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Abstract

Cocaine addiction is a complex pathology induced by long-term brain changes. Understanding
the neurochemical changes underlying the reinforcing effects of this drug of abuse is critical
for reducing the societal burden of drug addiction. The mu opioid receptor plays a major role
in drug reward. This receptor is modulated by chronic cocaine treatment in specific brain
structures, but few studies investigated neurochemical adaptations induced by voluntary
cocaine intake. In this study, we investigated whether intravenous cocaine-self administration
(0.33mg/kg/injection, FR1, 10 days) in rats induces transcriptional and functional changes of
the mu opioid receptor in reward related brain regions. Epigenetic processes with histone
modifications were examined for two activating marks, H3K4Me3 and H3K27Ac. We found
an increase of mu opioid receptor gene expression along with a potentiation of its functionality
in hippocampus of cocaine self-administering animals compared to saline controls. Chromatin
immunoprecipitation followed by gPCR revealed no modifications of the histone mark
H3K4Me3 and H3K27Ac levels at mu opioid receptor promoter. Our study highlights the
hippocampus as an important target to further investigate neuroadaptive processes leading to

cocaine addiction.



Introduction

Addiction is a multi-factorial disease involving genetic, psychological and
environmental factors, which has detrimental consequences for individuals and society. It is
characterized by excessive intake over time, craving, continued drug use despite negative
consequences and relapse (Koob & Volkow, 2016). The progression of addiction is associated
with neuroplastic changes (Robinson & Kolb, 1999; Ron & Jurd, 2005), whereby altered gene
expression impacts neuronal function and behavior (Contet et al., 2004; Przewlocki, 2004;
Rhodes & Crabbe, 2005; McClung & Nestler, 2008). In the case of cocaine these gene
expression changes are widespread, but are particularly prominent in reward-related brain
structures such as the prefrontal cortex (PFC) (Kalivas et al., 2005), dorsal striatum (DS)
(Ahmed & Kenny, 2011), hippocampus (HPC) (Zhou et al., 2014; Walker et al., 2018) and
nucleus accumbens (NAc) (Russo et al., 2010). Many of these changes involve the opioid
system, possibly linked with its role in reward and motivation (Le Merrer et al., 2009). Indeed,
the mu opioid receptors (MOP) have been described as a gateway to addiction to several drugs,
including cocaine (Contet et al, 2004; Charbogne et al, 2014).

Chronic cocaine induces molecular neuroadaptations of MOP in striatal regions,
including increased MOP gene expression in both NAc (Azaryan et al., 1998; Leri et al., 2006)
and DS (Valenza et al., 2016), MOP-agonist binding (Unterwald et al., 1992, 1994, 2001), and
GTPyS binding (Schroeder et al., 2003). Noticeably, cocaine regulates gene expression through
epigenetic processes, including histone modification, mostly in the NAc (Nestler, 2014; De Sa
Nogueira et al., 2019). For example, cocaine increased the enrichment level of the
trimethylated lysine 4 of histone 3 (H3K4Me3) in NAc following chronic administration which
resulted in an enhancement of associated gene expression, such as FosB (Cates et al., 2019).
Whether histone modifications could occur at MOP gene level following cocaine treatment is

not yet known.

In this study, we investigated MOP gene expression and functionality following
voluntary cocaine intake in rat, in brain reward regions (PFC, NAc, DS and HPC). To further
characterize MOP transcript alterations in the HPC, we examined H3K4Me3 levels at MOP
promoter region and also measured the enrichment of acetylated lysine 27 of histone 3
(H3K27Ac), a histone mark of active enhancers promoting gene expression (Achour et al.,
2015).



Materials and Methods
Subjects

Male Wistar rats (n=34, Janvier, France) weighting 250-300 g at the beginning of the
experiments were habituated for two weeks to housing conditions in a temperature and
humidity-controlled environment with a reverse 12 h light/dark cycle (lights on at 7:00 PM).
Rats were grouped housed (5/cage) with ad libitum access to food and water until surgery and
then single-housed. All experimental procedures were performed in agreement with the EU
Directive 2010/63/EU for animal experiments and approved by the institutional ethics
committee CREMEAS (Comité d’Ethique pour I’Expérimentation Animale de Strasbourg,
France, APAFIS#2015012716049550). All efforts were made to minimize animal suffering

and to reduce the number of animals used.
Drugs

Cocaine hydrochloride was obtained from Cooper (#1164500, Melun, France) and
dissolved in sterile NaCl 0.9%. The MOP agonist DAMGO was obtained from Sigma Aldrich
(E7384, St Louis, USA).

Surgery

An intravenous catheterization procedure was performed as previously described
(Fonteneau et al., 2017). Briefly, rats were anesthetized by i.p. injection (1 ml/kg) of a mixture
containing 90 mg/kg of ketamine (Imalgene 1000®, Centravet, France) and 10 mg/kg of
xylazine (Rompun®, Centravet). Surgery was performed to implant a chronic indwelling
catheter in the right jugular vein. Catheters were flushed daily with 150 pl saline solution
containing 100 U/ml heparin and 50 mg/ml ampicillin to prevent catheter clotting and potential

infection, respectively.
Cocaine self-administration procedure

Seven days after surgery, drug self-administration was performed as previously
described (Romieu et al., 2011; Fonteneau et al., 2017). Briefly, a computer driven syringe
pump (Imetronic, Pessac, France) activated a 10 ml syringe and pushed fluid into Silastic®

tubing connected to the rat through its externalized 23-gauge guide cannula. Each operant



chamber was equipped with two 2.5 cm-diameter holes on the same wall, 4 cm above the floor.
Nose pokes into the inactive hole had no programmed consequence. Nose pokes into the active
hole triggered the i.v. infusion of 60 ul of cocaine hydrochloride (0.33 mg/kg, Cocaine-SA) or
of the same volume of saline in control animals (NaCl 0.9%, Saline-SA), which were ran
concurrently. The volume infused was adjusted according to the rat body weight every other
session. A 40 s-time-out period began simultaneous to the cocaine infusion. A fixed-ratio 1
(FR1) paradigm was carried out for 10 days (2h daily sessions). Animals were given an
overdose of pentobarbital (100 mg/kg, i.v) 24h after the last session followed by brain
extraction to collect PFC, NAc, DS, and HPC (dorsal part).

Quantitative real-time PCR

Samples (n=5-9/group) were processed to extract total RNA using Ribozol (VWR,
Fontenay-sous-bois, France) which was reverse transcribed (750 ng) with iScript (iScript™
cDNA Synthesis Kit, Biorad, France). Real-time PCR was performed in triplicate (CFX96
Touch™ apparatus, Biorad, France) in Sso Advanced™ Universal SYBR Green supermix
(Biorad, France). Thermal cycling parameters were 30 sec at 95°C followed by 40
amplification cycles of 5 sec at 95° and 45 sec at 60°C. Primer sequences were the following:
MOP, ACAGCCTGTGCCCTCAGACC (forward) and CAGGAAGTTTCCGAAGAGGCC
(reverse) and rplpO0: CTGCCCGAGCCGGTGCCATC (forward) and
TTCAATGGTACCTCTGGAG (reverse). Expression levels were normalized to rplp0
housekeeping gene levels (Saad et al., 2019) and compared between Saline-SA and Cocaine-
SA samples using the 2"2ACt method (Livak & Schmittgen, 2001).

Agonist-stimulated [**S]-GTPyS binding assay

The [®S]-GTPyS binding assay was used to measure G protein activation following
MOP receptor stimulation with DAMGO, as previously described (Scherrer et al., 2004).
Membranes (50 ug) were incubated in the assay buffer (50mM Tris-HCI pH 7.4; 3 mM MgCI2;
0.2mM EGTA; 100mM NaCl) containing 0.1nM [**S]-GTPyS (NEGO030H, PerkinElmer,
Courtaboeuf, France), 30 pM GDP and DAMGO (10°M to 10“*M) for 1 h at 25 °C.
Radioactivity was detected using a Top-Count scintillation counter (PerkinElmer, Billerica,
MA, USA). Basal [*S]-GTPyS binding was determined in the absence of agonist, and non-
specific binding by replacing [**S]-GTPyS by 10 uM non-radiolabeled GTPyS. Stimulated
specific binding was converted in percentage of basal specific binding, defined as 100%. Data

were analyzed using Prism 6 GraphPad software. Four to seven independent assays were
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performed in triplicate. Stimulation (%), EC50s and 1C50s were calculated for each experiment

and averaged.
Chromatin immunoprecipitation

Samples were prepared as previously described (Caputi et al., 2014) with minor
modifications. Frozen tissues were ground on carbonic ice before fixation (1% formaldehyde)
and quenched with glycine (0.125M). Tissue fragments were washed in presence of protease
inhibitors (#4693132001, Roche, France). Tissues were homogenized (0.5% SDS, 10mM
EDTA, 50mM Tris-HCL, pH8) and lysates were sheered using a diogenode bioruptor XL at
4°C, to obtain DNA fragments <600 bp. Protein A magnetic beads (Dynabeads, Invitrogen)
were coated (4°C overnight) with the respective antibody of interest (H3K4Me3, ab8580;
H3K27Ac, ab4729, Abcam, France), washed and added to sheared chromatin for histone ChIPs
(4°C overnight). A sample of each sheared chromatin (10%) was used as input control. Samples
were washed with RIPA buffer (HEPES-KOH 50mM pH7.5, LiClI 500mM, EDTA 1mM, NP-
40 1%, Na-Deoxycolate 0.7%) and elution buffer (SDS 1%, NaHCOs 100mM). Reverse cross-
linking was performed at 65°C overnight, proteins and RNA removed with proteinase K and
RNAse A (ThermoFisher, USA) respectively and DNA purified (Qiagen, France). A negative
control without 1gG was performed to test for nonspecific binding. PCR of MOP genomic
sequence around the promoter region associated with the immunoprecipitated proteins was
performed. Primers targeting MOP promoter region were the following: (forward)
GGCCAGAGATGCATCGATCA and (reverse) GAGTCAGCCTGGCCAAGATT.

Statistical analysis

All results are expressed as mean + S.E.M. Behavioral data were analyzed using a
repeated-measures two-way ANOVA followed by post-hoc Sidak tests when requested
(GraphPad Prism V.7). Other data were analyzed using student t-test. Significance was set at p
<.05.

Results

Acquisition of cocaine self-administration



Rats were trained for 10 days during 2h daily sessions of cocaine self-administration
under the FR1 schedule of reinforcement (Figure 1A). The difference between cocaine and
saline infusions was highly significant across all sessions [group effect, F(1, 32)=76.78, p <
.0001] (Figure 1A, top panel). The Anova analysis revealed a group effect (F(3, 64)=17.92, p
<.0001]. The animals receiving cocaine completed more than 80% of nose pokes in the active
hole during the last 4 days (Figure 1A, lower panel), with the post-hoc analysis indicating a
significant effect between cocaine-SA active versus cocaine-SA inactive for the last 4 sessions
(p < .0084). The mean number of cocaine infusions was 89+ 1.09, while the mean number of
saline infusions for control animals, run concurrently, was 27+ 1.91. During the 10 sessions,
animals received a mean daily cocaine dose of 32.6+£2.2 mg/kg. Rats receiving saline did not
differentiate between holes (50% discrimination) and this discrimination is statistically
significant between saline-SA and cocaine-SA (F(1, 32)=21.73, p <.0001], starting on session
(Sidack post-hoc test p <.0044) (Figure 1B).

Transcriptional changes of opioid receptors induced by cocaine self-administration

We measured MOP gene expression in several brain-reward related structures. The
analysis was performed 24h after the last cocaine session in PFC, NAc, DS, and HPC, in order
to explore mMRNA expression in the absence of an acute effect of cocaine. We found that MOP
gene expression was significantly decreased by cocaine-SA in DS [p = .03] and, in contrast,
increased 1.85 fold in HPC [p = .045] (Figure 2A). No significant changes could be detected
in the PFC or NAc. The level of expression was not correlated with the amount of cocaine
intake (reec= -.54; rnac= -.009; rps= .1; rupc=-.09) (Figure 2B).

Cocaine self-administration modulated MOP functional activity

To further characterize MOP receptor alterations, we investigated MOP functional
activity by [**S]-GTPyS binding assay using MOP agonist DAMGO, in three brain regions of
interest, PFC, DS and HPC. Not enough material was available from NAc samples to perform
this experiment on single animals. Interestingly, a significant effect was observed in HPC, with
an increased efficacy (Emax) in cocaine-SA rats compared to saline controls (Emax: Saline-
SA =148.7 £ 3.4; Cocaine-SA = 170 £ 5.6; HPC: p = 0.015) (Figure 3). The potency (EC50)
was not altered in this region (EC50: Saline-SA = 1,465.10"M + 0.11; Cocaine-SA = 1,863.10"
"M + 0.12). No significant changes of either Emax or EC50 were observed in PFC and DS.



Histone modifications at MOP promoter region

To further investigate MOP transcriptional changes in HPC, we examined whether
epigenetic modifications occurred at MOP promoter region in this structure. We performed a
chromatin-immunoprecipitation experiment followed by a g°PCR (ChIP-gPCR) using specific
primers directed towards MOP promoter. No enrichment was obtained in the absence of
antibodies targeting the histone tails. In contrast, we obtained an enrichment of both marks at
the MOP promoter, but the enrichment percentage compared to input in both conditions
remained unchanged [H3K4Me3: p = .165 H3K27Ac: p = .126], indicating no significant
change in histone modification in HPC following cocaine intake (Figure 4).

Discussion

Role of hippocampal MOP in HPC following cocaine-SA. We investigated MOP
transcript expression in several reward-related brain structures and observed, for the first time,
a marked increase of MOP transcript in the HPC, a region essential for forming cocaine-context
associations (Grant et al., 1996). Interestingly, this regulation was associated with increased
functionality of the receptor in the same brain structure, as revealed by GTPyS binding.
Whether the observed gene up-regulation is specific to cocaine self-administration or would be
observed with passive cocaine intake is not known. Also, we did not observe similar MOP gene
regulation in the HPC following a binge sucrose (Smail-Crevier et al., 2018) paradigm (data
not shown), suggesting that natural rewards may not modify MOP expression in this brain
region. Moreover, there are scarce data on MOP gene alterations following drug-SA in HPC.
An increase of MOP receptor (binding and GTPyS studies) was observed in HPC following
heroin-SA, with a low but constant drug intake during a short time (Fattore et al., 2007).
Opposite results, with decreased MOP activity and efficiency, were reported following
paradigms using high doses of heroin and escalating intake during a prolonged period (Sim-
Selley et al., 2000; Maher et al., 2005). MOP hippocampal alteration was also reported
following cannabinoid-SA with increased MOR binding and GTPyS (Fattore et al., 2007).
Also, MOP regulation may result from or lead to endogenous peptide regulations in HPC,
which could directly impact neurochemical responses during cocaine intake (Jacobs et al.,
2003). Altogether, this may reflect a key role for hippocampal MOP in associative learning

related to drug administration.



HPC is a crucial structure for the formation and maintenance of cocaine-context
associations (Kilts et al., 2001; Wexler et al., 2001). In particular, the dorsal HPC controls
context-induced reinstatement. Its inhibition (tetrodotoxin or muscimol) attenuated context-
induced, but not cue-induced reinstatement of cocaine seeking (Fuchs et al., 2005, 2007). A
recent study showed that chemogenetic inhibition of dorsal, but not ventral hippocampal inputs
to lateral septum specifically attenuated context-induced reinstatement of cocaine
(McGlinchey & Aston-Jones, 2018). Alterations in MOP gene expression may underlie
cocaine-induced neuroplasticity in the brain. MOP knockout mice exhibited decreased cocaine-
SA (Mathon et al., 2005) and decreased cue-induced relapse associated with a decrease in HPC
neuronal activity (Gutiérrez-Cuesta et al., 2014). Cocaine-SA induced long term potentiation
(LTP) in CA1 region of the HPC has been reported after short withdrawal (Thompson et al.,
2004). MOP activation is partly responsible for mossy fiber LTP in hippocampal CA3 (Derrick
& Martinez, 1994) and MOP deficient mice exhibited an impairment of spatial learning, that
may be associated with LTP deficit observed in mossy fibers in CA3 of these mice (Jamot et
al., 2003). Noteworthy, recent data indicate MOP expression in CAl astrocytes and
demonstrate astroglial MOP-mediated LTP in HPC (Nam et al., 2018, 2019). Altogether, even
though little information is yet available, the behavioral and neurochemical data suggest that
MORP is involved in cocaine responses by modifying the neuronal activity in this brain area

closely related to memory processing.

MOP regulation in reward-related brain regions following cocaine-SA. In our
conditions, no detectable modifications could be observed in the PFC or NAc of rats self-
administering cocaine. Reports investigating MOP regulations extensively focus on striatal
regions with the vast majority relying on passive cocaine intake (for a review see Yoo et al.,
2012). MOP up-regulations in the NAc were previously observed in passive paradigms
(Unterwald et al., 1992, 1994; Izenwasser et al., 1996; Azaryan et al., 1998; Eipper-Mains et
al., 2013) whereas no changes were observed in a voluntary paradigm (Valenza et al., 2016),
similarly to our findings. This suggests that the cognitive processes involved in voluntary
intake do not implicate MOP gene expression regulation in the NAc. A yoked control-operant
group would assess whether the associative learning is specific to instrumental learning (Jacobs
et al., 2003). No report in the literature was found for MOP regulation by cocaine in the PFC,
and our results indicate no effect of cocaine-SA on MOP gene expression, suggesting a modest

role for MOP in prefrontal functions.



In contrast, we detected decreased MOP gene expression in the DS. This data is in
contradiction with a previous work reporting a two-fold increase of MOP gene expression in
Lewis strain with escalating cocaine-SA consumption and no change in Fischer strain showing
a stable intake across sessions (Valenza et al., 2016). MOP binding was up-regulated in DS of
cocaine users, a modification that lasted following long term abstinence (Zubieta et al., 1996),
and MOP up-regulation was also observed in rat DS at mRNA (Unterwald et al., 1992, 1994,
2001) or functional level (Bailey et al., 2007; Schroeder et al., 2003) in passive chronic cocaine
paradigms. Noticeably, few reports indicate the absence of MOP regulation in similar passive
cocaine administration (Azaryan et al., 1996; Yuferov et al., 1999). Altogether, these results
indicate that the rodent strain and/or the pattern of cocaine consumption represent specific

factors that alter differentially the opioid system in DS.

Molecular mechanisms involved in cocaine induced regulation of MOP. Cocaine
induced transcriptional changes can direct molecular, cellular and network features mediating
behavioral responses. Interactions between G-protein coupled receptors or modulation of
endogenous ligands acting at the coupling of these receptors may participate to the molecular
mechanisms underlying cocaine responses. A recent mouse study highlighted a wider
MOP/DOP neuronal co-expression following chronic morphine administration, and this co-
expression was detected in novel brain areas located in circuits related to drug reward and
emotional processing underlying withdrawal (Pierre et al., 2019). MOP/CB1 heteromers or
differential intracellular signaling interactions were proposed as molecular mechanisms
involved following heroin-SA or cannabinoid-SA, underlying differential regulation of MOP
and CB1 in HPC (Fattore et al., 2007). We therefore hypothesize that similar adaptations could
arise at MOP/DOP or MOP/CBL1 levels following cocaine-SA in HPC. Further work will
therefore investigate cellular and molecular consequences of cocaine-SA, and our preliminary
results indicate an up-regulation of CB1 transcript in HPC following the same paradigm (DN,

personal communication).

It is now well described that cocaine can induce epigenetic changes in the brain (Nestler,
2014; De Sa Nogueira et al., 2019). To investigate whether increased gene expression of MOP
in HPC was under the control of such modifications, we analyzed H3K4me3 and H3K27ac
activating marks at the level of MOP gene promotor. The absence of specific changes of
H3K4me3 and H3K27ac levels in our conditions indicates that these marks were not associated
with MOP gene regulation observed in the HPC. Previous work has shown H3K4Me3

regulation following cocaine intake in the HPC of postmortem cocaine abuser brains (Zhou et
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al., 2011), and this mark has been proposed as an opioid system element regulator in striatum
(Caputi et al., 2014), indicating that the opioid system can be under the control of epigenetic
regulations upon cocaine. Among other epigenetic changes, DNA methylation has been
described at MOP promotor region in mouse brain and in heroin addict brain (Hwang et al.,
2007, 2010; Nielsen et al., 2009, 2010; Chorbov et al., 2011). Whether DNA methylation
occurs at the opioid system level upon cocaine-SA is not yet know. Further examination of the
role of the opioid system in the HPC and associated epigenetic changes, will be crucial for the
development of therapeutic treatments.
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Legends to figures

Figure 1: Cocaine self-administration in rats. Rats followed a cocaine self-administration
paradigm for 10 days (Cocaine-SA, 2h/d) with each infusion delivering 0.33mg/kg of cocaine,
or saline for the control animals (Saline-SA). A. The number of infusions (top panel) and the
number of nose-pokes (lower panel) are presented across all sessions. B. The percentage of
discrimination of the active hole versus the inactive hole is depicted. The difference between
cocaine and saline infusions was highly significant across all sessions. ANOVA repeated

measures (group effect): ***p < .0001. Curves represent the mean = SEM (n = 17/group).

Figure 2: Mu opioid receptor gene expression following cocaine self-
administration. A. Brain samples were processed for gPCR, and normalization of data was
performed using rplp0 as a reference gene (see Methods). MOP gene expression is increased
in the HPC and decreased in the DS following cocaine-SA. Its expression remained
unchanged in the PFC and NAc. Student t-test: *p< .05 vs control. Histograms represent the
mean + S.E.M n= 5-10/group. Samples were dissected with large (3 mm) or small (1.9 mm)
punchers as indicated on slices, with distance in mm from Bregma. B. Correlation plots
between cocaine intake and gene expression. Lines represent the regression curve for each

region.

Figure 3: Mu opioid receptor activity following cocaine self-administration. Membrane
were prepared from PFC, DS and HPC and processed for [**S]-GTPyS binding experiment
using DAMGO, a MOP receptor agonist, to activate the receptor (see Methods). Curves
represent MOP activation by increasing concentrations of DAMGO in saline control and
cocaine self-administration samples (Saline-SA, n=4-6 and Cocaine-SA, n=4-7). Maximum
activation (Emax) was increased in HPC and remained unchanged in PFC and DS. Mean +
S.E.M. Student t-test: *p< .05 vs control.
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Figure 4: Histone modifications at the MOP promoter following cocaine self-
administration. Chromatin was extracted from HPC samples, immunoprecipitated with
antibodies recognizing H3K4Me3 or H3K27Ac, two activating histones marks. Samples were
further processed for gPCR using specific primers targeting the MOP promoter. Results were
normalized according to the input (see Methods). The enrichment of histone marks at MOP
promoter region was not modulated by cocaine self-administration. Enrichment was specific
to both antibodies as no enrichment could be detected without antibody. Histograms represent
the mean + S.E.M. n=5-7/group for Saline-SA and Cocaine-SA groups.
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