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Abstract

Cocaine addiction is a complex pathology inducing long-term neuroplastic changes that, in.
turn, contribute to maladaptive behaviors. This behavioral dysregulation is associated with
transcriptional reprogramming in brain reward circuitry, although the mechanisms underlying
this modulation remain poorly understood. The endogenous cannabinoid system may play a
role in this process in that cannabinoid mechanisms modulate drug reward and contribute to
cocaine-induced neural adaptations. In this study, we investigated whether cocaine self-
administration induces long-term adaptations, including transcriptional modifications and
associated epigenetic processes. We first examined endocannabinoid gene expression in
reward-related brain regions of the rat following self-administered (0.33mg/kg intravenous,
FR1, 10 days) cocaine injections. Interestingly, we found increased Cnrl expression in
several structures, including prefrontal cortex, nucleus accumbens, dorsal striatum,
hippocampus, habenula, amygdala, lateral hypothalamus, ventral tegmental area and
rostromedial tegmental nucleus, with most pronounced effects in the hippocampus.
Endocannabinoid levels, measured by mass spectrometry, were also altered in this structure.
Chromatin immunoprecipitation followed by qPCR in the hippocampus revealed that two
activating histone marks, H3K4Me3 and H3K27Ac, were enriched at specific
endocannabinoid genes following cocaine intake. Targeting CB1 receptors using chromosome
conformation capture, we highlighted spatial chromatin re-organization in the hippocampus,
as well as in the nucleus accumbens, suggesting that destabilization of the chromatin may
contribute to neuronal responses to cocaine. Overall, our results highlight a key role for the
hippocampus in cocaine-induced plasticity and broaden the understanding of neuronal
alterations associated with endocannabinoid signaling. The latter suggests that epigenetic

modifications contribute to maladaptive behaviors associated with chronic drug use.



1. Introduction

Substance use disorders (SUD), characterized by compulsive drug-seeking, craving,
and a high probability of relapse, remain one of the most pressing health issues facing
industrialized countries. In addition to dramatic effects on personal and public well-being, the
economic costs of SUDs are enormous, totaling more than $700 billion in the USA [1], £40
billion in the UK [2], and €65.7 billion in Europe [3]. Cocaine is the second most-commonly
consumed illicit drug after cannabis: approximately 1.3% of Europeans used the drug within
the last year, with inter-country prevalence rates ranging from 0.2% to 4.6% in young adults
[4]. Rates of cocaine abuse rose continuously over the last decade, driven by increased drug
purity as well as increased rates of world production. Concurrent use of other psychoactive
substances exacerbated the detrimental health effects of cocaine, leading to an increased
demand for addiction treatment. In addition, excessive cocaine use is directly linked to several
negative outcomes, including cardiac complications [5] and long-term cognitive deficits [6].
Like many SUDs, treatment options for cocaine abuse are limited and minimally effective,
partly because the probability of relapse remains high even after prolonged periods of
abstinence [7].

The persistence of behavioral and affective changes in cocaine addiction likely reflects
long-term adaptations in neural systems that support continued drug use [7]. These may
include alterations in brain connectivity [8], signaling [9], neuronal plasticity [10], or
neurotransmitter and neuromodulator dynamics [11-13]. The molecular mechanisms
underlying these adaptive responses to repeated drug exposure are poorly characterized, but
appear to involve transcriptional adaptations [14, 15]. Recent evidence has highlighted the
role of epigenetic processes in controlling chromatin access and regulating gene expression
following long-term exposure to drugs of abuse, thereby contributing to the persistent

dysfunction of neuronal circuits associated with addiction [16-19].

The long-term impact of chronic cocaine use on molecular mechanisms involves
adaptations in the endocannabinoid system, which plays a key role in reward and motivation
[20-22]. For example, the endocannabinoids, anandamide (AEA) and 2-arachidonoylglycerol
(2-AG), modulate drug reward via an action at brain cannabinoid receptors (CB1Rs and
CB2Rs). CB1Rs are highly expressed in both GABAergic and glutamatergic neurons [23], as
well as in astrocytes [24]. CB2Rs, first described as a peripheral receptor, have been
identified, more recently, in the hippocampus (HPC), striatum and thalamus [25-27], and on
the soma of dopaminergic neurons in the ventral tegmental area (VTA) [28]. This system is



regulated by intracellular proteins that mediate responses via the C-terminal and other
intracellular receptor domains. Among these, the cannabinoid receptor interacting protein
(Crip1A) modulates CB1R signaling and its endocytosis through specific intracellular
interactions (for reviews, see [29, 30]. Metabolizing enzymes for synthesis (NAPE-
PLD/DAGLa) or degradation (FAAH/ MAGL) of AEA and 2-AG are also modulators of the

endocannabinoid system [31].

Preclinical studies confirm a contribution of endocannabinoid system function to
cocaine-induced reward. For example, the CB1R agonist, HU210, promotes the reinstatement
of cocaine-seeking whereas a selective CB1R antagonist, SR141716 (Rimonabant), dose-
dependently decreases this behavior [32]. Mice deficient for CB1Rs are less prone to self-
administer cocaine [33] and show altered behavioral responses to other cocaine effects [34].
Moreover, in conditional knock out animals where CB1Rs were deleted in selected neuronal
populations, CB1Rs expressed in GABA neurons regulate sensitivity to cocaine, whereas
those expressed in glutamatergic neurons modulate associative learning processes [35].
CB2Rs also play a role in cocaine-induced responses as intra-NAc or intra-VTA activation of
this receptor, using the agonist JWH133, diminished cocaine self-administration (cocaine-SA)
and cocaine-induced increases in extracellular dopamine (DA); the selective CB2R
antagonist, AM630, prevented these effects [28, 36, 37].

Pharmacological inhibition of endocannabinoid lipid degradation provides another
tool to investigate the impact of endocannabinoid tone on behavioral responses to cocaine (see
details in [38]). For example, cocaine-induced behavioral sensitization in mice, paralleled by a
large stimulation of extracellular DA levels in the NAc, was blocked by Rimonabant
pretreatment and facilitated by inhibiting the FAAH enzyme. These results suggest that an
increase in endocannabinoid tone could be involved in neuroadaptations induced by cocaine
[39]. In contrast, the FAAH inhibitor, URB597, did not modify cocaine-SA in monkeys [40]
or rodents [41], whereas it reduced cocaine- and cue-induced reinstatement of cocaine-
seeking in rats. Other studies reported no change in cocaine-induced hyperlocomotion
following selective inhibition of AEA and 2-AG (URB597 and JZL184, respectively) [42]. In
sum, these studies provide further support for endocannabinoid system involvement in
cocaine-induced effects, although seemingly contradictory findings were reported with

different behavioral measures.

Cocaine may produce its behavioral effects by modulating endocannabinoid system
gene or protein expression, or by altering endocannabinoid levels in specific brain structures.
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In support of this idea, cocaine-SA in mice increased Cnrl expression in the prefrontal cortex
(PFC) and HPC [43, 44] with no effects in the cerebellum [45]. The effects of cocaine-SA on
CB1R immunoreactivity are more contradictory, causing both increases [46] and decreases
[47] in hippocampal regions. Endocannabinoid levels, not modified in a cocaine-induced
hyperlocomotion paradigm [42], also appear to vary following cocaine administration with
decreased 2-AG levels and no change in AEA levels in the limbic forebrain following
chronic, passive injections [48]. Voluntary intake paradigms (i.e., cocaine-SA) have also
produced a range of effects on brain endocannabinoid levels. These include no changes in the
NAC shell [49], increased 2-AG levels in the frontal cortex and cerebellum, decreased 2-AG
levels in the HPC and striatum, and decreased AEA levels in the cerebellum [50]. Overall,
chronic cocaine clearly modulates endocannabinoid system processes in several brain

structures, but there is little consistency in the reported results across studies.

The aim of this study was to investigate, in more detail, the relationship between
endocannabinoid system function and cocaine intake. First, we examined whether self-
administered cocaine regulated cannabinoid receptor (CB1R, CB2R) function by measuring
gene expression of both receptors. We also assessed the CriplA and enzyme transcripts for
endocannabinoid synthesis (NAPE-PLD/DAGLa) as well as degradation (FAAH/ MAGL).
We examined classical brain regions associated with cocaine-induced reward, specifically the
NAc, DS, and PFC. We included the HPC, as both CBRs are expressed in this brain structure,
with a high level of CB1Rs, and the region may play a unique role in drug-associated
memories. We also measured endocannabinoid levels (2-AG and AEA) in targeted sites, and
investigated whether CB1R expression or functionality was altered. Finally, we extended this
study by testing whether epigenetic adaptations or chromatin conformation looping occurred

at Dagla and Faah, or Cnrl genes following cocaine intake.



2. Materials and Methods

2.1 Subjects

Male Wistar rats (Janvier Laboratories, France), weighing 175 g at arrival, were group
housed for two weeks, in standard cages, in a temperature and humidity-controlled
environment with ad libitum access to food and water. Rats (n = 58) were housed under a
reversed 12 h light/dark cycle (lights OFF at 7:00 AM). Animals were single-housed
following surgery and for the remainder of the experiment. All efforts were made to minimize
animal suffering and to reduce the number of animals. Procedures and animal care were
performed according to the European Union laws for animal studies and approved by the local
ethics committee (CREMEAS) and the French Research Ministry
(APAFIS#2015012716049550). A timeline displaying the sequence of experimental
procedures is shown in Supplemental Figure 1.
2.2 Cocaine self-administration

An intravenous catheterization procedure was performed as previously described [51].
Briefly, rats were anesthetized (1 ml/kg; ketamine -Imalgene 1000®, 90 mg/kg, and xylazine
-Rompun®, 10 mg/kg; Centravet, France) prior to surgical implantation of an 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 clotting and infection,
respectively. Cocaine-SA training started following a 7-day recovery period.

Self-administration was performed in dark operant chambers (30 x 30 x 30 cm)
located in a sound-attenuated room. A computer driven syringe pump (Imetronic, Pessac,
France) activated a 10 ml syringe and pushed fluid into Silastic® tubing connected to the rat.
Each chamber was equipped with two 2 cm-diameter holes, 4 cm above the floor. Holes were
selected as active for delivering cocaine or inactive (without programmed consequence) and
nose-pokes into both holes were recorded. One nose-poke into the active hole (fixed ratio,
FR1) triggered the intravenous (i.v.) delivery of a 0.33 mg/kg dose of cocaine hydrochloride
(60 pl in 2 s) in the cocaine-SA group (n =30), or of the same volume of saline (NaCl 0.9%)
in Saline-SA control animals (n = 28), which were run concurrently. A 40 s-time-out period
began simultaneous to the cocaine infusion. No cut-off was applied for the number of self-
infusions during the session. This FR1 experiment was conducted over 10 days, with daily 2h

sessions.



2.3. Brain dissection

Twenty-four hours following the last SA session, rats were given an overdose of
pentobarbital (100 mg/kg i.v.) followed by decapitation to perform brain extraction. Brains
were cut in 1-mm thick slices using a coronal brain matrix chilled on ice (Harvard apparatus,
Holliston, MA, USA). Structures of interest were collected according to the rat brain
stereotaxic atlas [52], with details provided in Supplemental Table 1. Samples were
immediately frozen on dry ice and kept at -80°C. Extractions were processed in less than 20
min to avoid alterations in levels of AEA, which increase rapidly postmortem [53].
2.4 Molecular and biochemical analysis

2.4.1 Quantitative real-time PCR

RNA was extracted from all regions of interest, as previously described [54, 55]. Total
RNA was extracted (Ribozol, VWR, Fontenay-sous-bois, France) and further processed (750
ng) to obtain cDNA (iScript™ cDNA Synthesis Kit, Biorad, France). Real-time PCR was
performed in triplicate using a CFX96 Touch™ apparatus and Sso Advanced™ Universal
SYBR Green supermix (Biorad, France). Thermal cycling parameters were 30 s at 95°C
followed by 40 amplification cycles of 5 s at 95°C and 45 s at 60°C. Primer sequences for all
tested genes are given in Supplemental Table 2. Expression levels were normalized to Rplp0
(Ribosomal Protein Lateral Stalk Subunit PO) housekeeping gene levels [56] and compared
between control (saline) and treated (cocaine) samples using the 2-AACt method [57].

2.4.2 Mass spectrometry

PFC, HPC, NAc and DS samples (n=7-8/group) were processed as previously detailed
[54, 55]. Briefly, samples were sonicated, centrifuged and the supernatant (150 ul) was mixed
with 50 pl of acetonitrile (ACN) 100% containing 400.26 pmol of D8-2AG (ref sc-480539;
Santa Cruz, Heidelberg, Germany) and 100.15 pmol of D4-AEA (Tocris/Biotechne, Lille,
France). Following centrifugation, supernatants were collected and evaporated to dryness.
Samples were re-suspended in 20 pl of ACN 30% / H>0 69.9% / formic acid 0.1% (v/v/v) and
loaded onto a microbore C18 ODS column (1x100 mm, 3 um UniJet microbore ODS, ref
MF8949, BioAnalytical Systems Inc., West Lafayette, U.S.A.) heated at 40°C. Elution was
performed at a flow rate of 50 pl/min by applying a gradient of mobile phases A/B.
Electrospray ionization was achieved in the positive mode using nitrogen and is detailed in
Supplemental Table 3. Identification of the compounds was based on precursor ions,
selective fragment ions, and retention times obtained for 2-AG, AEA, D8-2-AG and D5-AEA.

Quialification and quantification were performed in multiple reaction monitoring mode and



quantification was obtained using Quan Browser software (Thermo Scientific). The amount of
2-AG (nmol) and AEA (pmol) were normalized according to protein levels (mg).

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

PFC (n= 4-9/group), DS (n= 4-9/group), and HPC samples (n= 7/group) were
processed using a [*°S]-GTPyS binding assay to measure G protein activation following
CB1R stimulation. Not enough material was available from NAc samples to perform this
experiment. Samples were homogenized in sucrose 0.25M, centrifuged at 1100g (4°C, 10
min), and supernatants collected for centrifugation (30,000 g, 4°C, 30 min). Pellets were then
homogenized in sucrose 0.32M, subjected to Bradford analysis for total protein concentration,
and then stored at —80 °C. Arachidonyl-2'-chloroethylamide (ACEA), a potent and highly
selective CB1R agonist [58], was used in this assay to activate the receptor at different doses.
Proteins (50 pg) were incubated in the assay buffer (50 mM Tris-HCI pH 7.4; 3 mM MgCI2;
0.2mM EGTA; 100mM NacCl) containing 0.1nM [*S]-GTPyS (NEG030H, PerkinElmer,
Courtaboeuf, France), 30 uM GDP and ACEA (101°M to 10-°M) for 1 h at 25°C. Binding was
performed in triplicate in 96 deep-well plates. Radioactivity was detected on a Top-Count
scintillation counter (PerkinElmer, Billerica, MA, USA). Basal [*°*S]-GTPyS binding was
determined in the absence of agonist, and non-specific binding was assessed by replacing
[*°*S]-GTPyS with 10 uM of non-radiolabeled GTPyS. Stimulated specific binding was
converted to percentage of basal specific binding, defined as 100%. Stimulation (%) EC50s
and 1C50s were calculated for each sample and averaged.

2.4.4 Western blot analysis

Proteins (20 pg, n=4-5/group) were separated on a stain free polyacrylamide gel 4-
15% (Biorad, France) and transferred to polyvinylidene difluoride membranes (Biorad,
France), which were blocked in PBS-I-block (Tropix, Applied Biosystems) in 0.1% Tween 20
buffer for 1h. Blots were further incubated overnight at 4°C in an anti-CB1R antibody
(1:2000; #10006590; Cayman), prior to incubation with biotinylated secondary goat anti-body
(1:50 000; Jackson ImmunoResearch Laboratories, Inc) for 1h at room temperature. A pilot
control blotting experiment using this antibody on brain samples prepared from mice deficient
for the CB1Rs (kind gift from Dr C Nozaki) confirmed the absence of a stained band (53kDA)
in our conditions (Supplemental Figure 4B). Antibody binding was revealed by
chemiluminescence (ECL Prime, GE healthcare, Piscataway, NJ, USA), detected using the
ChemiDoc Imager (Biorad, France). Bands were quantified as mean optical intensity and

normalization was performed using stain free (total protein), as previously described [59].



2.5 Epigenetic analysis

2.5.1 Chromatin immunoprecipitation

Samples (n=5-7/group) were prepared as previously described [51] with minor
modifications. Briefly, frozen tissues were ground on carbonic ice before fixation (1%
formaldehyde) and quenched with glycine (0.125M). Tissue fragments were washed in the
presence of protease inhibitors (#4693132001, Roche, France); homogenized and lysates were
sheered (DNA fragments <600 bp). Protein A magnetic beads (Dynabeads, Invitrogen) were
coated overnight with the respective antibody of interest (H3K4Me3, #ab8580; H3K27Ac,
#ab4729, Abcam, France), washed and added to sheared chromatin for histone ChIP. A
sample of each sheared chromatin (10%) was used as input control. Samples were washed and
reverse cross-linking was performed at 65°C overnight, and DNA purified (DNA mini elute
kit, Qiagen, France). Additionally, a negative control without IgG was performed to test for
nonspecific binding [51]. The % of enrichment was calculated as follow: (signal H3K27ac -
signal no ab)/Input *100. PCR at genomic and exon regions for Cnrl, Dagla and Faah
associated with the immunoprecipitated proteins were performed (primers listed in
Supplemental Table 2).

2.5.2 Circularized chromosome-conformation capture (4C)

To investigate the potential occurrence of spatial reorganization of the chromatin
following cocaine intake, a circular chromatin conformation capture (4C-seq) experiment was
performed once on pooled samples from two rats, as previously described with minor
modifications [60]. Briefly, pooled samples of the NAc or HPC (2 rats/group) were
homogenized in ice-cold PBS supplemented with 1x Protease Inhibitors Cocktail (PIC,
cOmplete EDTA free, Roche) and cross-linked with 2% formaldehyde. Nuclei were extracted
following a classical hypotonic shock protocol. Purified nuclei (5 million nuclei per biological
condition) were processed for 4C-seq template generation using Dpnll and Csp6l as first and
second restriction enzymes, respectively. The resultant 4C DNA template was used to
generate 4C-seq libraries by inverse PCR (Long Template PCR system, Roche) using target-
specific designed primers containing Illumina sequencer adapters (Supplemental Table 2).
For primer design, a region surrounding the TSS of the Cnrl gene (+/- 2 kb) was selected.
Finally, generated libraries were purified with SPRI select beads (Beckman, USA), quantified
using Bioanalyzer, and pooled equimolarly for sequencing using 50bp single-end Hiseq 4000

sequencer (IGBMC Genomeast platform; http://genomeast.igbmc.fr).
The analysis was performed using a custom perl script based on previous analysis

[61]. Reads were de-multiplexed in individual fastq files using sabre tool


http://genomeast.igbmc.fr/

(https://github.com/najoshi/sabre, version 1.0) according to the reading primer of each bait.

Fastq reads were then filtered and mapped to the rat Rn6 genome using Bowtie [62]. Mapped
regions were assigned to a fragment-end coordinate generated by the in-silico digestion of the
reference genome using the primary and secondary restriction enzymes recognition sequences
(Dpnll and Csp6l respectively). To allow for data comparison between saline-SA and
cocaine-SA groups or between the two structures, quantile normalization was performed
using 4See R package [63] and resulting bedGraphs were observed using pyGenomeTracks
[64]. H3K27ac data were obtained from GSM2520838 and re-aligned to the rat Rn6 genome.
Significant interactions were called on individual datasets using peakC®8 with default
parameters, including a window size of 15 fragments. To assess the overlap between detected
intersections for each bait in the different biological conditions, we used bedsect multiple
intersection tool and calculated the coverage in nucleotides of the different intersecting and
non-intersecting regions to generate Chow-Ruskey area-proportional plots using Intervene
[65].
2.6 Statistical analysis

All results are expressed as mean + SEM. Data from gPCR were analyzed using
unpaired student’s t-test. Separate analyses were conducted in each brain structure.
Correlations were performed to compare total cocaine intake with endocannabinoid levels,
gene expression or Emax values, when possible (limited number of animals performed several
analysis). Behavioral data were analyzed using repeated measures ANOVAs with group as
between-subject factor and session as a repeated factor. The ANOVAs were followed by a
Tukey’s post hoc test when required for multiple comparisons. Significance was set at p <
0.05 (GraphPad V.7).

3. Results

3.1 Transcriptional changes in the endocannabinoid system following cocaine self-
administration

The number of cocaine injections was stable across the 10 cocaine-SA sessions and
significantly higher than the number of saline infusions across all sessions, F(1,56) = 334.9, p
<.0001 (Figure 1A). The ANOVA analysis for the number of nose pokes revealed a group
effect (F(3,112)= 31.4, p<.0001). The animals receiving cocaine completed more than 80%
of nose pokes in the active hole starting at session 5, with the post-hoc analysis indicating a
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significant difference between active and inactive nosepokes for sessions 5 to 9 (p <.0003).
(Figure 1B). Over the 10 sessions, rats in the cocaine-SA group received an average of 32+
0.5 mg/kg of cocaine per day. In order to examine gene expression changes in this condition,
we performed gPCR analysis in several brain structures. As shown in Figure 1C, cocaine-SA
altered gene expression of both CBRs in a number of brain regions, although the effects were
often in opposite directions. More specifically, Cnrl expression was significantly increased in
the NAc, t(16) = 3.688, p =.002, DS, t(17) = 3.062, p = .007, and the HPC, t(14) = 5.289, p <
.001, whereas Cnr2 expression was significantly decreased in the PFC, t(12) = 2.668, p =
.020, DS, t(16) = 3.963, p = .001, and LH, t(9) = 3.569, p = .006 (Figure 1C and
Supplemental Figure 2). No correlation was observed between Cnrl expression and total
cocaine intake (Supplemental Figure 3). There were no significant differences between
saline-SA and cocaine-SA groups in CBR gene expression in other brain regions, and no
group differences in the regulation of Crip1A in the PFC, NAc, DS or HPC.

Changes in gene expression of endocannabinoid enzymes (Figure 1D) were observed
in the NAc, following cocaine-SA, with an increase (Napepld: t(19) = 3.043, p =.007) and
decrease [Faah, t(16) = 2.229, p = .041) in the expression of genes related to synthesis and
degradation, respectively. Cocaine-SA also increased Faah expression in the PFC, t(13) =
2.196, p = . 046, with no other changes observed in this brain region (all ps >.05). The most
dramatic and consistent changes in gene expression were observed in the HPC, with increases
in enzymes related to synthesis [Nape-pld: t(13) = 2.737, p = .017; Dagla: t(12) = 12.540, p <
.001] as well as degradation [Faah: t(12) = 10.190, p <.001; Mgll: t(12) = 2.275, p = .042].
Minimal changes were observed for these transcripts in the other brain structures, Hab, Amy,
LH, VTA and RMTg (Supplemental Figure 2).

3.3 Modulation of endocannabinoid levels following cocaine self-administration

To determine endocannabinoid content in the PFC, NAc, DS and HPC, we performed
mass spectrometry. Measures of AEA and 2-AG levels revealed similar levels to those
previously reported [66], with a higher proportion of both eCBs in the HPC and a lower
proportion in the NAc (Figure 2A). In addition, AEA levels were decreased in the NAc, t(14)
=2.159, p =.048, and DS, t(14) = 2.449, p = .028, but increased in the HPC, t(13) = 2.647, p
=.020, and unchanged in the PFC, t(14) = 1.372, p = .191, following cocaine-SA (Figure
2B). An increase of 2-AG levels was detected in the NAc, t(14) = 3.666, p = .003, and HPC,
t(13) = 2.377, p = .033, whereas no detectable differences were observed in the PFC, t(14) =
1.966, p =.069, or DS, t(14) =.089, p =.932 (Figure 2C). No correlation was observed

between endocannabinoid levels and total cocaine intake (Supplemental Figure 3).
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3.4 Alteration of CB1 receptor expression following cocaine self-administration

Western blot analysis was performed to examine whether Cnrl expression changes
observed at the RNA level could be attributed to modulation of the receptor protein
expression. This analysis revealed a significant increase in CB1R expression in both the PFC,
t(7) = 2.787, p = .027 and DS, t(7) = 2.380, p = .048 following cocaine-SA, and a trend to an
increase in the HPC, t(8) = 2.316, p = .054 (See Figure 3A, B).
3.5 Modulation of CB1R functional activity following cocaine self-administration

To evaluate whether molecular changes observed for Cnrl expression are
accompanied by adaptations at the functional level of the receptor, we assessed agonist-
stimulated [*S]-GTPyS binding. This assay revealed significantly increased efficacy (Emax)
in cocaine-SA rats, compared to saline controls, in the HPC (Emax: Saline-Control = 153.4 +
14.81; Cocaine-SA = 218 + 15.95; HPC: p = 0.011) (Figure 3C, D, E). The potency (EC50)
was not altered in this region (EC50: Control = 15.3 10°M + 7.1; Cocaine-SA = 4.2 10M +
0.9) and there were no significant changes of either Emax or EC50 in the PFC or DS (data not
shown). No correlation was observed between Emax and total cocaine intake (Supplemental
Figure 3).
3.6 Enrichment of histone modification changes following cocaine self-administration

Chromatin immunoprecipitation (ChlIP) experiments were conducted to examine
whether transcriptional regulation observed for some endocannabinoid system genes in the
HPC could be attributed to epigenetic regulations. We chose to focus on H3K4Me3 and
H3K27ac, since they represent two major modifications enriched at active promoters [18, 67].
Enrichment at Cnrl remained unchanged for both markers [H3K4Me3: Cnrl-prom, p =
0.638; H3K27Ac Cnrl-prom: p = 0.229; Cnrl-exonl: p = 0.176] (Figure 4A). These results
indicate no significant change in histone modification in the HPC following cocaine-SA for
Cnrl. In contrast, increased H3K4Me3 in Faah and Dagla promoter genes in response to
cocaine was observed (Faah: p = 0.011; Daglo.: p = 0.039) as well as increased H3K27Ac for
Faah (Faah-prom: p = 0.038; Faah-exonl: p = 0.007) (Figure 4A).
3.7 Chromosome conformation capture at Cnrl promoter locus

Neuronal activation, including stimulation by drugs of abuse, leads to major
remodeling of three-dimensional chromatin architecture supporting transcriptional
reprogramming [68-70]. To investigate whether transcriptional induction of Cnrl in response
to cocaine might result from spatial chromatin organization, we performed 4C-seq analysis,
targeting Cnrl. 4C-seq analysis targeting Cnrl promoter indicated that 3D chromatin

architecture at Cnrl locus was substantially changed following cocaine-SA. Moreover, our
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data suggest that spatial organization of the chromatin at Cnrl locus is partially conserved
between the HPC and NAc (Figure 4B, 4C and Supplemental Figure 5).

4. Discussion

Our work confirms that the endocannabinoid system is modulated by cocaine intake in
rats. More precisely, self-administered cocaine modified cannabinoid signaling in brain
reward regions, most notably, CB1Rs in the HPC. Epigenetic processes, including histone
marks regulation and spatial chromatin re-organization at specific endocannabinoid genes,
accompanied transcriptional changes. These modifications, therefore, may contribute to long-

lasting effects of chronic cocaine, including behavioral consequences.
Endocannabinoid regulation in the HPC following cocaine-SA

The HPC plays a critical role in learning and memory; in the context of substance use
disorder, the region is implicated in the formation of drug-context and drug-cue associations,
as well as reconsolidation of drug-associated memories. This brain structure is also linked to
reinstatement of drug-taking, a behavior linked to relapse in humans (for a recent review, see
[71]). As such, the HPC is an important component of the addiction circuit [72]. Indeed, our
results point to significant molecular changes in this brain structure following cocaine-SA,
with increased gene expression of the four main metabolizing enzymes, suggesting a
remodeling of endocannabinoid tonus. Also, Cnrl expression was markedly increased in the
cocaine-SA group, suggesting voluntary cocaine intake was associated with increased
functionality of the receptor. CriplA expression in the HPC was also increased in this
condition. As Crip1A enhances CB1R signaling in the HPC [73], this protein could
participate in the regulation of CB1R signaling. Few studies have examined CB1R changes in
the HPC following cocaine-SA and no changes could be detected at the protein level, using
immunohistochemistry [74]. On the contrary, CB1R were increased in a cocaine sensitization
paradigm in mice [43], possibly reflecting a compensatory mechanism as this modification
was coupled with decreased gene/protein expression of the endocannabinoid-synthesis
enzymes NAPE-PLD and DAGLa [43].

Endocannabinoid levels in the limbic forebrain are regulated following cocaine-SA
with 2-AG unchanged [49], or decreased [48], the latter specifically in the NAc of short
access rats [75]. Interestingly, both 2-AG and AEA were increased in the HPC only in

cocaine-SA rats, matching previous results using a reinstatement paradigm [74]. Similar
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increases in 2-AG were observed in rats receiving passive cocaine injections (yoked), whereas
both AEA and 2-AG were reduced following extinction of cocaine-SA. This supports the idea
that molecular adaptations to cocaine are not ubiquitous, but depend on the conditions of
administration [50]. Importantly, we evaluated endocannabinoid levels 24h after the last
cocaine session in order to avoid changes due to acute drug effects, which may explain
discrepancies with previous findings. Species and/or strain differences may also explain these
differences given reports of varying levels of endocannabinoids in Lewis or Fisher rats under
saline or cocaine-SA [47]. Specific regulations of endocannabinoids in the HPC point to a role
of these lipid ligands in cocaine responses that may be involved in neuronal activity or
memory processes. Previous studies have revealed a differential role for AEA and 2-AG in
memory responses [76], with AEA being a central component in the modulation of memory

consolidation, highlighting the complexity of the endocannabinoid system in such processes.

CB1Rs are mainly expressed on GABAergic neurons of the HPC [77] where they
modulate synaptic plasticity and play a role in cognition [78]. Recent research using
conditional knockout animals and chemogenetic approaches have dissociated discrete circuits
and specific cell types expressing CB1Rs to explore underlying mechanisms involved in drug-
associated memory [79-81]. In particular, depending on their cell-type localization, CB1Rs
appear to differentially control cellular and molecular effects of cocaine, with CB1R
expression in forebrain GABAergic neurons and cortical glutamatergic neurons controlling
sensitivity to cocaine and associative learning, respectively [35]. These results highlight a role
of the hippocampal endocannabinoid system in cocaine responses, which may reflect the
region’s involvement in learning and memory processes [82, 83]. Other brain circuits,
including distinct striatal neuronal subtypes [84] or discrete brain structures like the
basolateral amygdala [85], may contribute to the formation of cocaine-environment
associations. These results highlight the role of the endocannabinoid system in memory
associated with cocaine intake and provide support for potential therapeutic strategies for
relapse prevention. Altogether, such approaches will refine our continuously evolving
knowledge of endocannabinoid signaling and further the understanding of the involvement of

adaptations in specific brain structures following cocaine abuse.
Opposite role of CB1Rs and CB2Rs in cocaine adaptations

Interestingly, some studies have revealed similar roles for CB1Rs and CB2Rs in
responses to cocaine. Pharmacological blockade of either CB1Rs or CB2Rs prevented both
cocaine-induced conditioned locomotion and cocaine-induced reduction of cell proliferation
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in the HPC of adult male rats [86]. Common regulation of both receptors in the PFC was
described with a decreased expression in a cocaine-SA paradigm [46], and an increased
expression in a cocaine-SA reinstatement paradigm [74]. Nevertheless, as in our study, some
findings support opposite regulations and opposing roles for the two receptors. We observed
increased transcript levels of CB1Rs in the NAc, DS, and HPC whereas CB2R expression
decreased significantly in the PFC and DS following cocaine self-administration. In a mouse
model of spontaneous cocaine withdrawal, a decrease and increase were reported in the NAc
for CB1R and CB2R transcripts, respectively [87]. Opposite patterns of protein expression
were reported for CBRs in basal conditions in adolescent, compared to adult, rats (CB1R
higher and CB2R lower) in both the PFC and HPC. When cocaine was administered during
early adolescence, CB1R levels were increased while CB2R were decreased, only in the PFC
[88]. Another study revealed opposite effects for CB1R and CB2R using cocaine-
sensitization and CPP tests in mice. Specifically, a CB1R antagonist (AM251) inhibited the
acquisition and expression of sensitization and the acquisition of a CPP, whereas a CB2R
agonist (JWH133) inhibited acquisition and expression of both sensitization and CPP. These
interventions also blocked neuronal activation in the HPC of CPP-exposed animals,
suggesting an opposite role for the two receptors, specifically through HPC activation [89]. In
another study, a CB1R antagonist (Rimonabant) or CB2R agonist (JWH133) attenuated
cocaine-induced hyperlocomotion, and the effect of Rimonabant was reversed by blocking
CB2Rs [42]. Interestingly, this reciprocal interaction between CB1R blockade and CB2R
activation on cocaine responses was correlated with neuronal activation in the NAc [42].
Similarly, a CB2R antagonist reversed the inhibitory effect of Rimonabant on a cocaine-
induced CPP [42]. Such reciprocal interactions were also observed on acquisition and
expression of a CPP to cocaine, which were reduced by either a CB2R agonist (JWH133) or a
CB1R antagonist (Rimonabant) [90]. The locomotor activity effects of cocaine were
modulated in the same way [90]. Altogether, findings suggest a reciprocal interaction within
the endocannabinoid system for modulating the reinforcing and psychomotor effects of
cocaine. As discussed previously, this may occur through specificity of neurons expressing
CB1Rs and CB2Rs, as recently described in the VTA [28, 91, 92]. Also, both CBRs are
expressed on microglia and modulate neuroinflammatory processes, which may contribute to
the pathophysiology of cocaine addiction (reviewed in [93]). It is therefore reasonable to
propose that modification of endocannabinoid signaling and the reciprocal functioning of
CBRs may alter production of inflammatory mediators, consequently altering cocaine-evoked
behaviors [93, 94].
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Epigenetic mechanisms involved in cocaine induced regulation of

endocannabinoid genes

To investigate epigenetic changes induced by cocaine-SA in the HPC, we first
performed ChIP experiments targeting genes controlling endocannabinoid signaling, using
H3K4Me3 and H3K27Ac marks, enriched at promoters and/or enhancers of active genes [95,
96]. Previous studies examining histone modifications following cocaine intake focused on
the NAc [18], but few investigated such epigenetic changes in the HPC. H3K4me3 and
H3K27ac levels were increased at regulatory regions of Faah following cocaine-SA,
suggesting epigenetic mechanisms may drive transcriptional changes. Additional epigenetic
mechanisms might contribute to transcriptional regulations induced by cocaine, including
DNA methylation, as already proposed by previous studies in models of eating disorders [97-
100], and other psychiatric conditions [101]. Interestingly, two human studies surveying
genome-wide changes reported gene expression and dynamic histone methylation
modifications (including H3K4Me3) in postmortem hippocampal tissue from individuals
chronically exposed to cocaine, highlighting complex gene-regulatory process that may
include multifaceted histone modifications [102, 103]. Second, we investigated 3D chromatin
architecture using 4C-seq following cocaine-SA, as previous work demonstrated three-
dimensional chromatin remodeling supporting transcriptional reprogramming in the NAc
following cocaine intake [70]. Our results on Cnrl locus indicate that cocaine induces
remodeling of chromatin loops in the HPC, as well as in the NAc, supporting the idea that
epigenetic mechanisms contribute to altered regulation of hippocampal endocannabinoid

systems in response to cocaine.
Sex differences in cocaine modulation of endocannabinoid signaling

Epigenetic changes in response to cocaine exposure appear likely to be sex-specific
[97]. Even though more men use or abuse cocaine, women may be more prone to become
addicted following recreational use as they experience enhanced positive subjective effects of
the drug (for a review see [104]). Once addicted to cocaine, women have more difficulty
quitting and report higher levels of craving. Both sociocultural and biological factors may
contribute to these sex differences, and recent studies highlight the role of sex hormones in
reward processing [105]. For example, female rodents are more motivated to self-administer
cocaine under a PR schedule, and estradiol enhances this effect [104, 106]. In addition,
signaling of this hormone increases rewarding effects of cocaine in male, but not female, rats
[107]. Together, these changes point to differential adaptions of the endocannabinoid system
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following drug exposure in males and females, that could be further studied to characterize
underlying mechanism linking sex and endocannabinoid interactions in cocaine-induced

effects.
Future studies

The current results represent the foundation for future work, examining which
cocaine-induced epigenetic changes causally contribute to drug addiction mechanisms. Such
functional validation experiments could focus on modifying specific epigenetic changes
during cocaine self-administration and would involve a comprehensive and thorough analysis
of molecular changes linked to specific behavioral measures. Based on current evidence, it is
difficult to untangle whether manipulations of chromatin remodeling proteins cause, or simply
correlate with, epigenetic regulations in rodent models of addiction [108]. Our previous work
examining cocaine-induced alterations of DNA methylation in the PFC demonstrated that
DNA methyltransferase (DNMT) inhibitors enhanced the reinforcing properties of cocaine,
highlighting specific networks involved in underlying plasticity mechanisms [109].
Nevertheless, unanticipated findings including no major global methylation reaction, more
hyper than hypomethylated DMRs following treatment with the DNMT inhibitor, and
common differentially methylated genes in both untreated and treated groups highlighted the
complexity of cocaine-induced epigenetic regulations. In addition, it is important to
emphasize that gene-regulatory processes may include multifaceted epigenetic regulations
such as histone modifications associated with DNA methylation. Interestingly, a recent study
demonstrated that disrupting HDAC3 histone deacetylase activity altered target-specific
changes in gene expression and synaptic plasticity in the NAc following cocaine exposure,
but had no effect on behavioral responses to cocaine [110]. This provides further evidence for
the complexity of epigenetic mechanisms driving cocaine-related behaviors, and emphasize
the difficulty of establishing causal relationships with a single set of experiments. Cell-type-
specific analyses and epigenome-editing tools may represent a crucial advance in the study of
causal epigenetic mechanisms underlying cocaine addiction, ultimately, these may be used to

design novel and more effective therapies for addiction [108].
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Figure Captions

Figure 1. Cocaine-SA alters endocannabinoid system gene expression in brain reward
areas. Rats responded for intravenous cocaine (0.33 mg/kg/infusion) or the same volume of
saline under a fixed ratio (FR1) schedule of reinforcement over 10 days (2 h/day). Behavioral
data are shown as mean (+tSEM) number of injections (A) and nose-pokes in active and
inactive holes (B) per day over 10 sessions. A. Cocaine, but not saline, sustained responding
under an FR1 schedule, with the cocaine-SA group discriminating between active and inactive
nose-pokes by session 5 (B). Endocannabinoid system gene expression for cocaine-SA and
saline-SA groups is shown as mean (xSEM) mRNA levels of endocannabinoid system
transcripts (C) or enzymes (D) in the PFC (n= 6-9/group), NAc (n= 4-10/group), DS (n= 4-
11/group) and HPC (n= 5-9/group). C. Cocaine-SA increased Cnrl gene expression in the
NAc, DS and HPC, but decreased Cnr2 gene expression in the PFC and DS. D. Cocaine-SA
increased gene expression of all endocannabinoid enzymes in the HPC. Cnr1/2: cannabinoid
receptor 1/2; Cnripl: cannabinoid receptor interacting protein 1A; Dagla: diacylglycerol
lipase alpha; DS: dorsal striatum; Faah: fatty acide amine hydrolase; HPC: hippocampus; IP:
intraperitoneal, NAc: nucleus accumbens; Napepld: N-acyl phosphatidylethanolamine
phospholipase D; Mgll: monoacylglycerol lipase, PFC: prefrontal cortex; SA: self-
administration. * = different from Saline-SA: *: p <.05, **: p <.01 and ***: p <.001.

Figure 2. Cocaine self-administration modulates endocannabinoid levels in brain reward
areas. Individual expression levels of AEA and 2-AG in all samples illustrating brain
structure distribution (A). Data are presented as group means (xSEM) of endocannabinoid
levels (B, C, n=7-8/group) in the PFC, NAc, DS, and HPC. Cocaine-SA decreased AEA
levels in the NAc and DS (B). AEA levels in the HPC (B) and 2-AG levels in the NAc and
HPC (C) were increased following cocaine-SA. Cocaine-SA increased CB1R expression in
the PFC and DS. 2-AG: 2-arachidonoylglycerol; AEA: anandamide; CB1: cannabinoid
receptor 1; DS: dorsal striatum; HPC: hippocampus, NAc: nucleus accumbens; PFC:
prefrontal cortex; SA: self-administration. * = different from Saline-SA: *: p <.05, and **: p <
.01.

Figure 3. Cocaine self-administration modulates CB1R expression and functionality in
the prefrontal cortex, dorsal striatum and hippocampus. Data are presented as mean
(xSEM) relative CB1R expression (A, B), and protein activation levels in the PFC (C), DS
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(D) and HPC (E), as a percentage stimulation of CB1R per molar concentration of ACEA.
Representative Western blots (A) and quantification (B) are represented (n=4-5/group).
Cocaine-SA elevated CB1R maximal activation in the HPC but had no effect on CB1R
activation in the PFC or DS (B, C, D) (Saline-SA, n=6-7; Cocaine-SA, n=7-9). ACEA:
Arachidonyl-2'-chloroethylamide; DS: dorsal striatum; GTPyS: guanosine 5'-[y-
thio]triphosphate; DS: dorsal striatum; HPC: hippocampus; PFC: prefrontal cortex; SA: self-
administration. * = different from Saline-SA, p <.05.

Figure 4. Cocaine self-administration alters histone modifications and chromatin
looping on endocannabinoid system-associated genes in the hippocampus. (A) Data are
presented as mean (SEM) percentage of histone modification enrichment compared to
Saline-SA for each region of interest. Cocaine-SA increased H3K4Me3 enrichment on
promotor regions of Faah and Dagla coding-genes. Cocaine-SA also increased H3K27Ac
enrichment in the HPC on promotor and exon 1 regions of the Faah gene (n=5-7/group). * =
different from Saline-SA: *: p <.05, **: p <.01 and ***: p <.001. (B) Cnrl promoter
chromatin interactions are modulated by cocaine-SA in a tissue-dependent manner. 4C-seq
area-proportional Chow-Ruskey plots show the overlap between significant promoter
interacting regions detected in 4C-seq data across the different experimental conditions (HPC
Sal-SA, HPC Cocaine-SA, NAc Saline-SA, Nac Cocaine-SA). For each dataset, a delimited
area proportional to the coverage of detected promoter interaction in nucleotides is delineated
by a different border line pattern. Common interacting regions between different datasets are
shown by increasingly darker grey tonalities according to the number of datasets intersecting
together, with the central circle representing the overlap of all datasets (dark grey) and the
more external areas representing non-overlapping regions (white). Numbers account for the
nucleotides present in the comprising area. (C) 3D chromatin remodeling index showing
cocaine-SA induced changes at Cnr1 locus for hippocampus (HPC) and nucleus accumbens
(NAC), calculated as: (number of nucleotides specific to Cocaine-SA) / (total number of
nucleotides obtained for Saline-SA). Dagla: diacylglycerol lipase alpha; Faah: fatty acid

amine hydrolase; SA: self-administration.

Supplemental Table 1. Microdissected areas.

Supplemental Table 2. Primer sequences for reference (Rplp0) and endocannabinoid system
genes for qPCR, ChIP-PCR and 4C analysis.

Supplemental Table 3. Mass spectrometry analysis were performed on a Dionex Ultimate

3000 HPLC system coupled with a triple quadrupole Endura mass spectrometer (Thermo
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Scientific, San Jose, USA) and controlled by Xcalibur v. 2.0 software. The presence of 2-AG,
AEA, D8-2-AG and D5-AEA was examined using the multiple reaction monitoring mode
(MRM). For the elution, mobile phase A corresponded to ACN 1% / H2O 98.9% / formic acid
0.1% (v/viv), whereas mobile phase B was ACN 99.9% / formic acid 0.1% (v/v). For
electrospray ionisation, desolvation (nitrogen) sheath gas was set to 10 Arb and Aux gas was
set to 5 Arb. The lon transfer tube was heated at 287°C. Q1 and Q2 resolutions were set at 0.7
FWHM, whereas collision gas (CID, argon) was set to 2 mTorr. Selection of the monitored
transitions and optimization of collision energy and RF Lens parameters were manually
determined. All amounts of endocannabinoids measured in samples fit within the standard
curve limits, with typical analytical ranges from 1 fmol — 100 pmol to 150 fmol — 100 pmol.
Precision (CV% between repeated injections of the same sample) values were <1% for same-
day measurements and <5% for inter-day measurements.

Supplemental Figure 1. Timeline of experimental procedures. Cocaine self-administration
(SA) effects were examined on endocannabinoid system processes. Rats responded for
intravenous cocaine (0.33 mg/kg/infusion) or the same volume of saline under a fixed ratio
(FR1) schedule of reinforcement over 10 days (2 h/day). Independent cohorts were processed
and samples were used for molecular investigation. GTPyS binding and gene expression
(cohort 1) and Western blot analysis and gene expression (cohort 2) were from same rat
samples; in cohort 4, Mass Spectrometry and 4C analysis were performed from distinct

animals.

Supplemental Figure 2: Cocaine-SA alters endocannabinoid system gene expression in
brain reward areas. Endocannabinoid system gene expression for cocaine-SA and saline-SA
groups is shown as mean (xSEM) in the habenula (Hab, n=4-11/group), Amygdala (Amy, n=
6-10/group), lateral hypothalamus (LH, n= 4-7/group), ventral tegmental area (VTA, n=5-
8/group) and tail of the ventral tegmental area (RMTg, n=4-7/group).

Supplemental Figure 3: Correlation analysis. Correlation plots between cocaine total intake
and endocannabinoid levels (AEA and 2-AG), Cnrl expression, or Emax values, in brain
reward areas. DS: dorsal striatum; HPC: hippocampus, NAc: nucleus accumbens; PFC:
prefrontal cortex.

Supplemental Figure 4: Cocaine-SA modulates CB1R expression in brain reward areas.
Representative Western blots for Figure 4D in PFC, DS and HPC samples following cocaine-
SA experiments (A). Representative Western blots in mouse brain samples for CB1R, in wild-
type (WT), knockout mouse for CB1R (Cnrl ko) and knockout mouse for CB2R (Cnr2 ko)
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for antibody validation (B). DS: dorsal striatum; HPC: hippocampus; PFC: prefrontal cortex;
SA: self-administration.

Supplemental Figure 5: Circular chromatin conformation capture (4C-seq) at Cnrl
promoter. 4C-seq profiles at Cnrl locus generated using saline self-administrated (Saline-
SA, light grey) and cocaine self-administrated (Cocaine-SA, black) rat hippocampus (HPC)
and nucleus accumbens (NAc). On the y axis, quantile normalized reads for each 4C-seq
dataset show the signal coverage of Cnrl interacting regions. Boxes below each data track
illustrate the significant interactions detected for each bait and condition. H3K27ac ChlPseq
coverage (black) from rat hypothalamus (GSM2520838), shows how some Cnr1 distal
regulatory regions are enriched at active promoter and enhancer regions. Gene annotations are
included in the bottom track [111].
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