
red (upregulated in WT) and green (downregulated in WT),
along with other molecules (gray and white) that connect
smaller networks to make larger networks. Interaction or reg-
ulation between proteins or complexes is shown with arrows
(activation) or blunt-ended lines (inhibition).
Figures S20 GTPase related network, generated by IPA Path
Designer (Qiagen). This gene network was significantly regu-
lated (P<0.05 with the Fisher’s Exact Test) in the PrL in re-
sponse to chronic cocaine (15 mg kg-1, i.p. for five days) in
WT compared to SERT Met172 mice. Network is centered
around the network hub gene GTPase, but also actin, caspase,
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and cyclin A. Seedmolecules from the list of differentially reg-
ulated genes in WT compared to SERT Met172 mice are
shown in the form of protein networks in red (upregulated
in WT) and green (downregulated in WT), along with other
molecules (gray and white) that connect smaller networks
to make larger networks. Interaction or regulation between
proteins or complexes is shown with arrows (activation) or
blunt-ended lines (inhibition).
Table S1Normalized values from RNA-Seq in the nucleus ac-
cumbens of WT and SERT Met172 mice after acute cocaine
treatment.
Table S2 Statistics for RNA-Seq in the nucleus accumbens of
WT and SERT Met172 mice after acute cocaine treatment.
Table S3 Normalized values from RNA-Seq in the prelimbic
cortex of WT and SERT Met172 mice after acute cocaine
treamtent.

Table S4 Statistics for RNA-Seq in the prelimbic cortex ofWT
and SERT Met172 mice after acute cocaine treatment.
Table S5Normalized values from RNA-Seq in the nucleus ac-
cumbens of WT and SERT Met172 mice after chronic cocaine
treatment.
Table S6 Statistics for RNA-Seq in the nucleus accumbens of
WT and SERT Met172 mice after chronic cocaine treatment.
Table S7 Normalized values from RNA-Seq in the prelimbic
cortex of WT and SERT Met172 mice after chronic cocaine
treatment.
Table S8 Statistics of RNA-Seq in the prelimbic cortex of WT
and SERT Met172 mice after chronic cocaine treatment.
Table S9 Summary of F-values for 2-way ANOVAs.
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