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Regulator of G-protein signaling 9-2 (RGS9-2) is a striatal-enriched signal-transduction modulator known to have a critical role in the
development of addiction-related behaviors following exposure to psychostimulants or opioids. RGS9-2 controls the function of several
G-protein-coupled receptors, including dopamine receptor and mu opioid receptor (MOR). We previously showed that RGS9-2
complexes negatively control morphine analgesia, and promote the development of morphine tolerance. In contrast, RGS9-2 positively
modulates the actions of other opioid analgesics, such as fentanyl and methadone. Here we investigate the role of RGS9-2 in regulating
responses to oxycodone, an MOR agonist prescribed for the treatment of severe pain conditions that has addictive properties. Using mice
lacking the Rgs9 gene (RGS9KO), we demonstrate that RGS9-2 positively regulates the rewarding effects of oxycodone in pain-free states,
and in a model of neuropathic pain. Furthermore, although RGS9-2 does not affect the analgesic efficacy of oxycodone or the expression
of physical withdrawal, it opposes the development of oxycodone tolerance, in both acute pain and chronic neuropathic pain models.
Taken together, these data provide new information on the signal-transduction mechanisms that modulate the rewarding and analgesic
actions of oxycodone.
Neuropsychopharmacology (2017) 42, 1548–1556; doi:10.1038/npp.2017.4; published online 8 February 2017
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INTRODUCTION

Synthetic and semisynthetic opioids, including fentanyl,
hydromorphine, and oxycodone are prescribed for the
treatment of severe acute or chronic pain conditions
(Carise et al, 2007; Ling et al, 2011; Hermanns et al, 2012).
Oxycodone in particular (available in several formulations,
alone or in combination with non-narcotic analgesics) has
been used as an alternative to morphine for the management
of severe pain. The increasing numbers of oxycodone-
dependent patients, and the rising incidents of deaths from
oxycodone overdose (Carise et al, 2007; Comer et al, 2007;
Spiller et al, 2009; Ling et al, 2011; Butler et al, 2011; Dart
et al, 2015; Ray et al, 2016) highlight the need for a better
understanding of the mechanism of action of oxycodone
analgesia and the factors that determine vulnerability to
oxycodone dependence and addiction.
Whereas there is a lot of information from in vitro work

on the signaling properties of a range of mu opioid receptor
(MOR)-targeting compounds, in vivo research on MOR
agonist signal-transduction mechanisms has focused largely

on the study of morphine or heroin (Bailey and Connor,
2005; Muller and Unterwald, 2004; Koch et al, 2005; Raehal
and Bohn, 2005; Pradhan et al, 2006; Walwyn et al, 2010;
Quillinan et al, 2011). Recently, several preclinical studies
demonstrated the potent effect of oxycodone exposure in the
development of addiction-related behaviors and adaptations
in synaptic plasticity, in adolescent and adult animals
(Niikura et al, 2013; Zhang et al, 2013, 2015). These studies
have demonstrated that oxycodone has prominent effects on
the expression of genes modulating synaptic plasticity in
several brain regions, including the dorsal striatum and the
hippocampus. Importantly, oxycodone self-administration in
early life affects the sensitivity to the rewarding and analgesic
actions of the drug in the adult life (Zhang et al, 2016). The
preclinical and epidemiological findings on oxycodone
abuse highlight the need to study the neurochemical and
molecular actions of this drug in pain-free as well as in
chronic pain states.
RGS9-2 is enriched in the striatum, and has a potent role

in the modulation of functional responses of several
G-protein-coupled receptors (GPCRs), including MOR and
dopamine receptors (Zachariou et al, 2003; Rahman et al,
2003; Kovoor et al, 2005; Terzi et al, 2009; Kimple et al,
2011). RGS9-2 binds to activated Gα subunits and controls
the duration of signal transduction, by regulating how long
Gα and βγ subunits are available to their effectors. In
addition, the binding of RGS9-2 to Gα subunits may prevent
activation of their effectors, without affecting βγ complex’s
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actions (Hollinger and Hepler, 2002; Traynor et al, 2009;
Kimple et al, 2011). We previously showed that striatal
RGS9-2 controls MOR signal transduction and desensitiza-
tion (Zachariou et al, 2003; Psifogeorgou et al, 2007;
Psifogeorgou et al, 2011; Gaspari et al, 2014). Several
biochemical and in vivo studies suggest that RGS9-2 forms
complexes with Gα subunits, the Gβ5 protein and other
adaptor or scaffolding molecules to dynamically modulate
the acute and chronic actions of the opioid analgesic
morphine (Psifogeorgou et al, 2007; Anderson et al, 2007;
Jayaraman et al, 2009; Psifogeorgou et al, 2011; Terzi et al,
2011; Gaspari et al, 2014). These RGS9-2 complexes affect
several aspects of morphine addiction-like behavior in
rodents, by negatively modulating reward and physical
dependence, whereas they also affect analgesia and the
development of analgesic tolerance (Zachariou et al, 2003;
Terzi et al, 2009; Gaspari et al, 2014). Interestingly, RGS9-2
has a complex role in the regulation of MOR function, as
suggested by more recent findings showing that RGS9-2 acts
as a positive modulator of the analgesic effects of methadone
and fentanyl (Psifogeorgou et al, 2011). Furthermore, recent
studies reveal two SNPs located in the promoter region of
Rgs9 gene significantly associated with heroin dependence,
highlighting the translational aspect of the above-stated
research (Zhu and Zhang, 2015).
Chronic pain leads to plasticity in several brain networks

involved in reward, mood, and motivation (Baliki et al, 2012;
Schwartz et al, 2014; Yalcin et al, 2014; Baliki and Apkarian,
2015; Mitsi and Zachariou, 2016). We therefore hypothesized
that chronic pain states may influence sensitivity to the
behavioral effects of oxycodone. Neuropathic pain is a severe
chronic disorder, resulting from nerve damage due to injury
or various central nervous system disorders. It is character-
ized by several symptoms, including dysesthesia, mechanical
and cold allodynia, hyperalgesia, and often coexists with
anxiety and depression (Gruccu, 2007; Shields et al, 2003;
Stratinaki et al, 2013; Terzi et al, 2014; Mitsi and Zachariou,
2016).
Here we investigated the role of RGS9-2 in mediating the

behavioral responses to oxycodone. Our findings suggest that
RGS9-2 acts a positive modulator of oxycodone reward, in
both pain-free and neuropathic pain states. Although
oxycodone promotes a similar somatic withdrawal syndrome
in mice to that observed with morphine (Zachariou et al,
2003), RGS9-2 does not affect the expression of somatic
withdrawal syndrome to oxycodone. Finally, our study shows
that RGS9-2 delays the development of oxycodone tolerance
both under pain-free and neuropathic pain states. Overall,
these findings provide new information on the cellular
mechanisms modulating oxycodone actions and support the
hypothesis that distinct modulatory mechanisms control
behavioral responses to opiate analgesics.

MATERIALS AND METHODS

Animals

Two- to three-month-old male C57BL/6 mice (Jackson Labs)
were used for biochemical studies. Behavioral studies were
performed using adult (2–3-month-old) male RGS9-wild-
type (RGS9WT) and RGS9-knockout (RGS9KO) mice
derived from homozygote breeding from mice backcrossed

20 generations to C57BL/6 background (Zachariou et al,
2003). Animals were housed in a 12 h dark–light cycle room
according to the IACUC committee of Icahn School of
Medicine. For all manually scored behavioral assays (hot-
plate test, oxycodone withdrawal, Von Frey testing) experi-
menters were blinded to the genotype.

Locomotor Activity Assay

Mice were habituated to the locomotor activity apparatus
(Med Associates, VT) for 30 min each day for 3 consecutive
days after receiving a subcutaneous saline injection. Follow-
ing that, oxycodone was administered for 3 or 4 consecutive
days, once per day, and ambulatory activity was monitored
for 30 min immediately after drug injection as described
earlier (Charlton et al, 2008).

Conditioned Place Preference Test

An unbiased place conditioning procedure was performed as
described in earlier studies (Zachariou et al, 2003; Gaspari
et al, 2014). Briefly, baseline preference was monitored for
20 min, animals were conditioned to the drug paired side or
to the saline paired side for 45 min on alternate days. After 6
conditioning days animals were tested again for 20 min,
having free access to both chambers. Preference was
determined as time spent in the drug-paired compartment
after conditioning minus the time spent in this compartment
at baseline. Animals showing strong bias (over 250 s) for one
side at baseline were excluded from the study. For the
oxycodone reinstatement studies (Figure 2b), mice were
tested for baseline preference (day 1, for 20 min) and then
they were conditioned with saline in the morning (45 min)
and with a high dose of oxycodone (5 mg/kg, subcuta-
neously) in the afternoon (45 min) for 2 consecutive days.
Place preference was tested the day after the last conditioning
session, for 20 min. The extinction section involved saline
injections paired to the saline side (morning, 45 min) and the
drug side (afternoon, 45 min) for 5 days a week, for 4 weeks,
starting 24 h after conditioned place preference (CPP)
testing. Mice were evaluated for place preference once a
week (20 min testing), until extinction was observed
(week 4). For the reinstatement session, mice were injected
with a low dose of oxycodone (1.5 mg/kg, subcutaneously)
and place preference was monitored for 20 min.

Hot-Plate Assay

Analgesia was measured using a 52°C hot-plate apparatus
(IITC Life Sciences, CA), as described previously (Gaspari
et al, 2014). Animals were habituated in the room for 1 h and
then tested for baseline latency to jump or paw lick.
Oxycodone was then injected subcutaneously and 30 min
later mice were placed on the hot-plate apparatus and
latencies to lick the hind paw or jump were monitored. For
tolerance studies this procedure was repeated for 6
consecutive days using a high oxycodone dose (20 mg/kg).
All hot-plate data are expressed as % of maximal possible
effect (MPE= (latency− baseline)/(cutoff− baseline)). A cut-
off time of 40 s was used in all hot-plate experiments to avoid
tissue damage and inflammation.
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Opiate Withdrawal Paradigm

For opiate withdrawal assays, mice were injected with
increasing oxycodone doses every 12 h for 4 consecutive
days (day 1: 20 mg/kg; day 2: 40 mg/kg; day 3: 60 mg/kg; day
4: 80 mg/kg). On day 5 mice were injected with 80 mg/kg
oxycodone in the morning and withdrawal was precipitated
3 h later, using naloxone (NLX) hydrochloride (1 mg/kg,
subcutaneously; Sigma, MO). Withdrawal signs (jumps, wet
dog shakes, tremor, diarrhea, weight loss) were monitored
for 30 min, starting immediately after NLX administration.
We monitored the number of jumps, wet dog shakes, and
diarhhea events observed in the 30 min period, and % change
in weight before and 30 min post withdrawal for weight loss.
For tremor and ptosis, we monitored the presence of a sign
at the beginning of each 5 min interval during the
monitoring period.

Spared Nerve Injury Model

The spared nerve injury (SNI) operation was performed
under Avertine (2,2,2-tribromoethanol; Sigma-Aldrich) gen-
eral anesthesia (Mitsi et al, 2015). With the help of a
stereomicroscope, skin incision of the left hindlimb at mid-
thigh level followed by muscle layers separation revealed the
sciatic nerve and its three branches. The common peroneal
and the sural nerves were carefully ligated with 6.0 silk suture
(Ethicon; Johnson & Johnson Intl.) transected and 1–2 mm
sections of these nerves were removed, while the tibial nerve
was left intact. Skin was then closed with silk 4.0 sutures
(Ethicon; Johnson & Johnson Intl).

Von Frey Test for Mechanical Allodynia

For the assessment of mechanical allodynia, we used Von
Frey testing (Shields et al, 2003; Mitsi et al, 2015) with
ascending forces expressed in grams (0.1–3.6 g; Electronic
von Frey Anesthesiometer; IITC). Each filament was applied
five times in a row against the lateral area of the paw.
Hindpaw withdrawal or licking induced by the filament was
defined as a positive allodynia response. A positive response
in three out of five repetitive stimuli was defined as the
allodynia threshold. Mice were habituated to the Von Frey
apparatus for 30 min every day for 10 days, before the SNI
surgeries. For the tolerance studies, mice were injected
subcutaneously for 17 consecutive days with 3 mg/kg
oxycodone and allodynia was assessed 1 h after the injection.

Western Blot Analysis

For western blot analysis, nucleus accumbens (NAc) and
dorsal striatum (DS) punches were dissected with a 14 gauge
syringe needle from 1-mm-thick coronal sections of mouse
brain, as described before (Psifogeorgou et al, 2011; Gaspari
et al, 2014). Samples were run in a 10% polyacrylamide gel,
and then transferred to a nitrocellulose membrane (Bio-Rad
4.45 μm) for 1 h. Membranes were incubated in blocking
buffer (3% filtered non-fat dry milk, in PBS) and incubated
overnight at 4oC in PBS with primary antibody. The
following antibodies were used: rabbit anti-RGS9-2
(Psifogeorgou et al, 2011), a rabbit anti-GAPDH (Cell
Signaling; no. 5174), a rabbit anti-β-actin (Cell Signaling;

no. 4967). β-Actin or GAPDH were used as loading controls.
The next day membranes were incubated with goat anti-
rabbit peroxidase-labeled secondary antibody (Jackson
Laboratories; no. 111-035-003; 1 : 10.000) in the blocking
buffer. The bands were visualized using Super Signal West
Pico Extended Duration Substrate (Pierce). Bands were
quantified using the Image J Software. For all western blot
analysis, sample optical density was normalized to loading
control and then expressed as the percentage of the saline-
treated group.

Statistical Analysis

For experiments monitoring behavior of the same group of
mice over time (locomotor sensitization, CPP reinstatement,
and tolerance experiments), we used two-way ANOVA
repeated-measures followed by Bonferroni post hoc tests. For
SNI-CPP experiments and acute oxycodone analgesia that
involved plotting several doses (each dose was tested in a
separate group of animals), we used two-way ANOVA
followed by Bonferroni post hoc tests. For withdrawal
experiments we used multiple t-test analysis. Finally, for
western blot analysis studies, the CPP experiment testing
1 mg/kg of oxycodone (Figure 2a), and the morphine
analgesia assays, we used t-test. Effects were considered
significant at po0.05, all data were expressed as mean±
SEM. F values and p-values for each experiment are
described in the figure legends.

RESULTS

When administered repeatedly, drugs of abuse produce a
progressive enhancement of locomotor response (locomotor
sensitization). We used the RGS9KO line to investigate the
behavioral consequences of Rgs9 deletion in an oxycodone
locomotor sensitization paradigm. As shown in Figure 1a,
KO of the Rgs9 gene does not affect basal locomotor activity
nor the acute response to a high oxycodone dose (3 mg/kg
subcutaneously). However, RGS9KO mice are less sensitive
than RGS9WT controls to the locomotor-sensitizing actions
of oxycodone. We next used western blot analysis to
determine if repeated oxycodone administration affects the
expression of RGS9-2 in the NAc and DS. C57BL/6 mice
were habituated to the locomotor chamber for 3 consecutive
days, followed by 3 additional days of oxycodone treatment
(2 mg/kg, subcutaneously). On day 3, NAc and DS tissues
were collected 2 h after drug administration (Figure 1b).
Western blot analysis of these samples revealed that this
treatment leads to the downregulation of RGS9-2 protein
levels both in NAc and DS (Figures 1c and d).
We next investigated the role of RGS9-2 in the rewarding

actions of oxycodone. Our earlier work revealed a negative
modulatory role of RGS9-2 in the rewarding actions of
morphine (Zachariou et al, 2003; Gaspari et al, 2014).
Here our data (Figure 2a) suggest that RGS9-2 acts as a
positive modulator of oxycodone actions in the CPP
paradigm, as RGS9KO mice are less sensitive to the
rewarding actions of this drug (1 mg/kg, subcutaneously).
At higher doses both genotypes develop place preference to
oxycodone (Figure 2b). We also assessed the role of RGS9-2
in the extinction and reinstatement of oxycodone place

RGS9-2 modulates oxycodone actions
S Gaspari et al

1550

Neuropsychopharmacology



preference. In this case we used a high dose of oxycodone
(5 mg/kg), which induces CPP in both WT and mutant mice.
Both genotypes extinguished oxycodone CPP after a month
of saline training; however, only RGS9WT mice reinstated
CPP following treatment with a low (1.5 mg/kg) oxycodone
dose (Figure 2b). Thus, RGS9-2 has a positive modulatory
role in the acquisition and reinstatement of oxycodone CPP.
We also investigated if RGS9-2 contributes to the

rewarding actions of oxycodone under chronic pain condi-
tions. We used the SNI model of neuropathic pain, and
2 weeks after the induction of nerve injury (when the animals
have developed pain-like behaviors, but not depression-like
behaviors; Terzi et al, 2014), we conditioned RGS9WT and
RGS9KO mice to oxycodone. The neuropathic pain-like
state decreased sensitivity to oxycodone place preference in
RGS9WT mice, as they did not respond to the 1 mg/kg
dose that conditions CPP in the pain-free state. RGS9KO
mice did not respond to this dose either. When a higher dose

was used, we found a similar phenotype to that observed
under pain-free states: RGS9WT mice develop a significant
place preference, while the RGS9KO show no significant
preference to this dose of the drug (Figure 2c; 2 mg/kg:
RGS9WT—initial preference of the drug side= 427± 28,
conditioned preference= 647± 30, t(10)= 5.95, po0.0001;
RGS9KO—initial preference= 490± 35, conditioned prefer-
ence= 560± 22, t(8)= 1.96, p= 0.085). At a higher dose
(3 mg/kg) SNI groups of both RGS9WT and RGS9KO mice
develop CPP to oxycodone (Figure 2c).
Our earlier work had also shown that KO of Rgs9

exacerbated several symptoms of somatic morphine with-
drawal, suggesting that RGS9-2 opposes the development of
physical dependence (Zachariou et al, 2003; Gaspari et al,
2014). To determine if RGS9-2 has a similar role in the
development of oxycodone physical dependence, we
monitored somatic symptoms for 30 min following
NLX-precipitated withdrawal. Oxycodone was administered

Figure 1 Regulator of G-protein signaling 9-2 (RGS9-2) modulates the locomotor-sensitizing actions of oxycodone. (a) RGS9-knockout (KO) mice are less
sensitive to the locomotor-sensitizing actions of oxycodone compared with their RGS9-wild-type (WT) controls (dose: 3 mg/kg, two-way analysis of variance
(ANOVA) repeated-measures followed by Bonferroni posthoc test, F(1,48)= 8.22, *po0.05). (b) The schematic on top shows the experimental design for
tissue collection for our western blot analysis studies. The graph shows the locomotor responses of the cohort used for western blot analysis. Mice were
habituated to the locomotor chamber for 3 consecutive days followed by 3 additional days of oxycodone administration (dose: 2 mg/kg, two-way ANOVA
repeated-measures followed by Bonferroni posthoc test, F(1,40)= 4.93, *po0.05, ***po0.001). On day 3, nucleus accumbens (NAc) and dorsal striatum
(DS) tissues were collected 2 h after drug administration. Western blot analysis reveals that RGS9-2 is downregulated in the NAc (c) and DS (d) of mice
treated for 3 consecutive days with 2 mg/kg oxycodone (OXY) compared with saline (SAL)-treated controls (t-test, t(19)= 2.429, *po0.05 for NAc and
t(9)= 2.433, *po0.05 for DS). GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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for 5 days, twice a day, at increasing doses (20, 30, 40, 60, and
80 mg/kg). Although oxycodone produces similar with-
drawal behavior to that seen for morphine, ablation of the
Rgs9 gene did not affect the onset or intensity of withdrawal
symptoms (Figure 3).
Finally, we investigated the role of RGS9-2 in the analgesic

effects of oxycodone. We used the hot-plate assay to assess
the consequences of global Rgs9 KO on the acute analgesic
actions of oxycodone. Our previous work demonstrated that
RGS9KO mice show increased responses to morphine in the
hot-plate test (Zachariou et al, 2003). Here we found that KO
of Rgs9 does not affect the acute analgesic effects of
oxycodone in the 52°C hot-plate assay (Figure 4a). The top
panel in Figure 4a shows that consistent with our earlier
findings (Zachariou et al, 2003; Psifogeorgou et al, 2011),
RGS9KO mice are more sensitive to the analgesic effect of
morphine (15 mg/kg, subcutaneously). Western blot analysis
showed that acute oxycodone treatment (15 mg/kg) has no
effect on RGS9-2 expression in the NAc of C57Bl/6 mice
(Figure 4b, NAc tissue dissected 2 h post oxycodone
treatment). However, we found that RGS9-2 has a protective
role towards the development of oxycodone tolerance, as
RGS9KO mice become tolerant to the analgesic effects of the
drug earlier than RGS9WT animals (Figure 5a). As shown on
the top panel and consistent with our earlier findings, RGS9-
2 has the opposite role in the modulation of morphine
tolerance, as RGS9KO mice respond to repeated morphine
treatment at 4 days, while their WT controls show analgesic
tolerance. Furthermore, protein levels of RGS9-2 are

Figure 2 Regulator of G-protein signaling 9-2 (RGS9-2) modulates the
rewarding actions of oxycodone. RGS9-2 acts as a positive modulator of
oxycodone in the conditioned place preference (CPP) paradigm. (a) RGS9-
knockout (KO) mice are less sensitive to the rewarding actions of
oxycodone (dose:1 mg/kg, t-test, t(17)= 2.249, *po0.05). (b) Furthermore,
RGS9-2 has a positive modulatory role in the reinstatement of
oxycodone CPP. Both genotypes developed CPP using a high dose of
oxycodone (5 mg/kg) and extinguished preference after a month of saline
training; however, only RGS9-wild-type (WT) mice reinstated CPP following
a low (1.5 mg/kg) dose of oxycodone (two-way analysis of variance
(ANOVA) repeated-measures followed by Bonferroni post hoc tests, F
(1,16)= 5.51, ***po0.001). (c) Using the spared nerve injury (SNI) model
of neuropathic pain, we demonstrate that RGS9WT and RGS9KO
do not develop place preference to a low dose of oxycodone (1 mg/kg).
At a higher dose (2 mg/kg), only RGS9WT mice develop preference,
whereas both genotypes condition place preference at 3 mg/kg
(two-way ANOVA followed by Bonferroni post hoc test, F(1,16)= 5.51,
*po0.05).

Figure 3 Knockout (KO) of the Rgs9 gene does not affect the intensity of
oxycodone withdrawal symptoms. We used a paradigm of naloxone
(NLX)-precipitated withdrawal to determine if regulator of G-protein
signaling 9-2 (RGS9-2) has a role in oxycodone physical dependence.
Oxycodone was administered for 5 days, twice a day, at increasing doses
(20, 30, 40, 60, and 80 mg/kg). We monitored several somatic withdrawal
symptoms (jumps, wet dog shakes, tremor, diarrhea, ptosis, and weight loss)
for a 30 min period after NLX (1 mg/kg) administration. Oxycodone
produced a similar withdrawal behavior to the one observed with morphine,
and onset and intensity of symptoms were comparable between RGS9KO
mice and their RGS9-wild-type (WT) controls. RGS9KO mice showed a
nonsignificant trend for a greater number of wet dog shakes (WDS)
(multiple t-tests, Jumps: t(16)= 0.8833, p40.05, WDS: t(16)= 1.742,
p40.05, Tremor: t(16)= 0, p40.05, Diarrhea: t(16)= 0.4411, p40.05,
Ptosis: t(16)= 0.3780, p40.05, weight loss (%): t(16)= 0.5066, p40.05).
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upregulated in the NAc of mice tolerant to oxycodone
(Figure 5b).
The hot-plate test is a measure of acute analgesia, whereas

oxycodone is often prescribed for chronic pain conditions.
To determine if RGS9-2 affects the development of
oxycodone tolerance under chronic pain states, we used the
SNI paradigm and monitored responses to the antiallodynic
effects of oxycodone in the Von Frey assay for mechanical
allodynia. Our earlier work has shown that RGS9-2 affects
Von Frey responses the first week after nerve injury, but by
day 10, mechanical allodynia levels are not different from
those observed in RGS9WT mice (Terzi et al, 2014). Here we
started the treatment with oxycodone on day 15, when
mechanical allodynia levels were identical between geno-
types. The drug was administered once a day for 17
consecutive days, and Von Frey responses were monitored
1 h after drug injection. Consistent with our findings using
the hot-plate assay, while the antiallodynic effects of
oxycodone are maintained in RGS9WT mice throughout
the monitoring period, RGS9KO mice show decreased
analgesic response to oxycodone by day 12 (Figure 5c).

DISCUSSION

Our findings provide new information on the intracellular
pathways involved in behavioral responses to oxycodone, in
pain-free as well as in neuropathic pain states. RGS9-2 is a
key modulator of drug addiction, and has been shown to
have a dynamic role in the actions of several drug of abuse,
including cocaine, amphetamine, and morphine (Traynor
et al, 2009). Our data reveal that although oxycodone has
rewarding, locomotor activating, and analgesic effects that
are similar to morphine, RGS9-2 has distinct modulatory
roles in the actions of these two MOR-targeting opioids.
RGS9-2 promotes the rewarding and locomotor sensitizing
effects of oxycodone, and opposes the development of
analgesic tolerance. This is the opposite of what we observed
in previous studies using morphine, where we found that
RGS9-2 opposes the development of morphine reward, and
promotes the development of analgesic tolerance (Zachariou
et al, 2003; Gaspari et al, 2014). In addition, although
deletion of the Rgs9 gene exacerbates many morphine
withdrawal symptoms (Zachariou et al, 2003), it does not

affect symptoms of oxycodone withdrawal. Thus, RGS9-2
appears to uniquely modulate morphine, as analgesic
responses to oxycodone, fentanyl, and methadone are
positively modulated by RGS9-2 (Psifogeorgou et al, 2011).
The distinct phenotypes observed with morphine vs
oxycodone may lie in different intracellular mechanisms by
which these compounds exert their effects; for example,
recruitment of different Gα subunits (Psifogeorgou et al,
2011), or different effectors activated by each drug, although
differences owing to receptor specificity or receptor dimer
formation should also be considered. We speculate that
similar to fentanyl and methadone, oxycodone in the
striatum promotes short-term complexes between RGS9-2,
MOR, and Gαq subunits, whereas morphine promotes stable
complexes between RGS9-2-Gβ5, MOR, and Gαi subunits
(Psifogeorgou et al, 2011). Therefore, genetic inactivation of
Rgs9 will differentially affect cellular and behavioral
responses to oxycodone and morphine.
RGS9-2 is very abundant in the striatum, but it may also

affect MOR function in the spinal cord (Terzi et al, 2009) and
other supraspinal sites expressing MOR, including the
periaqueductal gray (PAG) (Garzón et al, 2005), Moreover,
the actions of MOR may be mediated in a cell type- or
region-specific level by other members of the RGS family,
including RGS4 and RGSz proteins (Gold et al, 2003; Garzón
et al, 2005).
A large number of in vitro and in vivo studies have

provided information on the mechanisms underlying the
acute and chronic actions of MOR agonists (Muller and
Unterwald 2004; Koch et al, 2005; Raehal and Bohn, 2005;
Pradhan et al, 2006; Walwyn et al, 2010; Quillinan et al,
2011). The majority of these studies have focused on
morphine and heroin, and have provided insight into
signal-transduction events associated with addiction or the
development of analgesic tolerance. Although oxycodone is
highly prescribed for the treatment of acute and chronic pain
conditions, there is very limited information on the cellular
events triggered by repeated oxycodone administration, and
the G-protein complexes that modulate oxycodone actions in
specific brain regions or cellular populations modulating
addiction and analgesia. Several recent reports have used
models of reward and drug self-administration to study the
actions of oxycodone in the adolescent and adult life

Figure 4 Regulator of G-protein signaling 9-2 (RGS9-2) does not affect the acute analgesic actions of oxycodone. (a) Ablation of the Rgs9 gene does not
affect the acute analgesic effects of oxycodone in the hot-plate assay (each dose corresponds to a separate group of animals, two-way analysis of variance
(ANOVA) followed by Bonferroni post hoc tests, F(1,74)= 0.16, p40.05). Upper panel: RGS9-knockout (KO) mice are more sensitive to the analgesic actions
of morphine (dose: 15 mg/kg, t-test, t(7)= 2, *po0.05). (b) Acute administration of a high dose of oxycodone (15 mg/kg) did not have any effect on RGS9-2
protein levels in the nucleus accumbens (NAc) (t-test, t(19)= 0.23, p40.05). OXY, oxycodone; SAL, saline.
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(Niikura et al, 2013; Emery et al, 2015; Zhang et al, 2015;
Sanchez et al, 2016) and in male vs female groups of animals
(Collins et al, 2016). These studies show that exposure to
oxycodone in early life affects the sensitivity of opiate
analgesia and addiction-related actions of MOR agonists in
the adult life. Our studies show that prevention of RGS9-2
activity reduces the rewarding effects of oxycodone, and also
prevents the reinstatement of oxycodone place preference,
pointing to a potent role of this molecule in addiction-related
mechanisms. Recent studies by Emery et al (2015) show
that oxycodone and morphine differentially affect responses
of dopamine D2/D3 receptors and Akt signaling

(Emery et al, 2015). Further understanding of the long-
term adaptation oxycodone treatment promotes in the
reward pathway, and the exact signal-transduction events
triggered by oxycodone, will help design better treatment
strategies for pain management and identify factors that
contribute to oxycodone abuse vulnerability.
Chronic pain-induced plasticity in addiction- and

analgesia-related brain networks may affect sensitivity to
opiate analgesics (Navratilova and Porreca, 2014; Taylor
et al., 2015; Mitsi and Zachariou, 2016). Our studies
examined the role of the striatal-enriched RGS9-2 in
oxycodone actions under neuropathic pain states. Our
findings from mice tested at 2 weeks after SNI reveal that
neuropathic pain states reduce oxycodone reward sensitivity
in both RGS9WT and RGS9KO animals, consistent with the
hypothesis that chronic pain states impact the brain reward
network (Mitsi and Zachariou, 2016). Decreased reward
sensitivity under chronic pain states has been reported by
several other groups (Ozaki et al, 2002, 2003; Ewan and
Martin, 2011; Navratilova et al, 2012; Wu et al, 2014), but
this is the first study to examine oxycodone reward in the
context of chronic pain. Notably, reports also show that long-
term inflammatory pain may promote heroin self-
administration (Hipolito et al, 2015) and therefore it is
important to assess the impact of inflammatory and
neuropathic pain in oxycodone self-administration and
other addiction-related paradigms. Future studies should
monitor reward sensitivity to several pain killers at later time
points after nerve injury, when depression symptoms are
also present, to understand how long-term pain states affect
the function of the reward pathway. In addition to G-protein
complexes, neuroimmune and other adaptations affect the
function of MOR and other receptors in the brain reward
center under chronic pain states, and contribute to the
decreased reward sensitivity observed in the CPP paradigm.
For example, recent studies showed that in the rat PAG,
MOR may function differently in pain-free vs chronic pain
states (Eidson and Murphy, 2013; Mehalick et al, 2013) and
have demonstrated the potent role of Toll-like receptors in
modulating morphine tolerance in models of acute and long-
term inflammatory pain.

Figure 5 Regulator of G-protein signaling 9-2 (RGS9-2) acts as a negative
modulator of oxycodone tolerance. (a) RGS9-knockout (KO) mice become
tolerant to the analgesic effects of the drug earlier than their wild-type
controls (dose: 20 mg/kg, two-way analysis of variance (ANOVA) repeated-
measures followed by Bonferroni post hoc test, F(1,45)= 3.77,
***po0.001). Upper panel: The opposite phenotype is observed when
morphine is used in the hot-plate assay, as RGS9KO mice respond to
morphine at a time point their wild-type controls show analgesic tolerance
(dose:20 mg/kg, two-way ANOVA repeated-measures followed by Bonfer-
roni post hoc test, F(1,7)= 9.25, **po0.01). (b) Furthermore, protein levels
of RGS9-2 are upregulated in the nucleus accumbens (NAc) of mice
tolerant to oxycodone (t-test, t(28)= 2.14, *po0.05). (c) RGS9KO mice
experiencing neuropathic pain become tolerant to the antiallodynic effects
of the drug earlier than their wild-type controls. Oxycodone treatment was
initiated on day 15 after spared nerve injury (SNI) surgery, when mechanical
allodynia levels were identical between genotypes. The drug was
administered once a day for 17 consecutive days, and Von Frey responses
were monitored 1 h after drug injection (dose: 3 mg/kg, two-way ANOVA
repeated-measures followed by Bonferroni post hoc tests, F(1,117)= 10.49,
**po0.01, ***po0.001).
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Our data from SNI groups of mice also support a
protective modulatory role of RGS9-2 in oxycodone
tolerance: in accord with our findings from experiments
using the hot-plate assay, KO of the Rgs9 gene does not affect
the acute action of oxycodone on mechanical allodynia
following SNI. However, when the drug is administered for
consecutive days, the antiallodynic response is abolished in
RGS9KO mice after 12 days of treatment, reflecting the
development of tolerance. Therefore, RGS9-2 complexes
protect against the development of analgesic tolerance to
oxycodone in models of acute and chronic pain.
RGS9-2 has a prominent role in the modulation of GPCR

responses in the striatum, where it is expressed in very high
levels, but it is absent or expressed in low amounts in other
brain regions expressing MORs (Traynor et al, 2009). We
suggest that the phenotypes observed are due to loss of
RGS9-2 function primarily in the striatum, and that other
members of the RGS family, including RGS7, RGS4, and
RGS20 may control MOR function in other brain regions
associated with addiction or analgesia, including the locus
coeruleus and the PAG (Han et al, 2010; Gold et al, 2003;
Garzón et al, 2005).
Future work will investigate the signal-transduction and

gene expression changes induced by oxycodone exposure in
the brain reward center, and the cellular and molecular
determinants of oxycodone addiction. While the present
study focuses on groups of male mice, future work will
further determine the role of RGS9-2 in behavioral responses
to oxycodone and other pain killers in male and female
animals. Our findings that RGS9-2 modulates the actions of
oxycodone in a manner distinct from its modulation of
morphine support the notion that although synthetic opioid
analgesics produce similar physiological responses, they act
via distinct intracellular mechanisms. This knowledge may
lead to the development of more efficacious and less
addictive compounds and will help developing better
strategies for the management of chronic pain.
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