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Abstract
Rationale—Although non-medical use of oxycodone continues to be a growing problem in the
United States, there are no animal studies examining the effects of long term oxycodone self
administration (SA).

Objectives—The current study was designed to examine chronic oxycodone SA by mice (14
days), in novel extended (4 hours) SA sessions and its effect on selective striatal neurotransmitter
receptor mRNA expression.

Methods—Adult male C57/BL6J mice were either allowed to self administer oxycodone (0.25
mg/kg/infusion, FR1) or served as yoked-saline controls in an extended access paradigm. Mice
self administered oxycodone for 4 hours/day for 14 consecutive days. Comparison groups with 14-
days exposure to 1-hour SA sessions were also studied. Within one hour of the last extended SA
session, mice were sacrificed, dorsal striatum was isolated and selective neurotransmitter receptor
mRNA levels were examined.

Results—The oxycodone groups poked the active hole significantly more times than the yoked
controls. The number of nose pokes at the active hole rose over the 14 days in the oxycodone
group with extended access. The expression of thirteen neurotransmitter receptor mRNAs was
significantly altered in the dorsal striatum, including the GABA A receptor beta 2 subunit
(Gabrb2) showing experiment-wise significant decrease, as a result of extended oxycodone SA.

Conclusion—C57BL/6J mice escalated the amount of oxycodone self administered across 14
consecutive daily extended sessions, but not 1-hour sessions. Decreases in Gabrb2 mRNA levels
may underlie escalation of oxycodone intake in the extended access SA sessions.
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Introduction
Over the past decade there has been a dramatic increase in the non-medical use of
prescription opioids. Oxycodone is one of the most commonly abused prescription opioids
and accounts for a substantial percentage of opioid related deaths in the United States (CDC,
2011). Despite the fact that illicit use of oxycodone has increased significantly in recent
years, there is limited information about oxycodone’s impact on behavioral and
neurobiological alterations in animal models.

Prescription opioids activate mu opioid receptors (MOP-r) located on the GABAergic
interneurons in the ventral tegmental area (VTA) and the substantia nigra (SN), disinhibiting
dopamine neurons and resulting in increases in dopamine release in the dopaminergic
terminal regions in the striatum (Johnson and North 1992). The increases of dopamine levels
subsequently alter gene expression in the striatum (e.g., (Angulo and McEwen 1994) which
may be associated with changes in the behavioral effects of opioids in rodents (Chen et al.
2006; Kruzich et al. 2003, Seip-Cammack et al. 2012, Lenoir et al. 2013, Zhang et al. 2009,
Picetti et al. 2012). Although numerous studies were conducted to examine the behavioral
and neurobiological effects of MOP-r agonists such as morphine or heroin in rats (e.g.,
Lenoir et al. 2013, Picetti et al. 2012), there have been few animal studies investigating the
effects of oxycodone using a paradigm that mimics oxycodone self administration (SA) in
humans. SA is a reliable paradigm used to study voluntary consumption of drugs of abuse in
laboratory settings. SA studies in mice are crucial since many transgenic animal models,
which may offer insight into specific neurobiological mechanisms, exist only in the mouse.
The majority of these mouse models have the C57BL/6 background. Studies have shown
that extended access self-administration paradigms lead to an escalation of drug intake that
is not seen in shorter paradigms in rat (e.g., Ahmed and Koob 1998; Mantsch et al. 2004;
Picetti et al. 2012). However, there have been no reports using extended access self
administration in mouse. We hypothesized that the mouse would escalate the amount of
drug self-administered when given extended access sessions and such escalation of drug
intake would result in neurobiological changes in brain regions related to reward and
habitual learning. The dorsal striatum has been involved in neuronal adaptations to drug SA,
locomotor regulation and habitual learning (e.g., Ito et al. 2002; Porrino et al. 2007; Belin
and Everitt 2008). Thus, dorsal striatum was prioritized herein for initial brain analysis.

In the present study, extended access (4-hrs) SA sessions were used to examine the reward-
associated behavioral and neurobiological alterations induced by oxycodone in C57BL/6J
mice. Specifically, this study was carried out to determine how relatively long SA sessions
for 14 consecutive days affect oxycodone SA behavior in mouse. Additionally, we examined
how such extended access SA of oxycodone by the mouse affects transcription profiles of
neurotransmitter receptors in the dorsal striatum since multiple neurotransmitter systems
may be involved in the behavioral profile resulting from oxycodone SA.

We found that extended access oxycodone self administration led to escalation of
oxycodone intake over the course of 14 days; such escalation was not found in the short
access (1-hr) self administration sessions. The expression of several striatal neurotransmitter
receptor genes was altered following extended access oxycodone self administration, giving
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initial insight into the neurobiological adaptations after self exposure to this widely abused
prescription opioid.

Materials and Methods
Subjects

Adult Male C57BL/6J mice (11 weeks old) on arrival from Jackson Laboratory (Bar Harbor,
ME) were housed in groups of four with free access to food and water in a light-(12:12 hour
light/dark cycle, light on at 7:00 pm and off at 7:00 am) and temperature- (25 °C) controlled
room. Animal care and experimental procedures were conducted according to the Guide for
the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources
Commission on Life Sciences 1996). The experimental protocols used were approved by the
Institutional Animal Care and Use Committee of The Rockefeller University.

Self-Administration Procedure
Catheter Implantation and Operant Conditioning Chambers—Following
acclimation for 7 days, the mice were anesthetized with a combination of xylazine (8.0 mg/
kg i.p.) and ketamine (80 mg/kg i.p.). For detail surgical procedure and description of
operant conditioning chambers, see Zhang et al., 2009.

Oxycodone Self-administration—1. A 4-hour SA session was conducted once a day for
14 consecutive days. Each day, mice were weighed and heparinized saline (0.01 ml of 30
IU/ml solution) was used to flush the catheter to maintain patency. During SA sessions,
mice were placed in the operant conditioning chambers and in the oxycodone groups, a
nose-poke through the active hole led to 0.25 mg/kg infusion of oxycodone (Sigma, St.
Louis, MO) under an FR1 schedule. Of a total 31 mice that started in the studies, 22 mice
finished the 14 days SA sessions and passed the catheter patency test. Of these 22 mice, the
brain tissues of 12 (6 were from each group) mice were randomly chosen to examine
changes in mRNA expression. 2. In separate groups of mice, a 1-hour SA session was also
conducted once a day for 14 consecutive days. The procedures were exactly the same as the
4-hour SA sessions except that every session lasted for only 1hour. Of a total 16 mice that
started in the studies including oxycodone and yoked saline control, 13 finished the 14 days
SA sessions and passed the patency test.

RNA Extraction
Mice were sacrificed within 1 hr after the last SA session (Day 14); the dorsal striatum from
each mouse was dissected from the brain and homogenized in Qiazol (Qiagen, Valencia,
CA). Total RNA was isolated from homogenates using the miRNeasy Kit (Qiagen,
Valencia, CA). The quality and quantity of RNA from each sample was determined using
Agilent 2100 bioanalyzer. Genomic DNA was removed from the isolated total RNA using
RT2 HT First Strand Kit (Qiagen, Valencia, CA). Complementary DNA was then
synthesized from 500 ng of total RNA with the same kit.

Mouse Neurotransmitter Receptors RT2-Profiler™ PCR Array
The mouse neurotransmitter receptors RT2 Profiler™ PCR Array (PAMM-060Z,
SABioscience Version 3.0 profiles the expression of 84 genes involved in modulating
biological processes through neurotransmitter receptors and five housekeeping genes (β-
actin, Actb; glyceraldehyde 3-phosphate dehydrogenase, Gapdh; hypoxanthine guanine
phosphoribosyl transferase 1, Hprt-1; Heat shock protein 90 alpha (cytosolic), class B
member 1, Hsp90ab1 and β-glucuronidase, Gusb) by real-time PCR using the SYBR Green
detection method. Total RNA (500 ng) was reverse transcribed using RT2 HT First Strand
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Kit (Qiagen, Valencia, CA) following manufacturer’s instructions. The generated cDNA
was diluted with an appropriate volume of instrument-specific reagent (2x SuperArray RT2
Real-Time™ SYBR Green PCR Master Mix (PA-012) and ultra pure water) and 10 μl of this
reaction mix was added to each well of the PCR array. The real-time PCR reaction was
performed in an ABI Prism 7900 HT Sequence Detection System (Applied Biosystems,
Foster City, CA), applying the following program: 2 minutes at 50°C, 10 minutes at 95°C
and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. The ABI Prism 7900 HT
Sequence Detection System was used to calculate the Ct value for each well. Data were
normalized to the mean of the five housekeeping genes and analyzed by the comparative Ct-
method (2−ΔCT). The complete list of genes assayed on the array is shown in Table 2 and
can also be found at the manufacturer’s website.

Confirmation of Changes in Gene Expression Using Real Time PCR
We reexamined all the genes found to be significantly altered in the array study following
14-day extended access oxycodone SA. For detail PCR procedures, see Zhang et al., 2013.

Statistical Analysis
Differences in SA measured as numbers of nose pokes in the active hole in each SA session
across the 14 sessions were assessed by a two-way analysis of variance (ANOVA), Drug
Condition × Session (repeated measure). Differences in expression of genes between the two
groups were analyzed by t-tests and allowance for testing multiple genes was achieved by
the Bonferroni correction. To evaluate whether a group of small p-values occurred more
often than expected by chance, the partition test was applied to the t-tests (Ott et al. 2012).
For a given threshold, r, ranging between 0 and a suitable upper limit like 0.10, the observed
number of p-values smaller than r are contrasted by a chi-square statistic with the expected
number, nr, where n = number tests carried out. The largest chi-square statistic over the
range of r represents the test statistic whose associated (experiment-wise) significance level
is obtained in randomized samples (labels case and controls are randomly permuted).

Results
Oxycodone self administration in extended access (4-hour) sessions

The behavior of oxycodone SA by adult mice in 4-hour session across 14 days is shown in
Fig. 1A. Mice in the oxycodone group nose poked significantly more at the active hole than
at the inactive hole (Fig. 1A). In contrast, the yoked saline control group did not differ in
nose poking between the “active” and inactive hole, as shown in the Fig. 1B. One-way
ANOVA showed that there was a significant main effect of the amount of oxycodone SA
across days 1, 3, 7 and 14, F (3, 30) = 23.32, p < 0.000001 (Fig. 3A). Newman-Keuls post
hoc tests showed that the amount of oxycodone SA on day 3 was greater than on day 1, p <
0.01; the amount of oxycodone SA on day 7 was greater than on day 3, p < 0.05; the amount
of oxycodone SA on day 14 was greater than on day 7, p < 0.02. The cumulative mg/kg
oxycodone intake measured in 10-min time bins on day 1, 3, 7 and 14 of SA sessions is
shown in Fig. 4. There was a significant main effect of Days, F (3, 15) = 27.23, p <
0.000005.

Oxycodone self administration in short access (1-hour) sessions
The behavior of oxycodone SA by adult C57BL/6J mice in 1-hour sessions across 14 days is
shown in Fig. 2. Mice in the oxycodone group nose poked significantly more at the active
hole than at the inactive hole (Fig. 2A). In contrast, mice in the yoked saline control group
did not differ in nose poking between the “active” and inactive hole (Fig. 2B). One-way
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ANOVA found that there was no significant main effect of the amount of oxycodone SA
across days 1, 3, 7 and 14, F (3, 21) = 2.31, p = 0.105 (Fig. 3B).

Effects of oxycodone SA in extended access sessions on neurotransmitter receptor gene
expression in the dorsal striatum

The effect of extended access oxycodone SA on the expression of 84 neurotransmitter
receptor genes was examined. Of the 84 genes, 16 (Brs3, Cckar, Chrna1, Chrna6, Chrnb3,
Chrnd, Chrng, Drd4, Gabra6, Gabrp, Galr3, Prokr1, Mc2r, Npy6r, Ppyr1, Tacr2) were not
analyzed because of low abundance (CT values greater than 32, a threshold set for this
assay).

Of the 68 genes analyzed by t-test, Gamma-aminobutyric acid (GABA) A receptor, subunit
beta 2 (Gabrb2) exhibited an experiment-wise significant result, pB = 0.0085 (Bonferroni-
corrected for 68 tests) (see Table 1). Eleven of the remaining 68 genes showed point-wise
statistical significance (p ≤ 0.05, Table 1).

For further analysis, the partition test was performed (Ott et al. 2012). The strongest
discrimination between observed and expected small p-values occurred with a threshold of
0.05467; p-values for 13 genes were observed below this level, whereas only 3.72 (0.05467
× 68) genes were expected. The associated experiment-wise significance level is pE =
0.0271, estimated in 50,000 randomization samples. Thus, we can confidently say that 13
genes showed different expression levels between oxycodone and yoked saline controls
(Table 1).

Gamma-aminobutyric acid (GABA) A receptor, subunit beta 2 (Gabrb2), subunit alpha 1
(Gabra1), subunit rho 1(Gabrr1) and subunit rho 2 (Gabrr2) mRNA levels were
significantly different between the oxycodone and yoked saline groups, t (10) = −6.03, p <
0.0002; t (10) = −2.41, p < 0.05; t (10) = 2.65 p < 0.02; t (10) = 2.17, p < 0.05, respectively
(Fig. 5A, 5B, 5C, 5D). Extended access oxycodone self administration significantly
decreased Gabra1 and Gabrb2 mRNA levels, but increased Gabrr1 and Gabrr2 mRNA
levels in the dorsal striatum compared to yoked saline controls.

Cholinergic receptor, nicotinic, alpha polypeptide 7 (Chrna7) and cholinergic receptor,
nicotinic, beta polypeptide 4 (Chranb4) mRNA profiles were significantly altered in mice
that self administered oxycodone for 14 consecutive days, t (10) = −2.53, p < 0.05; t (10) =
−2.59, p < 0.05, respectively (Fig. 6A and 6B). Oxycodone self administration decreased
Chrna7 and Chranb4 mRNA levels.

Cholinergic receptor, muscarinic 5 (Chrm5) mRNA level in the dorsal striatum was also
changed by oxycodone self administration, t (10) = 2.45, p < 0.05 (Fig. 6C). Oxycodone self
administration significantly increased Chrm5 mRNA levels.

Solute carrier family 5 (choline transporter), member 7 (Slc5a7) mRNA levels showed a
difference between oxycodone SA and yoked saline control groups, t (10) = 3.50, p < 0.01
(Fig. 6D). Oxycodone self administration increased Slc5a7 mRNA levels.

Neuropeptide Y receptor Y5 (Npy5r), Glycine receptor, alpha 4 subunit (Glra4) and 5-
hydroxytryptamine (serotonin) receptor 3A (Htr3a) mRNA levels in the dorsal striatum
showed alterations in response to oxycodone SA compared to controls, t (10) = 2.35, p <
0.05; t (10) = 2.40, p < 0.05; t (10) = 2.71, p < 0.05, respectively (Fig. 7A, 7B, 7C).
Oxycodone SA significantly increased Npy5r, Glra4 and Htr3a mRNA levels.
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Similarly, G protein-coupled receptor 83 (Gpr83) and Tachykinin receptor (Tacr3) mRNA
levels in the dorsal striatum also showed point-wise significant differences between mice
that had self administered oxycodone and yoked saline controls t (10) = 2.76, p < 0.02 and t
(10) = 2.61, p < 0.05, respectively (Fig. 7D, 7E).

Differences in Chrna7, Chrnb4, Grbrb2, Glra4, Htr3a mRNA levels between the oxycodone
and yoked saline mice confirmed by real time PCR

Five out of 13 genes in Table 1 were confirmed to be significantly changed using real time
PCR. T-tests found that there were significant differences between the oxycodone and yoked
saline control for Chrna7 mRNA, t (10) = 2.30, p < 0.05; Chrnb4 mRNA, t (10) = 2.32, p <
0.05; Grbrb2 mRNA, t (10) = 2.23, p < 0.05; Glra4 mRNA, t (10) = 3.85, p < 0.01; Htr3a
mRNA, t (10) = 5.90, p < 0.001, respectively.

Discussion
In the current study in mice, we used 14 consecutive days of self administration sessions of
longer than typical duration, to examine oxycodone self-administration behavior and its
neurobiological effect on striatal neurotransmitter receptor gene expression. To our
knowledge, this is one of the first studies using 4-hour and 14-day self administration
sessions to examine chronic oxycodone or any MOP-r agonist self exposure in mice. We
found that adult C57BL/6J mice showed an escalation in oxycodone intake, which was
accompanied by specific changes of neurotransmitter receptor mRNA levels in the dorsal
striatum.

Conventionally, mouse self-administration studies involve sessions that do not last more
than 3 hours (e.g., Deroche et al. 1997; Caine et al. 2007; Szumlinski et al. 2004; Berrendero
et al 2013.; Szumlinski et al. 2004; Brown et al. 2012). In this study, 4 hour sessions, were
used, in a chronic 14-day paradigm. Consistent with what was found in earlier studies on
other drugs of abuse in rats (e.g., Ahmed and Koob, 1998; Mantsch et al. 2004; Picetti et al.
2012), the longer sessions used in the current study led to escalation of oxycodone intake
over the sessions, which was not found in the short access self-administration paradigm.
Specifically, the amount of oxycodone self administered rose significantly from days 1–3,
3–7, and 7–14. The significant difference in the total number of nose pokes (active and
inactive) between the oxycodone and yoked saline mice in the early self-administration
sessions (sessions 1–2) indicated that initial oxycodone intake exerted an inhibitory effect on
nose poking behavior in mice. Increases in the number of nose pokes at the active hole and
decreases in the number of nose pokes at the inactive hole observed over the 14-day sessions
indicated chronic oxycodone intakes produced a rewarding effect on the mice in the
oxycodone group.

Processes of escalation in drug intake have been discussed in the past, usually focused on rat
models (e.g., Zernig et al., 2007). An increase in hedonic set point may be a potential
mechanism for increased drug intake (Ahmed and Koob, 1998). It has been suggested that
experimental animals and human addictive disease patients increase drug intake not only
because they are tolerant to the rewarding effects of drugs of abuse, but because they are
attempting to reach and maintain a higher hedonic state. Interestingly, results from a new
study showed that intracranial self-stimulation (ICSS) thresholds increased following
extended access to methamphetamine self-administration in rats. Such increases in ICSS
thresholds were correlated with the increase of drug intake (Jang et al., 2013). However, it
can not be completely ruled out that tolerance may have developed during the course of
long-term self-exposure to oxycodone. Furthermore, the escalation in oxycodone intake
indicated development of neuronal adaptation to the rewarding effect of oxycodone.
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To explore neurobiological mechanisms underlying escalation of oxycodone intake, we
examined transcription profiles of neurotransmitter receptors in the dorsal striatum, a brain
region that is closely involved in reward, locomotor regulation and habitual learning (e.g.,
Ito et al. 2002; Porrino et al. 2007; Belin and Everitt 2008). Interestingly, a group of genes
belonging to the Cys-loop receptor family including GABA type-A (GABAAR) receptors,
glycine receptors (GlyRs) (Betz and Laube 2006), nicotinic acetylcholine receptors
(nAChR) and serotonin receptor (5-HT3) changed in response to extended access oxycodone
self administration in the current analysis. Both GABA and glycine play important roles in
inhibitory neurotransmission. Genes encoding two subunits of GABAA receptor (Gabra1
and Gabrb2) showed significant differences in expression between the oxycodone self
administration group and yoked saline controls. Association of the expression of several
GABA-A subunits with morphine self administration was reported earlier in rats (Rodriguez
Parkitna et al. 2004). Morphine withdrawal increased expression of GABAA receptor
epsilon subunit mRNA in the locus coeruleus neurons (Heikkila et al. 2001). GABAA
alpha1 subunit mRNAs were decreased in the shell of nucleus accumbens but increased in
the core following chronic morphine administration whereas the GABAA delta subunit was
unregulated in the shell of nucleus accumbens (Hemby 2004). Self-administration of
morphine for 40 sessions changed expression of the gamma1 subunit of GABAA receptor in
the rat amygdala (Rodriguez Parkitna et al. 2004). In the present study, 14-day oxycodone
self administration led to decreases in both alpha1 and beta2 subunits of the GABAA
receptor compared to the yoked saline controls. Such a finding is consistent with earlier
reports showing that opioid self administration altered GABAA subunit expression in the
central nervous system. Of interest the mRNA level of only one subunit, Gabrb2, showed an
experiment-wise significant decrease in mice that had self administered oxycodone.
However, such an alteration in one of the subunits may affect GABAA receptor function
more broadly, since GABAA receptors are composed of five subunits that belong to
different subunit classes. Thus, GABAA receptors exhibit distinct pharmacological and
electrophysiological properties based on their subunit composition (e.g., Sieghart 1999,
Scato-Jackson and Sieghart, 2008). Although the proportion of the beta 2 subunit needed to
assemble the pentameric receptor in the dorsal striatum is not clear, these data lead to the
hypothesis that decrease in the Gabrb2 subunit may cause decrease in GABAA receptor in
the medium spiny neurons of this brain region. The resulting change in GABAA function
may in part contribute to increase in oxycodone self administered over the 14-day sessions,
as dorsal striatum is known to be involved in mediating habitual learning and compulsive-
like behaviors that occur after more prolonged drug self-exposure (e.g., Ito et al. 2002;
Porrino et al. 2007; Belin and Everitt 2008). This hypothesis could be tested in future
studies, to determine whether protein levels of the beta 2 subunit and total GABAA receptor
are decreased under such conditions. We also found that glycine, alpha 4 subunit mRNA
levels were significantly increased in mice that had self administered oxycodone compared
to saline controls. To our knowledge, this is the first study showing GABAA and glycine
receptor subunits to be changed as a result of oxycodone self administration.

The genes encoding two subunits of nicotinic cholinergic receptor alpha7 and beta4 (Chrna7
and Chrnb4) nAChRs showed significant differences in expression between the oxycodone
self-administration group and yoked saline controls. Neuronal nAChR subunits form
pentameric receptors, closely resembling the nAChR found at the neuromuscular junction
(Leonard and Bertrand, 2001). An earlier study reported that blocking alpha4beta2 nicotinic
acetylcholine receptors inhibited the reinstatement of morphine-induced conditioned place
preference by morphine priming in mice (Feng et al. 2008). Further, deletion of α4, α6 or β2
subunits abolished intravenous nicotine self-administration, which was restored by re-
expression of these subunits in the VTA (Pons et al. 2008). In contrast, deletions of either
Chrna7 or Chrnb4 subunits in mice did not affect dopamine release in striatal synaptosomes
(Salminen et al. 2004). Thus, the decrease in both nAChRs alpha7 and beta4 subunits found
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in the current study may not play a key role in mediating oxycodone self-administration
behavior.

Additionally, mRNA for a cholinergic receptor, the muscarinic 5 receptor was increased in
the oxycodone self-administration group, compared to the controls. Thus subunits of
nicotinic and muscarinic cholinergic receptors are altered as a result of oxycodone self
administration. Earlier studies found that all five muscarinic cholinergic receptors
(mAChRs) are expressed in the striatum, and muscarinic 5 receptors are the only mAChR
subtype expressed in dopaminergic neurons (Weiner et al. 1990), where they function to
facilitate dopamine release (Forster et al. 2002; Bendor et al. 2010; Steidl et al.2011). Thus,
increases in muscarinic 5 receptor mRNA levels in the dorsal striatum may be involved in
enhanced dopamine release in the mice that had self administered oxycodone. Furthermore,
mRNA levels of the choline transporter also increased in mice that had self administered
oxycodone compared to the saline control group, adding evidence that the cholinergic
systems in the dorsal striatum were altered as a result of oxycodone self administration and
may participate in mediating chronic oxycodone self-administration behaviour.

Several other genes also showed point-wise significant difference in expression between the
oxycodone and saline control in the array study. Little is known about the involvement of
Gpr83, Npy5r, Glra4, Htr3a, Gabrr1 and Gabrr2 in drug addiction models, and these would
be valuable targets for follow-up. However, an earlier study found that administration of
tachykinin 3 receptor agonists attenuated the intake of alcohol and tachykinin 3 receptor can
also mediate the acute and chronic behavioral effects of cocaine (Foroud et al. 2008).

Interestingly, human studies have linked polymorphisms in some of the genes mentioned
above, such as serotonin receptor 3A (altered by oxycodone self administration) with heroin
addiction in humans (e.g., Levran et al. 2008; Levran et al. 2009). This indicates some
translational value in the current study and needs to be followed up in future studies.

There are several other important neurotransmitter and neuropeptide receptor genes
including glutamatergic, noradrenergic and opioid receptors genes which are not included in
the array used in the current study. Future studies are needed to examine changes in these
receptors following extended oxycodone self administration.

In summary, mice escalated oxycodone intake in a relatively long access, chronic self-
administration paradigm. Escalation of oxycodone intake for 14 days resulted in
identification of alterations in specific neurotransmitter receptor gene expression that may
underlie oxycodone self-administration behavior in mice. The genes identified in this study
support findings from earlier studies, and may constitute promising candidates for further
studies to determine the mechanistic impact of these targets and their relationship to self-
exposure to the widely abused prescription opioid oxycodone.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Oxycodone self administration in 4-hour sessions across the 14 days is shown. Data
represent mean daily number of nose pokes (+SEM). Mice in the oxycodone group nose
poked significantly more at the active hole than at the inactive hole (1A). Mice in the yoked
saline group did not differ in nose poking between the “active” and inactive hole (1B).
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Figure 2.
Oxycodone self administration in 1-hour sessions across the 14 days is shown. Data
represent mean daily number of nose pokes (+SEM). Mice in the oxycodone group nose
poked significantly more at the active hole than at the inactive hole (2A). Mice in the yoked
saline group did not differ in nose poking between the “active” and inactive hole (2B).
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Figure 3.
A. There was a significant increase in the amount of oxycodone self-administered across
days 1, 3, 7 and 14 in 4-hour sessions. B. There was no significant increase in the amount of
oxycodone self-administered across days 1, 3, 7 and 14 in 1-hour sessions.
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Figure 4.
The cumulative mg/kg oxycodone intake (+SEM) measured in 10-min time bins on day 1, 3,
7 and 14 of the extended self administration sessions is presented.
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Figure 5.
Oxycodone self administration in 4-hour sessions significantly affected GABA A subunits
Gabra1, Gabrb2 and GABA C subunits Gabrr1 and Gabrr2 mRNA levels in the dorsal
striatum. Gabrb2 (5A) and Gabra1 (5B) mRNA levels decreased whereas Gabrr1(5C) and
Garbrr2 (5D) mRNA levels increased in the oxycodone group compared with yoked saline
controls.
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Figure 6.
Oxycodone self administration in 4-hour sessions decreased cholinergic receptor, nicotinic,
alpha subunit 7 Chrna7 (6A) and beta subunit 4 Chranb4 (6B) mRNA levels compared with
yoked saline controls. In contrast, oxycodone self administration significantly increased
cholinergic receptor, muscarinic 5 receptor (Chrm5) (6C) and choline transporter, member 7
(Slc5a7) (6D) mRNA levels in the dorsal striatum.
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Figure 7.
Oxycodone self administration in 4-hour sessions significantly increased Neuropeptide Y
receptor Y5 (Npy5r) (6A), Glycine receptor, alpha 4 subunit (Glra4) (7B), 5-
hydroxytryptamine (serotonin) receptor 3A (Htr3a) mRNA levels (7C), G protein-coupled
receptor 83 (Gpr83) (7D) and Tachykinin receptor (Tacr3) (7E) in the dorsal striatum.
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Table 1

Genes differing between mice that had self administered oxycodone in 4 hrs session for 14 days and mice that
served as yoked-saline controls in the dorsal striatum

Gene symbol Protein P value Fold Change Change Direction

Gabrb2 Gamma-aminobutyric acid (GABA) A receptor, subunit beta 2 0.00013 0.77 ↓

Slc5a7 Solute carrier family 5 (choline transporter), member 7 0.00570 1.12 ↑

Gpr83 G protein-coupled receptor 83 0.02004 1.23 ↑

Htr3a 5-hydroxytryptamine (serotonin) receptor 3A 0.02196 1.48 ↑

Tacr3 Tachykinin receptor 3 0.02594 1.09 ↑

Chrnb4 Cholinergic receptor, nicotinic, beta polypeptide 4 0.02689 0.56 ↓

Chrna7 Cholinergic receptor, nicotinic, alpha polypeptide 7 0.03008 0.81 ↓

Chrm5 Cholinergic receptor, muscarinic 5 0.03402 1.65 ↑

Gabra1 Gamma-aminobutyric acid (GABA) A receptor, subunit alpha 1 0.03645 0.85 ↓

Glra4 Glycine receptor, alpha 4 subunit 0.03731 1.32 ↑

Npy5r Neuropeptide Y receptor Y5 0.04055 1.14 ↑

Gabrr1 Gamma-aminobutyric acid (GABA) C receptor, subunit rho 1 0.04979 1.47 ↑

Gabrr2 Gamma-aminobutyric acid (GABA) C receptor, subunit rho 2 0.05466 1.62 ↑
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Table 2

The symbol and description of the 84 neurotransmitter receptor genes in the array used in the current study.

Position Symbol Description

A01 Ache Acetylcholinesterase

A02 Anxa9 Annexin A9

A03 Brs3 Bombesin-like receptor 3

A04 Cckar Cholecystokinin A receptor

A05 Cckbr Cholecystokinin B receptor

A06 Chat Choline acetyltransferase

A07 Chrm1 Cholinergic receptor, muscarinic 1, CNS

A08 Chrm2 Cholinergic receptor, muscarinic 2, cardiac

A09 Chrm3 Cholinergic receptor, muscarinic 3, cardiac

A10 Chrm4 Cholinergic receptor, muscarinic 4

A11 Chrm5 Cholinergic receptor, muscarinic 5

A12 Chrna1 Cholinergic receptor, nicotinic, alpha polypeptide 1 (muscle)

B01 Chrna2 Cholinergic receptor, nicotinic, alpha polypeptide 2 (neuronal)

B02 Chrna3 Cholinergic receptor, nicotinic, alpha polypeptide 3

B03 Chrna4 Cholinergic receptor, nicotinic, alpha polypeptide 4

B04 Chrna5 Cholinergic receptor, nicotinic, alpha polypeptide 5

B05 Chrna6 Cholinergic receptor, nicotinic, alpha polypeptide 6

B06 Chrna7 Cholinergic receptor, nicotinic, alpha polypeptide 7

B07 Chrnb1 Cholinergic receptor, nicotinic, beta polypeptide 1 (muscle)

B08 Chrnb2 Cholinergic receptor, nicotinic, beta polypeptide 2 (neuronal)

B09 Chrnb3 Cholinergic receptor, nicotinic, beta polypeptide 3

B10 Chrnb4 Cholinergic receptor, nicotinic, beta polypeptide 4

B11 Chrnd Cholinergic receptor, nicotinic, delta polypeptide

B12 Chrne Cholinergic receptor, nicotinic, epsilon polypeptide

C01 Chrng Cholinergic receptor, nicotinic, gamma polypeptide

C02 Comt Catechol-O-methyltransferase

C03 Drd1a Dopamine receptor D1A

C04 Drd2 Dopamine receptor D2

C05 Drd3 Dopamine receptor D3

C06 Drd4 Dopamine receptor D4

C07 Drd5 Dopamine receptor D5

C08 Gabra1 Gamma-aminobutyric acid (GABA) A receptor, subunit alpha 1

C09 Gabra2 Gamma-aminobutyric acid (GABA) A receptor, subunit alpha 2

C10 Gabra3 Gamma-aminobutyric acid (GABA) A receptor, subunit alpha 3

C11 Gabra4 Gamma-aminobutyric acid (GABA) A receptor, subunit alpha 4

C12 Gabra5 Gamma-aminobutyric acid (GABA) A receptor, subunit alpha 5

D01 Gabra6 Gamma-aminobutyric acid (GABA) A receptor, subunit alpha 6
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Position Symbol Description

D02 Gabrb2 Gamma-aminobutyric acid (GABA) A receptor, subunit beta 2

D03 Gabrb3 Gamma-aminobutyric acid (GABA) A receptor, subunit beta 3

D04 Gabrd Gamma-aminobutyric acid (GABA) A receptor, subunit delta

D05 Gabrg1 Gamma-aminobutyric acid (GABA) A receptor, subunit gamma 1

D06 Gabrg2 Gamma-aminobutyric acid (GABA) A receptor, subunit gamma 2

D07 Gabrp Gamma-aminobutyric acid (GABA) A receptor, pi

D08 Gabrq Gamma-aminobutyric acid (GABA) A receptor, subunit theta

D09 Gabrr1 Gamma-aminobutyric acid (GABA) C receptor, subunit rho 1

D10 Gabrr2 Gamma-aminobutyric acid (GABA) C receptor, subunit rho 2

D11 Gad1 Glutamic acid decarboxylase 1

D12 Galr1 Galanin receptor 1

E01 Galr2 Galanin receptor 2

E02 Galr3 Galanin receptor 3

E03 Glra1 Glycine receptor, alpha 1 subunit

E04 Glra2 Glycine receptor, alpha 2 subunit

E05 Glra3 Glycine receptor, alpha 3 subunit

E06 Glra4 Glycine receptor, alpha 4 subunit

E07 Glrb Glycine receptor, beta subunit

E08 Qrfpr Pyroglutamylated RFamide peptide receptor

E09 Npffr1 Neuropeptide FF receptor 1

E10 Prokr1 Prokineticin receptor 1

E11 Prokr2 Prokineticin receptor 2

E12 Npffr2 Neuropeptide FF receptor 2

F01 Gpr83 G protein-coupled receptor 83

F02 Grpr Gastrin releasing peptide receptor

F03 Htr3a 5-hydroxytryptamine (serotonin) receptor 3A

F04 Maoa Monoamine oxidase A

F05 Mc2r Melanocortin 2 receptor

F06 Nmur1 Neuromedin U receptor 1

F07 Nmur2 Neuromedin U receptor 2

F08 Npy1r Neuropeptide Y receptor Y1

F09 Npy2r Neuropeptide Y receptor Y2

F10 Npy5r Neuropeptide Y receptor Y5

F11 Npy6r Neuropeptide Y receptor Y6

F12 Ntsr1 Neurotensin receptor 1

G01 Pgr15l G protein-coupled receptor 15-like

G02 Ppyr1 Pancreatic polypeptide receptor 1

G03 Prlhr Prolactin releasing hormone receptor

G04 Slc5a7 Solute carrier family 5 (choline transporter), member 7
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Position Symbol Description

G05 Sstr1 Somatostatin receptor 1

G06 Sstr2 Somatostatin receptor 2

G07 Sstr3 Somatostatin receptor 3

G08 Sstr4 Somatostatin receptor 4

G09 Sstr5 Somatostatin receptor 5

G10 Tacr1 Tachykinin receptor 1

G11 Tacr2 Tachykinin receptor 2

G12 Tacr3 Tachykinin receptor 3
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