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DNA methylation; Oxycodone (Oxy) is one of the most effective analgesics in medicine, but is associated with the
Oxycodone; development of dependence. Recent studies demonstrating epigenetic changes in the brain af-
Oxytocin; ter exposure to opiates have provided an insight into possible mechanisms underlying addiction.
Synaptic proteins Oxytocin (OT), an endogenous neuropeptide well known for preventing drug abuse, is a promis-

ing pharmacotherapy to counteract addiction. Therefore, we explored the mechanism of Oxy
addiction and the role of OT in Oxy-induced epigenetic alterations. In this study, drug-induced
changes in conditioned place preference (CPP), i.e. the expression of synaptic proteins and
synaptic density in the ventral tegmental area (VTA) were measured. We also sought to iden-
tify DNA methyltransferases (DNMTs), ten-eleven translocations (TETs), global 5-methylcytosine
(5-mC), and DNA methylation of two genes implicated in plasticity (Synaptophysin, Syn; Post-
synaptic density protein 95, Psd95). Oxy (3.0 mg/kg, i.p.) induced CPP acquisition in Sprague-
Dawley rats. Oxy down-regulated DNMT1 and up-regulated TET1-3, leading to a decrease in
global 5-mC levels and differential demethylation at exon 1 of Syn and exon 2 of Psd95. These
changes in DNA methylation of Syn and Psd95 elevated the expression of synaptic proteins (SYN,
PSD95) and synaptic density in the VTA. Pretreatment with OT (2.5 pg, i.c.v.) via its receptor
specifically blocked Oxy CPP, normalized synaptic density, and regulated DNMT1 and TET2-3

Abbreviations: aCSF, artificial cerebrospinal fluid; Ato, atosiban; CPP, conditioned place preference; DNMT, DNA methyltransferase;
OT, oxytocin; Oxy, oxycodone; TET, ten-eleven translocation; VTA, ventral tegmental area; PSD95, post synaptic density protein 95; SYN,
synaptophysin.
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causing reverse of DNA demethylation of Syn and Psd95. DNA methylation is an important gene
regulation mechanism underlying Oxy CPP, and OT - via its receptor - could specifically inhibit

Oxy addiction.

© 2019 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

Oxycodone (Oxy) is a commonly used pain medication, and
like many short-acting opioid agonists, it also has addic-
tion potential (Remillard et al., 2019). Repeated administra-
tion of opiates produces functionally significant changes in
neurobiological processes promoting reward-related learn-
ing and memory (van Steenbergen et al., 2019). Based on
the extensive literature on opioid dependence and with-
drawal, chronic opiates potently enhance glutamatergic and
GABAergic function, and structural plasticity in the ven-
tral tegmental area (VTA), a critical brain region involved
in reward and motivation (Langlois and Nugent, 2017;
Langlois et al., 2018). Drug-induced synaptic plasticity has
attracted considerable interest in studies of drug addic-
tion, as strong and durable memories associated with drug
experience are demonstrated to promote compulsive drug
taking and craving (Smaga et al., 2019). Synapses are the
fundamental units of information transfer and memory stor-
age in the brain, composed of presynaptic and postsynap-
tic compartments. Presynaptic proteins, such as SNAP-25
and synaptophysin (SYN), and postsynaptic proteins, such
as homer 1 and post synaptic density protein 95 (PSD95),
are reported to be modified by opiate use (Liu et al., 2016;
Befort et al., 2010). However, the underlying molecular
mechanisms of drug-induced changes in synaptic proteins
are still not fully understood.

Several lines of evidence have suggested a key role for
epigenetic modifications in forming and maintaining the ad-
dictive state (Dobs and Ali, 2019; Fiona et al., 2018). For ex-
ample, DNA methylation (the covalent binding of a methyl
group to cytosine to form 5-methylcytosine (5-mC)) aids the
transition from active to repressed chromatin states, and
is the most well-studied epigenetic mechanisms in the con-
text of drug addiction (Lax et al., 2018). The DNA methy-
lation landscape was shown to be altered by DNA methyl-
transferases (DNMTs) and ten-eleven translocations (TETs)
in different animal models for opiates use (Wu et al., 2018;
Sun et al., 2017). Members of the DNMT family including
DNMT1, DNMT3A, and DNMT3B (Poetsch and Plass, 2011),
along with TET methylcytosine dioxygenases (TETs including
TET1-3) mediate the degradation of 5-mC, hence promot-
ing DNA demethylation (Bian et al., 2014). The steady state
of DNA methylation reflects a balance of methylation and
demethylation (Detich et al., 2003). Differential methyla-
tion of the bdnf and opioid receptor Mu 1 gene have been
reported in opiate-dependent individuals (Schuster et al.,
2016; Marie-Claire et al., 2016). These phenomena thus
lend further support to the notion that synaptic changes
during opiate exposure may be mediated by altered DNA
methylation.

In many species, the neuropeptide oxytocin (OT) is
an important modulator of social and emotional pro-
cesses, including reward, social stress, associative learn-

ing, memory and stress responses (Singh et al., 2016;
Amini-Khoei et al., 2017). There is now strong evidence
that OT is a key candidate for treating maladaptive pro-
cesses associated with addiction (Stauffer et al., 2019;
Zanos et al., 2017). OT attenuates cocaine-seeking and
methamphetamine-primed reinstatement (Kohtz et al.,
2018; Everett et al., 2018; Cox et al., 2016), as well as
reducing opiate self-administration and decreasing crav-
ing and stress responses in marijuana-dependent individu-
als (McRae-Clark et al., 2013). Conversely, chronic metham-
phetamine/cocaine treatment was shown to cause an in-
crease in plasma OT levels and OT receptor density in the
amygdala (Georgiou et al., 2015a,2016, 2017; Baracz et al.,
2016; Zanos et al., 2014a). A growing number of studies
have also manipulated the acquisition, consolidation and
retrieval process to disrupt memory by OT (Boccia et al.,
1998; De Oliveira et al., 2007). Disrupting cue-drug memory
consolidation is one of the most important strategies for re-
ducing the strength of cues in motivating drug-seeking and
-taking behavior (Sorg, 2012). However, the role of OT in
Oxy-seeking behavior via persistent disruption of an estab-
lished addictive memory and its underlying mechanism re-
main elusive. Therefore, the current study was designed to
evaluate the effect of OT administration on Oxy conditioned
place preference (CPP)-induced epigenetic alterations that
underlie synaptic changes.

2. Methods

2.1. Animals

Adult male Sprague-Dawley rats, weighing 250-300 g, were pur-
chased from BEIJING HFK BIOSCIENCE CO., LTD. All animals used
for the conditioned place preference (CPP) experiment were group-
housed (n = 2-3 per cage) and were maintained under standard
conditions with a reversed 12 h:12 h light/dark cycle (lights on
8:00), controlled temperature (24 + 1 °C), humidity (50 + 10%),
low noise, sufficient chow and water. After five days adaption, surg-
eries for implantation of intracerebroventricular cannula were con-
ducted between 8:00 to 17:00 and behavioral test was performed
between 8:00 to 12:00. All experimental procedures and protocols
were approved by The Laboratory Animal Care Committee of China
Medical University (2019PS130K), and were conducted according to
the National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals (NIH Publication No. 8023, revised 1978). Ev-
ery effort was made to minimize animal suffering and the number
of animals used.

2.2. Chemicals

Oxy (obtained from Shengjing Hospital of China Medical Uni-
versity) was dissolved in saline and injected intraperitoneally
(i.p.) in a dose of 3.0 mg/kg. OT (Sigma, #00770000) and Ato
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Fig. 1 Aglobal timeline of the behavioral procedures. There were five animal groups for this experiment, namely Sal+aCSF (n = 11)

as the control group, Oxy+aCSF (n = 11) as the model group, and Oxy+aCSF+OT (n = 11)/0xy+aCSF+OT+Ato (n = 11)/Sal+
aCSF+-OT (n = 11) as the treatment groups. On even days (Days 4, 6, 8, 10), rats received either Oxy (3.0 mg/kg, i.p.) or saline at
30 min after OT (2.5 ng, i.c.v.) or aCSF administration. Ato (10.0 ng, i.c.v.), a competitive OT receptor antagonist, was administered
10 min before OT administration. On odd days (Days 5, 7, 9, 11), rats were given aCSF at 30 min before injection with saline. All
rats underwent eight daily conditioning sessions for 1 h in the CPP chamber. On Day 12, the VTA was removed after post-CPP to
observe the synaptic structures and the expression of SYN and PSD95. Finally, the DNA methylation status at exon 1 of Syn and exon
2 of Psd95, as well as expression levels of DNMTs and TETs were analyzed.

(Sigma, #a3480) were dissolved in aCSF composed of 145 mM
NaCl, 2.8 mM KCl, 1.2 mM CaCl,, 1.2 mM MgCl,, 5.4 mM D-
glucose, PH=7.4 (all the solute purchased from Sigma, USA) with
the concentration of 2.5 pg/ul and 10.0 pg/pl. OT and Ato
were administered intracerebroventricularly (i.c.v.) in a volume of
1.0 ul/rat.

2.3. Behavioral procedures

Behavioral procedures were conducted in an isolated room with no
disturbances during the tests. Rats in the CPP experiment (n = 55)
were randomly distributed into the following groups: Saline+aCSF
(Sal+aCSF; n = 11), Oxy+aCSF (n = 11), Oxy+aCSF+O0T (n = 11),
Oxy+aCSF+O0T+Ato (n = 11; Ato, OT receptor antagonist),
Saline+aCSF+OT (Sal4+-aCSF+OT; n = 11). Fig. 1 shows a global
timeline of the behavioral procedures.

The CPP apparatus was made of opaque Plexiglass and con-
sisted of two rectangular-based chambers (42 x 40 x 50 cm each)
separated by a small room (20 x 10 x 50 cm) with two doors
(10 x 14 cm). Eight groups of CPP chambers were used with an
unbiased design, which featured distinct visual and tactile cues.
The background of two chambers was different from each other,
one was colored with alternating black and white transverse stripes
(width 4 cm) on the wall with hollow quadrates in the floor, and
the other had vertical stripes on the wall and hollow dots (diame-
ter 1.0 cm) on the floor. A computer simultaneously operated the
six devices that were enclosed in sound-attenuating cubicles. Time

spent in each chamber and the track were calculated and analyzed
using an Ethovision XT8.0 (Noldus information Technology, Wagenin-
gen, the Netherlands) computerized video tracking system.

The experimental design (shown in Fig. 1) included three phases:
three daily habituation sessions, eight daily conditioning sessions
and a final test session. During the first phase “pre-conditioning”
(Days 1-2), rats were habituated to the apparatus and allowed to
freely explore both chambers for 15 min. The pre-CPP test was
carried out on Day 3, which meant that the time each rat spent
in the two chambers was recorded automatically during a 15-min
period. Animals that showed a strong unconditioned aversion or
preference (less than 33% or more than 66% of the session time,
i.e. 300 and 600 s, respectively) for either chamber were rejected.
This approach of animal screening is commonly employed in co-
caine/methamphetamine/morphine CPP (Maldonado et al., 2007;
Qi et al., 2009; Hao et al., 2008). In the present study, 81 rats
in total were used for animal screening, and 26 of them were ex-
cluded from the trial (11 rats with place aversion and 15 rats with
place preference). During the second phase, animals underwent
an experiment with an unbiased counterbalanced CPP design in-
cluding eight daily conditioning sessions. On even days (Days 4, 6,
8, 10), rats received either Oxy (3.0 mg/kg) or saline 30 min af-
ter OT (2.5 png/nl) or aCSF pretreatment. In the relevant group,
Ato (10.0 pg/pl) was administered at 10 min before OT adminis-
tration. All rats were confined for 1 h in the drug-paired cham-
ber immediately after saline/Oxy injection. A dose of 3.0 mg/kg
Oxy and 1 h confinement in the drug-paired chamber was chosen
because it has been shown to induce 90-100% CPP in rats
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(Ryan et al., 2018). The dose and time period of OT/Ato adminis-
tration were chosen according to a previous report showing that OT
(2.5 pg/pl, 30 min prior to each conditioning session) blocked the
acquisition of methamphetamine CPP, and Ato (10.0 wg/pl, 10 min
prior to OT administration) inhibited the effect of OT on metham-
phetamine CPP (Qi et al., 2009). Within each group, the drug-paired
chamber was counterbalanced, so that half the rats were confined
to the chamber with vertical stripes, while the rest were confined
to the chamber with transverse stripes. This is an important step in
the experimental procedure that avoids any preference bias before
conditioning. On odd days (Days 5, 7, 9, 11), rats were given aCSF
30 min before saline injection and confined for 1 h in the oppo-
site compartment (saline-paired chamber). In the third phase (Day
12), rats were placed in the apparatus and given free access to the
two chambers for 15 min, and the time spent in each chamber was
recorded.

2.4. l.c.v. injection

Surgical procedures for implantation of intracerebroventricu-
lar cannula were performed under anesthesia with isoflurane
(Hebei YIPIN, China). A 26-gauge stainless-steel guide cannula
was directed into the lateral cerebral ventricle (A/P—0.5 mm,
M/L +1.5 mm, D/V-3.5 mm) unilaterally according to the atlas of
Paxinos (Paxinos and Watson, 2013) and was fixed to the skull sur-
face with dental cement. When the dental cement had hardened,
a dummy cannula, cut to the same dimensions as the guide can-
nula, was inserted to seal the top of the guide cannula to prevent
clogging and minimize possible risk of infection. The rats recovered
for seven days before injection was made by inserting a 33-gauge
stainless steel injector tube into the guide cannula. The injector
tube was attached to a PE-10 tubing fitted to a 10-ml Hamilton sy-
ringe (Hamilton, NV, USA). One microliter of OT (2.5 pg/ul) or Ato
(10 png/wl) was infused into the lateral cerebral ventricle over five
minutes by microinfusion pump.

2.5. Transmission electron microscopy (TEM)

The tissue was fixed in 1% osmium tetroxide/1.25% potassium fer-
rocyanide in 0.15 M sodium phosphate buffer for 1 h. Samples were
dehydrated in a graded ethanol series, followed by propylene ox-
ide, and were infiltrated and embedded in Polybed 812 resin (Poly-
sciences). Ultrathin (70 nm) sections were taken, mounted on 200
mesh copper grids and stained with uranyl acetate and lead citrate.
The ultrathin sections were observed and photographed using TEM
(JEM-1200EX, Jeol Ltd., Tokyo, Japan) at an accelerating voltage of
80 kV. Images of synaptic structures were focused onto a fluores-
cent screen and processed with Adobe Photoshop (Adobe Systems
Software, Ireland). Synapses were identified according to well-
established criteria (Colonnier and Beaulieu, 1985). The synaptic
density was measured quantitatively in the VTA based on methods
described previously (DeFelipe et al., 1999).

2.6. Western blotting

The tissue was lysed with T-PER Tissue Protein Extraction Reagent
(1:10, 10 ul reagent/1 mg tissue, Thermo Scientific, Rockford,
USA), 0.1% phenylmethanesulfonyl fluoride (PMSF), 0.1% sodium flu-
oride (NaF), and 0.1% sodium orthovanadate (Na3;V0Q,4), sonicated
for 3 min on ice with a probe sonicator and centrifuged for 15 min
at 14,000 g at 4 °C, and then the supernatant was extracted and
boiled in water bath. Protein extracts (30-50 ng) were separated
by 10% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and electrophoretically transferred to a nitrocel-
lulose membrane at 4 °C. Blots were incubated for 1 h with 5%

non-fat milk to block non-specific binding sites and then incubated
with primary antibodies, including rabbit anti-SYN antibody (Ab-
cam, #ab32127, 1:10000), rabbit anti-PSD95 antibody (Cell Signal-
ing Technology, #3409S, 1:1000), rabbit anti-DNMT1 antibody (Ab-
cam, #ab188453, 1:1000), rabbit anti-DNMT3A antibody (Abcam,
#ab2850, 1:500), rabbit anti-DNMT3B antibody (Abcam, #ab2851,
1:500), rabbit anti-TET1 antibody (Abcam, #ab191698, 1:500), rab-
bit anti-TET2 antibody (Abcam, #ab124297, 1:250), rabbit anti-
TET3 antibody (Abcam, #ab139805, 1:500) and mouse anti-GAPDH
(Cell Signaling Technology, #51332, 1:10000) overnight at 4 °C, sec-
ondary antibodies for 1 h at room temperature. Protein bands were
visualized by enhanced chemiluminescence and quantified with Im-
ageJ software (NIH).

2.7. AQuantification of the 5-methylcytosine level in
DNA

Genomic DNA was isolated from the brain sample by using GenElute
Mammalian Genomic DNA miniprep Kit (Sigma, #g1n70) and total
5-methylcytosin (5-mC) was determined using the 5-mC DNA ELISA
Kit (Zymo Research Corp., #d5325) as per the manufacturer’s in-
struction. The kit utilized an anti-5-methylcytosine monoclonal an-
tibody that is both sensitive and specific for 5-mC. The result was
expressed in percent 5-mC in a DNA sample calculated through a
standard curve generated with specially designed controls included
in the kit.

2.8. Real-time quantitative polymerase chain reaction
analysis

Total RNA was isolated from brain tissue with Trizol ® Reagent
(Thermo Fisher Scientific, USA). For RT-gPCR analysis, single-
stranded cDNA was prepared from RNA by reverse transcrip-
tion using oligo (dT) primers. Messenger RNA (mRNA) expression
was quantified by the SYBR green-based gRT-PCR kit and specific
oligo primers in a real-time quantitative PCR system (Stratagene
Mx3000P, Agilent Technologies, Germany). After an initial denatu-
ration step of 95 °C for 30 s, 40 cycles of PCR were performed.
Each cycle consisted of a melting step at 95 °C for 15 s and an
annealing an extension step at 60 °C for 1 min. The comparative
Ct (2-24Ct) method was used to analyze the relative expression of
mRNAs, which were normalized to Gapdh. The list of primers along
with their sequences is shown in Table 1.

2.9. Gene-specific DNA methylation determination

Using the CpG island finder program (genome.ucsc.edu), we ana-
lyzed DNA methylation of one CpG island located at exon 1 of Syn
and exon 2 of Psd95. The OneStep gMethyl™ kit was used for de-
tecting gene-specific DNA methylation via selective amplification of
methylated cytosines (5-mC) in the CpG island. Briefly, 20 ng of ge-
nomic DNA was incubated in the presence (test reaction) or absence
(reference reaction) of methyl-sensitive restriction enzymes (5 U
each) (Accll, HpyCH4IV and Hpall) at 37 °C for 2 h, followed by real-
time PCR (RT-PCR). Hpall can be blocked by both 5-mC and 5hmC
(hydroxymethylcytosine). However, 5hmC was ignored in this study
because of its low content in the target sequences (129 bp-220 bp).
After an initial denaturation step of 95 °C for 10 min, 45 cycles of
PCR were performed. Each cycle consisted of a melting step at 95 °C
for 30 s, an annealing step at 55 °C for 1 min and an extension step
at 72 °C for 1 min. Final extension at 72 °C for 7 mins was performed
prior to the hold step. Percentage methylation was calculated using
the formula 100 x 22t where ACt is the average Ct value from
the test reaction minus the average Ct value from the reference
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Table 1 List of the different primers used in the study.

Gene Forward primers Reverse primers Accession No./Location
Syn 5'-CTGCTGGCAGACATGGACGT-3' 5'-AAAGGCGAAGATGGCAAAGAC-3’ NM_012664.3

Psd95 5'-GCAGGTTGCAGATCGGAGAC-3’ 5'-CCAGGTGCTGAGAATATGAGGTT-3' NM_019621.1

Dnmt1 5'-GAGTGGGATGGCTTCTTCAG-3’ 5'-GTGTCTGTCCAGGATGTTG-3’ NM_053354.3

Dnmt3a 5'-ACGCCAAAGAAGTGTCTGCT-3' 5-CTTTGCCCTGCTTTATGCAG-3’ XM_017594267.1
Dnmt3b 5'-TTCTCATGATGCCAAAGCTC-3’ 5-GAGGTTCTTTGCCTCTCCAG-3' NM_001003959.1

Tet1 5'-GCAATCCGCAGAAAGCTTAG-3' 5'-TCACTCTCCACTCGCAGCTA-3' XM_017601794.1

Tet2 5'-CCCAGGAAAGCACAGACATAG-3’ 5'-AGCACCATTAGGCATTAGCAC-3’ XM_227694.8

Tet3 5'-TCAGCAACACCTTCATCACAA-3’ 5-TTTTCCTTGGGTGGTTTGTCA-3' XM_008763094.2
Gapdh 5'-ACTCCCTCAAGATTGTCAGCA-3’ 5'-CAGTCTTCTGAGTGGCAGTGAT-3' XM_017592435.1

MGMT 5 -GGTGTGAAAACTTTGAAGGA-3' 5'-CACTATTCAAATTCCAACCC-3' chr10: 129468335-129468531

Exon 1 of Syn
Exon 2 of Psd95

5'-CGACCGTGTCCCTGCTAC-3'
5'-AGCTAGAGGCTCTGGACTGG-3’

5'-CAGACATGGACGTGGTGAAT-3'
5'-TACCTTGATGGGGGAGAGGT-3'

chrX: 15709106-15709235
chr10: 56635972-56636192

reaction. Percentage methylation was relative to each experiment.
To validate the accuracy of the OneStep gMethyl™ kit procedure
for determining methylation percentage, the methylation level of
the Human Methylated and Non-methylated DNA Standards was de-
termined to be 95.8% and 6.2%, respectively, at the region spanned
by the MGMT primers. The actual values were "97% and 6.0%, as de-
termined by bisulfite sequencing methods. Primers were designed
by using Primer3 (biotools.umassmed.edu) and their sequences are
shown in Table 1.

2.10. Tissue collection

At 2 h after CPP test, rats were fully anesthetized with isoflurane,
transcardially perfused with saline solution, then the VTA tissues
were collected for Transmission electron microscopy (n = 5 per tis-
sue). Proteins, total DNA and RNA were extracted from the same
sample (n = 6 per tissue) for Western blotting, DNA methylation
and mRNA expression.

2.11. Statistical analysis

Data were expressed as the mean + standard error (S.E.M.). Pref-
erence in the drug-paired chamber and distance traveled were an-
alyzed using two-way analysis of variance (ANOVA) with repeated
measurements, with groups as between-subjects factors and days
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as within-subjects factors. Data were analyzed for significant dif-
ferences using the Bonferroni test when appropriate.

Western blotting, RT-gPCR, and DNA methylation data were an-
alyzed by one-way ANOVA performed with Bonferroni test. Bonfer-
roni tests were only run if F achieved p < 0.05 and there was no sig-
nificant variance inhomogeneity. All relevant F-values are provided
in Supplementary file 1. Graphical presentation was performed us-
ing Graph Pad Prism 6.0 (Graph Pad Software, San Diego, CA, USA).
Statistical analysis was performed using SPSS 13.0 software for Win-
dows (SPSS Inc, Chicago, IL, USA). The level of significance was set
at a p value of < 0.05.

3. Results
3.1. Oxytocin via its receptor blocked Oxy CPP

Firstly, the effect of OT on Oxy CPP was evaluated. It was
shown that Oxy-treated rats spent a longer time in the drug-
paired chamber, while no preference for either chamber
was seen in the Sal+aCSF group (Fig. 2). This indicated that
Oxy produced a significant place preference (p < 0.05) in
rats. OT could significantly (p < 0.05) reduce preference
in the Oxy-paired chamber compared with the Oxy+aCSF
group. Ato markedly (p < 0.05) attenuated the inhibitory
effect of OT on CPP. OT alone did not induce preference
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Fig. 2 OT - via its receptor - blocked Oxy CPP. The results are presented as the means + S.E.M., two-way ANOVA with repeated
measures, followed by Bonferroni test between each group within post-CPP, #p < 0.05 difference between preferences in the
drug-paired chamber (A, n = 11/group) in the Oxy+aCSF group compared with the Sal4+-aCSF group, *p < 0.05 indicates signif-
icant differences in the Oxy+ aCSF+OT group compared with the Oxy+aCSF group, +p < 0.05 indicates significant differences
in the Oxy+aCSF+O0T+Ato group compared with the Oxy+ aCSF+OT group. There were no differences for distance traveled (B,

n = 11/group) in any of the groups.
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Fig. 3 OT reduced the expression of synaptic proteins and synaptic density in Oxy-treated rats. Representative (A, B) and quan-
titative (C, D) Western blot assays (n = 6/group) displaying the expression of SYN and PSD95 in the VTA. Representative and
quantitative TEM images of synaptic density (E, marked by red arrows) in the different treatment groups (n = 5/group). Each brain
sample was replicated three times in Western blot assays. One-way ANOVA followed by Bonferroni tests, ##p < 0.001, compared
with the Sal4+aCSF group, **p < 0.01, ***p < 0.001, compared with the Oxy-+aCSF group, *p < 0.05, **p < 0.01 compared with the

Oxy—+aCSF+OT group.

in the drug-paired chamber compared with the Sal+aCSF
group. For distance traveled (Fig. 2B), there were no differ-
ences between any of the groups. These results showed that
OT - via its receptor - specifically prevented CPP induced by
Oxy.

3.2. Oxytocin reduced the expression of synaptic
proteins and synaptic density in Oxy-treated rats

The expression of synaptic proteins (SYN and PSD95) was
evaluated after post-CPP. Western blot assays demonstrated

that Oxy treatment significantly increased levels of SYN (p <
0.001) and PSD95 (p < 0.001) in the VTA (Fig. 3A-D). These
changes were significantly attenuated by OT pretreatment
(SYN: p < 0.01; PSD95: p < 0.001). Ato inhibited the ef-
fect of OT on Oxy-induced synaptic protein alteration (SYN:
p < 0.05; PSD95: p < 0.01). Further morphological analy-
sis in synaptic density was determined by TEM. The images
showed that Oxy increased synaptic density compared with
the Sal+-aCSF group (Fig. 3E; p < 0.001). OT reduced synap-
tic density in Oxy-treated rats (p < 0.001) and Ato inhib-
ited the effect of OT on synaptic density (p < 0.05). Follow-
ing synapse detection, there were no significant differences
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between the Sal+aCSF+OT and Sal+aCSF groups. These re-
sults corroborate the Post-CPP test that OT - via its receptor
- specifically reduced synaptic function in Oxy-treated rats.

3.3. Oxytocin differentially altered DNMTs and
TETs level, and redistributed 5-mC in the VTA

In order to verify whether DNA methylation was involved in
changing synaptic function, we investigated the expression
of DNMT 1, 3A, 3B, and TET1-3 in the VTA. Oxy treatment
caused a significant decrease in levels of DNMT1 (p < 0.001),
and an increase in TET1 (p < 0.05), TET2 (p < 0.001), and
TET3 (p < 0.001) relative to the Sal+aCSF group (Fig. 4A-
C). Pretreatment with OT increased DNMT1 (p < 0.001) and
decreased TET1, TET2 (p < 0.05), TET3 (p < 0.001) lev-
els compared with the Oxy+aCSF group. Ato inhibited the
effect of OT on Oxy-induced changes in the expression of
DNMT1 (p < 0.001), TET2 and TET3 (p < 0.05). We also
measured the mRNA expression of DNMTs and TETs in the
VTA. Oxy treatment caused a significant decrease in DNMT1
(p < 0.01), and an increase in TET2 (p < 0.01), TET3
(p < 0.001) relative to the Sal+aCSF group (Fig. 4D, E).
Pretreatment with OT increased DNMT1 (p < 0.01) and de-
creased TET2 (p < 0.01), and TET3 (p < 0.01) compared
with the Oxy+aCSF group. Ato inhibited the effect of OT
on Oxy-induced changes in DNMT1 (p < 0.01) and TET3 (p
< 0.05). Alteration in levels of DNMTs and TETs induced by
Oxy could be a result of changes in genomic DNA methyla-
tion associated with CpG islands. Accordingly, we found that
Oxy treatment decreased 5-mC levels (p < 0.001), and pre-
treatment with OT significantly increased 5-mC (p < 0.001)
levels in Oxy-treated rats; Ato completely blocked the ef-
fect of OT (p < 0.001). We did not find any differences in
levels of DNMTs, TETs or 5-mC between the Sal+aCSF and

Sal4+aCSF+OT groups. These results indicated that OT - via
its receptor - specifically regulated DNA methylation status
in Oxy-treated rats.

3.4. Oxytocin increased DNA methylation at the
exon 1 of Syn and exon 2 of Psd95

The expression of a particular gene may be up-regulated
through a decrease in DNA methylation at CpG islands.
Therefore, we explored Oxy-induced DNA methylation
changes at the Syn and Psd95 genes (Fig. 5A, B) and the
effect of OT. We found that Oxy caused hypomethylation
of exon 1 of Syn and exon 2 of Psd95 (Fig. 5C, D; Syn:
p < 0.05; Psd95: p < 0.01), followed by an increase in
the expression of SYN and PSD95 mRNA (Fig. 5E, F; SYN:
p < 0.05; PSD95: p < 0.01) compared with the Sal+aCSF
group. Pretreatment with OT (prior to Oxy treatment) in-
creased methylation of exon 1 of Syn and exon 2 of Psd95
(p < 0.05), and decreased SYN and PSD95 mRNA expression
(p < 0.05) in Oxy-treated rats. Ato inhibited the effect of
OT on Oxy-induced CpG island hypomethylation at exon 1 of
Syn and exon 2 of Psd95 (p < 0.05), restoring the increase
in mRNA expression of SYN and PSD95 (p < 0.05). OT alone
did not affect DNA methylation or mRNA expression com-
pared with the Sal4-aCSF group. These results suggest that
OT - via its receptor - specifically inhibited the Oxy-induced
increase in SYN and PSD95 mRNA by increasing methylation
of Syn and Psd95.

4. Discussion

In this study, we have made three main findings: (1) DNA hy-
pomethylation at the exons of Syn and Psd95 contributed to
Oxy CPP. (2) OT - via its receptor - blocked Oxy-induced DNA
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hypomethylation of Syn and Psd95 in the VTA. (3) OT specif-
ically recovered the synaptic function in Oxy-treated rats
and inhibited the CPP acquisition induced by Oxy. There-
fore, OT could be a potential new candidate for treating
Oxy addiction.

Environmental stimuli (cues) that are repeatedly associ-
ated with a drug are known to promote compulsive drug tak-
ing and are a primary trigger of relapse (See, 2002). Here,
we examined whether a stationary-dose (3.0 mg/kg), one-
binge regimen of Oxy administered to rats within 8 days in-
duced CPP. We found that rats spent a significantly longer
time in the drug-paired chamber after Oxy treatment com-
pared with untreated rats (Fig. 2A). This indicated that

cues in the CPP chamber were sufficient to elicit abnormal
learning and memory consolidation on Oxy craving. Our
studies were consistent with those reporting that rats re-
peatedly exposed to Oxy showed CPP (Iriah et al., 2019;
Ryan et al., 2018). The neural circuits that are involved in
developing addictive behaviors and that are responsive to
neurotransmitters, namely, the nucleus accumbens, amyg-
dala, prefrontal cortex and VTA are also responsible for
consolidation of drug-associated memories (Taylor et al.,
2009). Evidence has shown that Oxy enhanced rewarding
effects, mainly due to the excessive release of dopamine
or abnormal activation of the dopamine receptor 1 in the
VTA (Sanchez et al., 2016). The adaptive changes in the
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brain may include alterations in structural modifications at
synapses (Robison and Nestler, 2011). A single injection of
morphine or heroin has been reported to up-regulate the
expression of c-Fos, JunB and Egri in rats (Liu et al., 1994;
Rawas et al., 2009). In this investigation, the effects of
Oxy on a family of proteins that have been shown to play
an important role in synaptic plasticity were evaluated,
namely SYN and PSD95. SYN is located in presynaptic ter-
minals (Greengard et al., 1993) and promotes synaptogen-
esis, and regulates vesicle dynamics and neurotransmitter
release (Fornasiero et al., 2010). Indeed, given the con-
sistency of the effects caused by Oxy on SYN expression
(Fig. 3C), it is very likely that this protein could be an im-
portant node that connects various networks involved in
the early manifestations, maintenance of, and - possibly -
relapse of addiction. PSD95 is specifically associated with
the postsynaptic membrane density at excitatory synapses
(Hunt et al., 1996) and, therefore, provides only a selec-
tive indication of postsynaptic preservation or loss. Indeed,
we found that changes in synaptic density (Fig. 3E) induced
by Oxy was associated with PSD95 protein (Fig. 3D). Thus,
our observations of Oxy-induced changes in the expression
of these synaptic proteins could be relevant to the report
showing that exposure to opiates caused changes in the den-
sity of dendritic spines, changes that were dependent on
activation of the RhoA pathway (Cahill et al., 2018). Our
finding that Oxy increased SYN and PSD95 proteins (Fig. 3C,
D), suggests that the drug could enhance the functionality
of synapses in rats.

DNA methylation causes stable epigenetic marks that may
translate environmental changes into transcriptional reg-
ulation. The DNA methylation machinery, including DNMTs
and TETs, is dysregulated in brain reward pathways af-
ter drug exposure (Vaillancourt et al., 2017; Saad et al.,
2019). When comparing DNMT expression in response to Oxy,
the most prominent difference was observed for DNMT1
(Fig. 4B). In line with our study, Jayanthi and colleagues
(Jayanthi et al., 2014) reported that chronic metham-
phetamine exposure changed the expression of DNMT1, but
not DNMT3A or DNMT3B (Jayanthi et al., 2014). DNMT1 is
essential for maintaining DNA methylation patterns, while
DNMT3A and DNMT3B are also required for de novo methy-
lation (Siedlecki and Zielenkiewicz, 2006); it is notewor-
thy that these enzymes have overlapping and different tar-
get genes and functions (Challen et al., 2014). Consistent
with these studies, DNMTs were found to be modulated by
repeated drug exposure with a daily biphasic expression
(LaPlant et al., 2010; Anier et al., 2010). Here, we only
reported the changes in expression of DNMTs at 2 h after
post-CPP. The role of DNMT3A and DNMT3B in Oxy-induced
CPP cannot be completely excluded from regulation by Oxy.
Thus, further studies need to be carried out to investigate
dynamic changes in DNMTs following Oxy CPP. Similar to
DNMTs, TET proteins recognize common and specific 5-mC
target sequences (Rasmussen and Helin, 2016). Since these
proteins are activated by Oxy, less 5-mC should be gener-
ated in the VTA (Fig. 4). Hence, changes in the relative lev-
els of DNA methylation may lead to altered gene expression.
We therefore hypothesize that there is a CpG island which
is modified on the Syn and Psd95 genes. In order to test the
idea that Oxy-induced gene expression could be regulated
by epigenetic modifications, we demonstrated that Oxy re-

sulted in decreased methylation at exon 1 of Syn and exon 2
of Psd95 (Fig. 5C, D). It was also found that the exons of Syn
and Psd95 hypomethylation corresponded with increased
expression of SYN and PSD95 mRNA (Fig. 5E, F). Taken to-
gether with other available data, our results demonstrate
that DNMT1 and TET1-3 represent the major enzymes dif-
ferentially regulated by Oxy. Our findings also indicate that
the Syn and Psd95 genes are regulated at an epigenetic level
and that they may work together to maintain Oxy-induced
CPP. In addition to Syn and Psd95 genes, previous studies
have shown that DNA methylation at specific regulatory sites
in the OT receptor gene is associated with mental disorders
(Lancaster et al., 2018; Perkeybile et al., 2019; Ebner et al.,
2019). In the present study, we did not explore whether OT
receptor gene methylation was regulated by Oxy. In order to
fully understand the mechanism of Oxy CPP, further investi-
gations of OT receptor gene methylation should be carried
out.

OT receptors are G-protein-coupled receptors (GPCRs)
comprising different subunits (Gq, Gi1, Gi2, Gi3, GoA and
GoB; Busnelli and Chini, 2017). Ato (the selective antago-
nist of OT receptor) activates different signaling pathway by
coupling with different types of G protein (Manning et al.,
2008; Reversi et al., 2005; Busnelli et al., 2012; Chini and
Manning, 2007), suggesting that Ato alone could have an ef-
fect on behavioral and biomolecular responses. Indeed, y-
aminobutyric acid (GABA) levels were significantly increased
in the hypothalamus and midbrain after 30 days of expo-
sure to Ato (Thakur et al., 2019). However, short-term injec-
tion of Ato did not affect spatial memory (Salighedar et al.,
2019), locomotive activity or methamphetamine-induced
CPP (Qi et al., 2009) in rodents. It has also been reported
that Ato administration alone had no effect on the firing
of dopamine neurons in the VTA (Leng et al., 2019) or on
dopamine metabolism in the striatum (Qi et al., 2008).
These studies indicated that Ato activates different behav-
ioral or molecular responses in the CNS according to the
time period of drug administration. In the present study,
the time point of Ato administration we chose was in accor-
dance with the study by Qi and colleagues.

Many studies have demonstrated that OT specifically in-
hibits the acquisition of CPP, facilitates the extinction of
drug-induced CPP and abolishes the reinstatement of CPP
induced by restraint stress; these effects of OT can be
attenuated by Ato (Qi et al., 2009); The OT analogue
carbetocin prevents priming/emotional impairment/stress-
induced reinstatement of opioid seeking (Georgiou et al.,
2015b; Zanos et al., 2014b). These investigations suggest
that OT - via its receptor - plays an important regulatory
role in drug addiction. Therefore, our efforts to develop
effective treatments for Oxy craving have focused on ma-
nipulations of CPP processes involved in encoding cue-drug
associations. At the behavioral levels, we found that OT -
via its receptor - markedly delayed CPP induced by Oxy
(Fig. 2A). Given that Oxy stimulation causes changes in
synaptic function (Fig. 3C-E), activation of the OT receptor
and reduction of synaptic density in Oxy-treated rats indi-
cate a protective effect of OT. This is the first study to show
that OT could reshape synaptic structures via its receptor.
In a similar study, it was reported that intranasal adminis-
tration of OT was effective in inhibiting stress-induced al-
terations in hippocampal plasticity (Lee et al., 2015); OT
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- via its receptor - was also shown to inhibit drug-induced
changes in glutamate receptor (NR1) and transporter (GLT1)
expression (Qi et al., 2012). Here, we also demonstrated
that epigenetic modifications could be an important mech-
anism in the inhibitory effect of OT on Oxy CPP. We have
shown, for the first time, that OT - via its receptor - ac-
tivated DNMT1 and repressed TET2-3 (Fig. 4B, C), and also
blocked hypomethylation at the exons of Syn and Psd95 (Fig.
5D) in Oxy-treated rats. DNMT1 and TET2-3 are likely to be
the main target sites that are affected by OT. However, we
were unable to determine which TET subtype was impor-
tant for OT action. It is possible that TET2 and TET3 worked
together to hypermethylate the CpG islands, followed by
transcriptional repression of these genes.

The neural mechanisms of OT administration underly-
ing drug addiction are intricate, including neurotransmit-
ter or hormone release (Estes et al., 2019; Flanagan et al.,
2019), GABAergic interneuron firing (Diaz et al., 2011), as
well as Fos expression (Kohtz et al., 2018). However, OT
and DNA methylation is thought to interact, leading to in-
hibition of drug-induced changes in learning and memory
(Fan et al., 2018). Fan and colleagues demonstrated that
OT pretreatment inhibited methamphetamine-induced de-
creases in DNMT1, DNMT3A, DNMT3B and MECP2 in the
hippocampus, blocked DNA methylation changes at the
Syn promoter, and finally attenuated spatial memory in
methamphetamine-treated mice. Their findings contribute
to growing evidence suggesting that OT pretreatment reg-
ulating DNA methylation at specific sites of synaptic genes
are associated with the inhibition of abnormal learning and
memory-induced drug addiction.

5. Conclusions

Our results have demonstrated that DNA hypomethylation at
the exons of Syn and Psd95 in the VTA play a crucial role in
Oxy CPP, likely mediated by inhibition of DNMT1 and activa-
tion of TET1-3. OT - via its receptor - specifically inhibited
the establishment of CPP by DNA re-methylation at the ex-
ons of Syn and Psd95, mediated by stimulating DNMT1 and
TET2-3. We suggest that the function of OT in reversing DNA
methylation could have a potential therapeutic effect for
treating oxycodone addiction.
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