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ABSTRACT

Background: Oxytocin, a neurohypophyseal neuropeptide, is a potential mediator and regulator of drug addiction. However, 
the cellular mechanisms of oxytocin in drug seeking remain unknown.
Methods: In the present study, we used a self-administration/reinstatement model to study the effects of oxytocin on cocaine 
seeking and its potential interaction with glutamate function at the receptor level.
Results: Systemic oxytocin dose-dependently reduced cocaine self-administration during various schedules of reinforcement, 
including fixed ratio 1, fixed ratio 5, and progressive ratio. Oxytocin also attenuated reinstatement to cocaine seeking induced 
by cocaine prime or conditioned cues. Western-blot analysis indicated that oxytocin increased phosphorylation of the α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate receptor GluA1 subunit at the Ser 845 site with or without 
accompanying increases in phosphorylation of extracellular signal-regulated kinase, in several brain regions, including the 
prefrontal cortex, bed nucleus of the stria terminalis, amygdala, and dorsal hippocampus. Immunoprecipitation of oxytocin 
receptor and GluA1 subunit receptors further demonstrated a physical interaction between these 2 receptors, although the 
interaction was not influenced by chronic cocaine or oxytocin treatment. Oxytocin also attenuated sucrose seeking in a GluA1- 
or extracellular-signal-regulated kinase-independent manner.
Conclusions: These findings suggest that oxytocin mediates cocaine seeking through interacting with glutamate receptor 
systems via second messenger cascades in mesocorticolimbic regions.
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Introduction
Oxytocin (OT) is an endogenous peptide that is primarily 
synthesized in magnocellular neurons of the supraoptic and 
paraventricular nuclei of the hypothalamus and is secreted 
by axon terminals in the posterior pituitary into systemic 
blood circulation (Choy and Watkins, 1977). In addition, OT is 
produced in parvocellular and magnocellular neurons in the 

paraventricular nuclei that project to various brain regions 
and release OT in the brain (Sofroniew, 1983; Knobloch et al., 
2012). OT receptors (OTRs) are found in both the peripheral 
and central nervous systems, including localization in mul-
tiple forebrain structures (Gimpl and Fahrenholz, 2001). OTR 
promiscuously couples to several G proteins (Gq, Gi, Gs) under 
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different conditions and in different brain regions, thereby 
mediating various functions in neuronal and peripheral tis-
sues via multiple signaling pathways (Stoop, 2012). OT is a 
potent modulator of a variety of brain functions, including 
emotions, social interactions, sexual behavior, learning, and 
memory (Gimpl and Fahrenholz, 2001).

A critical role of OT in drug addiction was proposed many 
years ago. For instance, OT inhibited the development of 
tolerance to morphine, morphine withdrawal, and heroin 
self-administration (Kovacs et  al., 1985). Exogenous OT also 
attenuated hyperlocomotion and stereotyped behavior after 
acute cocaine, tolerance to chronic cocaine, and cocaine self-
administration (Sarnyai and Kovacs, 1994). More recently, 
intracerebroventricular OT infusion inhibited methamphet-
amine-induced conditioned place preference (CPP) and its 
reinstatement induced by stress (Qi et  al., 2009). Similarly, 
intraperitoneal (IP) OT treatment inhibited methamphetamine 
self-administration and methamphetamine prime-induced 
reinstatement of drug seeking (Carson et al., 2010; Cox et al., 
2013). Based on this promising preclinical data, OT has been 
proposed as a therapeutic target for drug addiction (McGregor 
and Bowen, 2012). Although preliminary data from clinical 
studies are still limited, acute OT blocked alcohol withdrawal 
symptoms in humans (Pedersen et al., 2013) and ameliorated 
stress-induced reactivity and craving in marijuana-dependent 
individuals (McRae-Clark et al., 2013).

Although OT can decrease drug reward-related behavior, 
the potential cellular mechanisms of OT’s actions on motivated 
drug seeking remain unknown. Since OT interacts with central 
dopamine (DA) and glutamate (Glu) pathways, it is possible that 
OT attenuates reward-related behavior via altered DA activity 
in mesolimbic regions as well as Glu neurotransmission in cor-
tical regions (Yang et  al., 2010). For example, OT inhibited the 
cocaine-induced enhancement of DA utilization in the nucleus 
accumbens (NAc) (Kovacs et al., 1990). A recent study indicated 
that OT antagonized methamphetamine-induced increases 
in DA turnover in the dorsal striatum and NAc and inhibited 
the increase of extracellular Glu levels in the medial prefron-
tal cortex (PFC) after stress-induced reinstatement of CPP in 
methamphetamine-treated mice (Qi et  al., 2009). Atosiban, an 
OTR antagonist, attenuated both of these effects, indicating 
that OT exerts its action through an OTR-dependent process (Qi 
et al., 2008, 2009). However, the molecular cascades that mediate 
the effect of OT on cocaine-motivated behaviors have not been 
examined.

Herein, we systematically assessed whether OT would 
attenuate various measures of cocaine taking and cocaine 
seeking using the self-administration/reinstatement model 
of cocaine addiction and relapse. To this end, we first evalu-
ated the effects of OT on cocaine self-administration in rats 
on various schedules of reinforcement. Second, we deter-
mined whether OT would decrease reinstatement of cocaine 
seeking induced by a cocaine-priming injection or condi-
tioned cues. Finally, we studied the impact of OT on intracel-
lular molecular changes in multiple brain regions involved 
in cocaine addiction. Because OT increased protein kinase 
A (PKA) activity and phospho-ERK-1/2 (p-ERK) in cell lysates 
(Makarevich et al., 2004), we focused on the phosphorylation 
of GluA1 at Ser845 (p-GluA1, an indicator of PKA activity) and 
p-ERK expression. Further, since OT altered drug-induced 
GluN1 protein expression and modulated the neuronal activ-
ity in the PFC via AMPA receptors (Qi et al., 2012), we exam-
ined a possible interaction between cortical OTR and Glu 
receptors.

Methods

Subjects

Adult male (initial weight 250–300 g) Sprague Dawley rats 
(Charles River Laboratories, Wilmington, NC) were single-
housed in a temperature- and humidity-controlled vivarium 
on a reversed 12-h–light/–dark cycle (lights off at 6:00 am). All 
experimental procedures occurred during the dark cycle. Rats 
were given ad libitum access to water and were maintained on 
standard chow (20–25 g/d, Harlan, Indianapolis, IN) for the dura-
tion of each experiment. The experimental procedures were 
approved by the Institutional Animal Care and Use Committee 
of the Medical University of South Carolina and complied 
with federal guidelines in the “Guide for the Care and Use of 
Laboratory Animals” (Institute of Laboratory Animal Resources 
on Life Sciences, 1996).

Surgery

For cocaine self-administration and yoked saline controls, rats 
underwent catheter implantation 5 to 7 days before the start of 
self-administration as previously described (Zhou et al., 2012). 
Briefly, rats were anesthetized (IP) using a mixture of ketamine 
hydrochloride (66 mg/kg; Vedco Inc., St. Joseph, MO) and xyla-
zine (1.33 mg/kg; Lloyd Laboratories, Shenandoah, IA), followed 
by Equithesin (0.5 mL/kg) and Ketorolac (2 mg/kg; Sigma Aldrich) 
as a preoperative analgesic. One end of a silastic catheter was 
implanted into the right jugular vein, and the other end was 
attached to an infusion harness (Instech Solomon, Plymouth 
Meeting, PA) for IV drug delivery.

Cocaine Self-Administration

Daily 2-hour self-administration sessions were carried out in 
standard operant conditioning chambers with 2 retractable levers, 
2 stimulus lights, a tone generator, and a house light, and con-
trolled by a computerized data collection program (MED-PC, Med-
Associates, St Albans, VT). The house light signaled the initiation 
of the session and remained on throughout the session. Presses on 
the active (ie, cocaine-paired) lever resulted in a 2-second activa-
tion of the infusion pump (0.2 mg/50 μL infusion) and a 5-second 
presentation of a stimulus light and tone (4.5 kHz, 78 dB) com-
plex. After each infusion, a 20-second time-out occurred, during 
which responses on the active lever were recorded but resulted in 
no programmed consequences. Presses on the inactive lever had 
no consequences. Yoked controls received a 50-μL saline infusion 
and light and tone stimulus whenever the matched cocaine self-
administering subject received a cocaine infusion, with concurrent 
recording of their inconsequential responses. Cocaine hydrochlo-
ride (National Institute on Drug Abuse, Research Triangle Park, NC) 
was dissolved in 0.9% sterile saline.

Extinction and Reinstatement of Cocaine Seeking

Following self-administration and between reinstatement tests, 
rats underwent daily 2-hour extinction sessions, during which 
responses on either lever had no consequences. Extinction ses-
sions continued until animals met the criteria of 2 consecutive 
sessions with <20 active lever presses for a minimum of 7 ses-
sions prior to the first reinstatement test and a minimum of 2 
sessions between reinstatement tests. Reinstatement tests con-
sisted of 2-hour cue-induced reinstatement, whereby responses 
on the previously cocaine-paired lever resulted in a 5-second 
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presentation of the light and tone cues, and 2-hour (1 hour in 
experiment 3)  cocaine-primed reinstatement, whereby rats 
received cocaine (10 mg/kg, IP) immediately prior to the test and 
active lever presses had no programmed consequences.

Sucrose Self-Administration, Extinction, and 
Reinstatement

For comparison with OT effects on cocaine-induced cellular 
changes, experiment 3 (described below) also involved sucrose 
reinforcement using the same procedure as cocaine self-
administration experiments, with the following exceptions. 
First, sucrose rats did not undergo surgery. Second, instead 
of cocaine, rats received sucrose pellets (45 mg, Noyes pellets, 
Fisher Scientific, Pittsburg, PA) as the primary reinforcer. Third, 
during sucrose-primed reinstatement tests, rats received 1 non-
contingent pellet every 2 minutes for the first 10 minutes of the 
session and 1 pellet every 30 minutes thereafter, modified from 
previous procedures (Kumaresan et al., 2009).

Western Blotting

The procedure of Western blotting has been previously described 
(Sun et al., 2009). Immediately after cocaine prime-induced restate-
ment, rats were rapidly decapitated and brains were removed, 
flash frozen, and stored in −80°C until used. Brain regions were dis-
sected, including PFC, NAc, caudate-putamen (CPu), bed nucleus 
of the stria terminalis (BNST), hypothalamus, amygdala (Amy), 
dorsal hippocampus (dHip), ventral hippocampus, and ventral 
tegmental area. Protein was extracted by sonication and loaded 
on 10% sodium dodecyl sulfate polyacrylamide gel electrophore-
sis gels then transferred to polyvinylidene difluoride membranes. 
Membranes were then incubated with primary antibody against 
p-ERK (1:5000), ERK (1:2000) (both from Cell Signaling, Beverly, MA), 
p-GluA1 Ser845 (1:1000; Millipore, Billerica, MA), GluA1 (1:10 000; 
Abcam, Cambridge, MA), OTR (1:500; Abbiotec, San Diego, CA), and 
calnexin (1:10 000; Enzo Life Sciences, Farmingdale, NY), followed 
by their appropriate secondary antibodies. Antibody binding 
was detected by using an enhanced chemiluminescence kit (ECL 
Plus; GE Healthcare Bio-Sciences, Piscataway, NJ). The integrated 
density of protein band was measured using ImageJ software 
(National Institute of Health, Bethesda, MD).

Co-Immunoprecipitation

The procedure of co-immunoprecipitation has been previously 
described (Sun et  al., 2009). Briefly, equal amounts of protein 
extracts (250  µg) were incubated with GluA1 antibody (9  µg; 
Millipore, Billerica, MA) overnight, followed by the addition of 
TrueBlot anti-rabbit Ig immunoprecipitation beads (60 µL; eBio-
science, San Diego, CA) for 4 hours at 4°C. Beads were washed 
3 times, centrifuged, and then boiled in Lammeli buffer for 5 
minutes for protein detachment. Proteins were loaded on 10% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
gels and analyzed for GluA1 and OTR by immunoblotting as 
described above. The primary antibody against OTR (1:500) was 
used to detect the association between GluA1 and OTR.

Experiment 1: OT Treatment during Self-
Administration on Different Schedules of 
Reinforcement

In this experiment, we tested the effects of OT administration on 
established cocaine self-administration using an FR1 schedule 

of reinforcement, which is used in the majority of reinstatement 
models of relapse. Once cocaine intake was stabilized (>10 infu-
sions/session) for 7 sessions, all rats received vehicle or OT (0.1, 
0.3, 1, 3 mg/kg, IP) in a counterbalanced manner 30 minutes prior 
to the self-administration sessions, with at least 2 sessions to 
verify stable responding between tests.

We further explored the impact of OT on responding for 
cocaine using higher demand schedules of reinforcement. We 
used a 1-mg/kg dose of OT, as it decreased cocaine seeking on the 
FR1 schedule of reinforcement (results from experiment 1) with-
out affecting locomotor activity (L. Zhou, PhD, unpublished data, 
January, 2013). Another set of rats experienced 4 cocaine self-
administration sessions on an FR1 schedule of reinforcement 
followed by 9 sessions using an FR5 schedule. Thirty minutes 
prior to the fifth and eighth sessions, rats received either vehicle 
or OT in a counterbalanced order. Rats then underwent 9 daily 
self-administration sessions on a PR schedule, during which 
reinforcement was contingent upon an increasing number of 
responses that incrementally increased through the following 
equation: Response ratio = (5e [injection number × 0.2]) − 5 (Richardson and 
Roberts, 1996). Rats were pretreated with vehicle or OT in a 
counterbalanced order 30 minutes prior to the fifth and eighth 
sessions. The PR sessions were 5 hours long but were termi-
nated earlier if the rat failed to receive an infusion within 1 hour. 
A time line for experiment 1 is shown in Figure 1.

Experiment 2: OT Treatment during Reinstatement

A separate cohort of subjects first experienced 10 sessions of 
cocaine self-administration (>10 infusions/session) on an FR1 
schedule of reinforcement and at least 7 sessions of extinction 
until extinction criteria were met. They then received vehicle 
or OT (0.1, 0.3, 1 mg/kg) in a counterbalanced order 30 minutes 
prior to discrete trials for conditioned cue-induced or cocaine-
primed reinstatement of cocaine seeking (2 separate groups), 
with a minimum of 2 extinction sessions between reinstate-
ment tests. A time line for experiment 2 is shown in Figure 1.

Figure  1. Timeline of experiments 1, 2, and 3.  Phases of self-administration, 

extinction, and reinstatement are shown. Arrows indicate the administration of 

vehicle or oxytocin (OT).
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Experiment 3: OT Effects on Cocaine-Induced 
Cellular Changes

Since the GluA1 subunit has been implicated in cocaine seek-
ing induced by a cocaine prime (Bachtell et al., 2008; Ping et al., 
2008), we examined the possible effects of OT and cocaine on the 
p-GluA1 expression in cocaine prime-induced reinstatement. 
After 10 sessions of cocaine self-administration and 7 sessions 
of extinction, rats received vehicle or OT (1 mg/kg) treatment 30 
minutes before a 1-hour cocaine-primed reinstatement test, as 
the most pronounced OT effect was observed during the first 
hour (experiment 2). Yoked saline subjects also experienced 
a cocaine priming injection and were used as controls for the 
effects of chronic cocaine self-administration on the selected 
proteins. To determine whether OT effects on molecular changes 
were cocaine specific, another set of rats served as controls for 
no cocaine experience using sucrose self-administration and 
a 1-hourr sucrose-primed reinstatement. For all subjects, rats 
underwent rapid decapitation, and brains were removed imme-
diately after the reinstatement test. Nine separate brain regions 
were then dissected out and homogenized for Western blot and/
or immunoprecipitation analysis. A time line for experiment 3 is 
shown in Figure 1.

Data Analysis

To evaluate dose-dependent OT effects on cocaine self-admin-
istration on the FR1 schedule of reinforcement and subsequent 
reinstatement, 1-way repeated-measures analysis of variance 
(ANOVA) was used to analyze active lever responses or cocaine 
intake/sucrose pellets. Paired sample t tests were used to com-
pare active lever pressing or cocaine intake on the FR5 schedule 
of reinforcement as well as lever responding or breakpoint on the 
PR schedule of reinforcement. Cocaine intake was calculated as 
cocaine received during a session adjusted to an individual rat’s 
body weight (0.2 mg/infusion × infusion number/body weight). 
Two-way ANOVAs (cocaine) or t tests (sucrose) were used to 
analyze active lever responses or protein levels in Western blot-
ting and immunoprecipitation. Pairwise multiple comparisons 
were conducted using Bonferroni correction. Pearson correla-
tions were used to determine correlations between active lever 
presses and protein levels measured. All data are presented as 
the mean ± SEM and α was set at P < .05.

Results

OT Dose-Dependently Reduced Cocaine Seeking 
during Self-Administration

Results from experiment 1 consistently indicated the attenuat-
ing effect of OT on cocaine self-administration during the main-
tenance phase under different schedules of reinforcement. In 
rats trained on an FR1 schedule of reinforcement, OT reduced 
both active lever responding (F(4,49) = 14.69, P < .001) (Figure  2a) 
and cocaine intake (F(4,49) = 13.34, P < .001) (Figure  2b). Pairwise 
comparisons indicated that OT reduced active lever presses 
and cocaine intake at the doses of 0.3, 1, and 3 mg/kg. When the 
demand increased to FR5, OT (1 mg/kg) significantly reduced 
active lever presses (t10 = 7.66, P < .01) (Figure  2c) and cocaine 
intake (t10 = 6.99, P < .01) (Figure 2d). Further, when the schedule of 
reinforcement changed to a PR, OT also significantly attenuated 
active lever presses (t8 = 2.52, P < .05) (Figure 2e), with a marginal 
effect on the break point (t8 = 2.11, P = .068) (Figure 2f). OT did not 
affect responding on the inactive lever during FR1 (F(4,49) = 0.72, 

P > .05), FR5 (t10 = 0.84, P > .05), or PR (t8 = 0.59, P > .05) schedules of 
reinforcement (data not shown).

OT Dose-Dependently Reduced Cocaine Seeking 
during Reinstatement

Similar to its attenuating effect on cocaine seeking during 
self-administration, OT also dose-dependently decreased 
reinstatement to cocaine seeking induced by a cocaine-prime 
(F(3,35) = 6.36, P < .01) (Figure  3a) or conditioned cues (F(3,39) = 4.73, 
P < .01) (Figure  3b). Pairwise comparisons revealed significant 
inhibitory effects of OT at 0.3 and 1 mg/kg for cocaine-primed 
reinstatement and 1 mg/kg in cue-induced reinstatement. OT 
had no effect on inactive lever presses during cocaine-primed 
(F(3,35) = 0.91, P > .05) or cue-induced reinstatement (F(3,39) = 0.47, 
P > .05) (data not shown).

OT Effects on Cocaine-Induced Intracellular Changes

A comparison of responding showed that rats readily acquired 
self-administration of either cocaine (Figure  4a) or sucrose 
(Figure 4b) with robust and stable active lever responding and 
intake as well as similar lever discrimination between active 
and inactive levers for both the cocaine and sucrose groups.

In cocaine-primed reinstatement, the behavioral results in 
rats used for Western blotting and immunoprecipitation analy-
ses confirmed our earlier findings. Two-way ANOVA indicated 
a significant main effect of treatment (F(1,25) = 6.65, P < .05) and 
training history (F(1,25) = 18.46, P < .01), but not a significant inter-
action (Figure  4c). Specifically, rats that received OT (1 mg/kg) 
showed attenuated active lever presses compared with rats that 
received vehicle. During cocaine-primed reinstatement, rats that 
self-administered cocaine exhibited higher active lever presses 
compared with controls that received yoked-saline during self-
administration. In sucrose-primed reinstatement, OT (1 mg/kg) 
reduced active lever responding compared with vehicle (t14 = 4.48, 
P < .01) (Figure 4d). Consistent with results from experiment 2, 
OT (1 mg/kg) did not attenuate inactive lever presses during 
cocaine-primed reinstatement (P > .05 for both main effects and 
interaction; data not shown). However, OT did attenuate inac-
tive lever presses during sucrose-primed reinstatement (vehicle: 
4.00 ± 0.91; OT 1 mg/kg: 0.88 ± 0.35; t14 = 3.22, P < .01).

At the molecular level, in general, OT increased p-GluA1 and 
p-ERK in multiple brain regions (Figure  5 and Figure  6). In the 
PFC, 2-way ANOVA revealed a significant interaction (F(1,25) = 5.22, 
P < .05) (Figure 5a). Pairwise comparisons showed that OT increased 
p-GluA1 in cocaine but not yoked saline rats. Similarly, a significant 
interaction was obtained in the BNST (F(1,25) = 6.38, P < .05) (Figure 5b). 
Pairwise comparisons indicated that compared with vehicle treat-
ment, OT selectively increased p-GluA1 in rats with a cocaine 
self-administration history, but failed to affect p-GluA1 levels in 
yoked saline rats. Additionally, p-GluA1 was significantly lower in 
rats with cocaine vs yoked-saline history, but not after OT treat-
ment. In the Amy, 2-way ANOVA revealed a significant main effect 
of treatment (F(1,25) = 6.80, P < .05) (Figure 5c), whereby OT increased 
p-GluA1 compared with vehicle controls, regardless of cocaine his-
tory. In the dHip, a significant main effect of treatment (F(1,25) = 6.44, 
P < .05) and interaction (F(1,25) = 4.35, P < .05) were observed (Figure 5d). 
Pairwise comparisons showed that OT increased p-GluA1 in 
cocaine, but not yoked-saline, rats. Compared with p-GluA1, p-ERK 
showed more limited changes that were restricted to the PFC 
and BNST (Figure  6). Although no significant main effects were 
observed, significant interactions were seen in both PFC (F(1,25) = 7.38, 
P < .05) (Figure 6a) and BNST (F(1,25) = 5.60, P < .05) (Figure 6b). Pairwise 



Zhou et al. | 5

comparisons further revealed similar patterns in the 2 areas, 
whereby OT increased p-ERK in cocaine, but not yoked-saline, rats 
compared with vehicle controls. In vehicle-treated animals, rats 
that received cocaine during self-administration had decreased 
p-ERK compared with controls with yoked-saline.

No changes of p-GluA1 or p-ERK were observed in any other 
brain regions of interest (Table 1), thus indicating a good degree 

of regional specificity of OT effects. Furthermore, OT failed to 
affect the levels of p-GluA1 or p-ERK in the PFC, BNST, Amy, 
or dHip of sucrose-experienced rats (Table  2), indicating that 
different mechanisms are likely involved in sucrose-induced 
reinstatement. In addition, OT or chronic cocaine did not alter 
OTR levels in any of the measured regions of cocaine or sucrose 
rats (Table  3), suggesting a possible functional rather than 

Figure 2. Oxytocin (OT) effects on cocaine self-administration and reinstatement. Data are shown for active lever presses and cocaine intake during cocaine self-

administration on fixed ratio 1 (a-b) and fixed ratio 5 (c-d) schedules of reinforcement, and lever presses and breakpoint on progressive ratio schedule of reinforcement 

(e-f). Significant differences are indicated for OT treatment compared with vehicle controls (*P < .05) (n = 9–11/group).

Figure 3. Oxytocin (OT) effects on cocaine seeking during reinstatement. Active lever presses in cocaine-primed (a) or cue-induced (b) reinstatement to cocaine seeking 

are shown, respectively. Significant differences are indicated for OT treatment compared with vehicle controls (*P < .05) (n = 9–10/group).
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Figure 4. Acquisition of self-administration and oxytocin (OT) effects on primed reinstatement in rats used for Western-blot analysis. Data (n = 6–8/group) are shown 

for active and inactive lever presses and number of reinforcers received during cocaine (a) or sucrose (b) self-administration. Active lever presses during cocaine- (c) 

or sucrose-primed (d) reinstatement are shown. Significant differences are indicated for OT treatment (filled bar) compared with vehicle controls (open bar) (*P < .05) 

and cocaine compared with yoked-saline (†P < .05).

Figure 5. Oxytocin (OT) effects on phosphorylation of GluA1 at Ser845 (p-GluA1) protein levels after cocaine prime in multiple brain regions. Data (n = 6–8/group) are 

shown for integrated density of p-GluA1 normalized with total GluA1 (t-GluA1) in prefrontal cortex (PFC) (a), bed nucleus of the stria terminalis (BNST) (b), amygdala 

(Amy) (c), and dorsal hippocampus (dHip) (d). Significant differences are indicated for OT treatment (filled bar) compared with vehicle controls (open bar) (*P < .05) and 

cocaine self-administration compared with yoked-saline (†P < .05).
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expressional regulation of OTR. Lastly, although the immuno-
precipitation assay revealed binding between OTR and GluA1 
in the PFC and dHip, neither cocaine nor OT treatment altered 
the binding levels (Figure  7). This evidence weighs against a 
direct protein-protein interaction that mediates OT effects on 
GluA1 signaling. No significant correlations between active lever 
presses and measured protein levels were found in any of the 
analyzed brain regions (P > .05; data not shown).

Discussion

In this study, acute OT reduced cocaine self-administration 
under various schedules of reinforcement and dose-dependently 
attenuated cocaine-primed and cue-induced reinstatement of 

cocaine seeking. A  potential mechanism for the effects of OT 
on cocaine-induced drug seeking may reside in the increased 
p-GluA1 and p-ERK in specific brain regions found in cocaine-
experienced rats, whereby the reductions seen after chronic 
cocaine self-administration are rescued by acute OT. In that 
such changes were not seen in rats with a history of sucrose 
reinforcement, they suggest a potentially unique role for OT on 
p-GluA1 and p-ERK activity in cocaine addiction.

Although previous studies have provided some evidence 
that acute OT attenuated drug reward (Sarnyai and Kovacs, 
1994), these studies primarily investigated abused drugs other 
than cocaine and used animal models with limited degrees 
of face validity. In contrast, the current results comprehen-
sively showed that OT reduces cocaine self-administration and 

Figure 6. Oxytocin (OT) effects on phospho-ERK-1/2 (p-ERK) protein levels after cocaine prime in multiple brain regions. Data (n = 6–8/group) are shown for integrated 

density of p-ERK normalized with total ERK (t-ERK) in prefrontal cortex (PFC) (a), bed nucleus of the stria terminalis (BNST) (b), amygdala (Amy) (c), and dorsal hip-

pocampus (dHip) (d). Significant differences are indicated for OT treatment (filled bar) compared with vehicle controls (open bar) (*P < .05) and cocaine self-administra-

tion compared with yoked-saline (†P < .05).

Table 1. Protein Levels of p-GluA1 and p-ERK Normalized with Correspondent Total Proteins in Brain Areas without OT Effects in Cocaine-
Trained Rats.

p-GluA1 p-ERK

Sal-Veh Sal-OT Coc-Veh Coc-OT Sal-Veh Sal-OT Coc-Veh Coc-OT

NAc 100.0 ± 6.3 101.8 ± 10.8 98.6 ± 6.4 107.2 ± 5.3 100.0 ± 4.9 100.2 ± 13.0 87.8 ± 10.0 102.0 ± 5.0
CPu 100.0 ± 6.3 98.1 ± 13.0 77.3 ± 5.2 94.6 ± 11.6 100.0 ± 12.0 91.2 ± 13.4 71.6 ± 10.9 87.4 ± 7.6
HT 100.0 ± 16.2 88.5 ± 13.2 76.4 ± 8.6 95.2 ± 12.6 100.0 ± 9.7 85.7 ± 6.1 117.4 ± 18.3 116.0 ± 15.0
vHip 100.0 ± 7.1 104.1 ± 9.4 90.3 ± 7.4 96.7 ± 8.6 100.0 ± 5.3 94.8 ± 1.5 96.1 ± 8.5 99.9 ± 7.0
VTA 100.0 ± 12.0 137.5 ± 30.7 92.4 ± 8.8 103.0 ± 7.7 100.0 ± 5.8 88.9 ± 8.7 99.8 ± 11.4 108.2 ± 10.6

Abbreviations: Coc, cocaine; CPu, caudate-putamen; HT, hypothalamus; NAc, nucleus accumbens; OT, oxytocin; p-ERK, phospho-ERK-1/2; p-GluA1, phosphorylation 

of GluA1 at Ser845; Sal, saline; Veh, vehicle; vHip, ventral hippocampus; VTA, ventral tegmental area.

Data are presented as the mean ± SEM (n = 6–8/group).
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nonreinforced seeking under low (FR1) and high (FR5) motiva-
tional demand as well as on a PR schedule that determined the 
influence of OT on motivational limit. We also demonstrated 
the suppressive effect of OT on reinstatement induced by a 
cocaine prime or conditioned cues, 2 major triggers for rein-
statement of extinguished drug seeking. Our results strongly 
support the OT system as a promising therapeutic target for 
treating cocaine addiction.

Several possible mechanisms could account for OT’s sup-
pressive effects on cocaine seeking. First, OT has been shown 
to decrease DA release and receptor binding in mesolimbic 
brain structures (Sarnyai and Kovacs, 1994), resulting in reduced 
rewarding effects of cocaine. Second, OT itself could be reward-
ing, as a high dose of systemic OT can induce CPP (Liberzon 
et  al., 1997). Thus, in the presence of OT, less cocaine intake 
may be needed to reach the same level of reinforcement. Third, 
OT has an inhibitory effect on learning and memory processes 
(Engelmann et al., 1996). It is possible that OT reduces operant 
performance by impairment of information processing during 
cocaine self-administration and reinstatement after extinc-
tion, which requires the restoration of a conditioned oper-
ant response. The finding that OT has no effect on nonspecific 
responding on the inactive lever further supports the conten-
tion that OT reduced cocaine self-administration and reinstate-
ment via effects on motivated cocaine seeking.

Acute OT had notable and selective effects on p-ERK and 
p-GluA1 in multiple brain regions important for cocaine-primed 
cocaine seeking. First, in PFC and BNST, reinstatement of cocaine 
seeking resulted in a reduction of p-ERK that was normalized 
by OT pretreatment. ERK-mediated signaling plays a critical 

role in the neuronal and behavioral adaptations in response to 
cocaine (Ren et al., 2010; Besnard et al., 2011). In vitro, the eleva-
tion of p-ERK and enhancement of long-term potentiation has 
been documented after OT application (Tomizawa et al., 2003). 
Further, a similar change in p-GluA1 expression was observed 
after OT treatment. The increase of p-GluA1 results in enhanced 
AMPA receptor-mediated excitatory current by promoting 
GluA1 plasma membrane insertion (Roche et  al., 1996; Banke 
et al., 2000; Oh et al., 2006). In cellular and neuronal culture, OT 
application recruited cAMP/PKA signaling (Cassoni et al., 2000; 
Ayar et  al., 2014), the activation of which is necessary for the 
p-GluA1 induction (Sun et al., 2014). The current results and data 
from a previous study (Sun et al., 2013) show that cocaine self-
administration decreased p-ERK and p-GluA1 in PFC and BNST. 
It is plausible that OT attenuates cocaine-induced drug seeking 
via rescuing the reduction in protein phosphorylation. However, 
to determine whether these effects play a causal role or reflect 
compensatory phenomena, future studies will require direct 
manipulation of p-GluA1 (eg, PKA inhibitor) or p-ERK (eg, MEK 
inhibitor) after OT treatment.

Second, systemic OT increased p-GluA1 in Amy and dHip. 
A recent study has shown that peripheral OT treatment elevated 
extracellular OT levels in the Amy and dHip (Neumann et  al., 
2013). Elevated OT successively increases p-GluA1, possibly 
through PKA activation, which is necessary for tonically main-
tained OTR binding (Bale et  al., 2001). Acute cocaine injection 
has been shown to elevate OT levels in the Hip, whereas chronic 
cocaine decreased OT levels (Sarnyai et al., 1992). The fact that 
OT failed to further potentiate p-GluA1 expression in the dHip of 
the yoked-saline controls may have been due to a ceiling effect 
of OT levels after the acute cocaine prime. Finally, cocaine and/
or OT had no effect on either p-ERK or p-GluA1 in the remaining 
brain areas examined. This finding is consistent with a previ-
ous study demonstrating that a cocaine injection did not alter 
p-GluA1 on Ser845 in the NAc (Anderson et al., 2008). However, 
cocaine prime increased phosphorylation of GluA1 at the Ser831 
site (a CaM-KII and PKC site) in NAc (Anderson et al., 2008) and 
CPu (White et  al., 2013), suggesting different Glu mechanisms 
may be involved in these striatal regions.

Similar to cocaine, sucrose-induced reinstatement was also 
reduced by OT (1 mg/kg), which concurs with our earlier findings 
of OT modulation of sucrose seeking (Cox et al., 2013). It is not 
surprising that OT should have some impact on natural reward 
given its innervation of central appetitive pathways. Indeed, 
previous findings indicated that OT infusion into the ventral 

Table 3. Unchanged OTR Protein Levels Normalized with Calnexin Protein Levels in Cocaine and Sucrose-Trained Rats.

Cocaine Self-Administration Sucrose Self-Administration

Sal-Veh Sal-OT Coc-Veh Coc-OT Veh OT

PFC 100.0 ± 16.4 108.7 ± 14.5 105.3 ± 3.9 97.6 ± 5.1 100.0 ± 11.8 93.9 ± 16.4
NAc 100.0 ± 10.3 105.0 ± 10.6 91.5 ± 8.1 98.2 ± 4.2 – –
CPu 100.0 ± 10.3 118.9 ± 6.2 115.1 ± 6.8 106.3 ± 7.9 – –
BNST 100.0 ± 8.0 116.7 ± 8.9 95.7 ± 6.6 114.4 ± 10.9 100.0 ± 9.7 93.5 ± 11.6
HT 100.0 ± 3.9 105.8 ± 7.0 107.2 ± 5.1 103.9 ± 6.4 – –
Amy 100.0 ± 10.7 98.8 ± 6.4 92.5 ± 8.1 99.8 ± 12.3 100.0 ± 8.8 100.0 ± 10.1
dHip 100.0 ± 20.8 133.1 ± 12.8 125.6 ± 13.4 139.9 ± 14.3 100.0 ± 3.3 98.4 ± 7.6
vHip 100.0 ± 8.9 107.4 ± 8.9 97.8 ± 7.9 102.2 ± 9.2 – –
VTA 100.0 ± 11.8 114.4 ± 9.9 102.9 ± 6.8 92.3 ± 12.6 – –

Abbreviations: Amy, amygdala; BNST, bed nucleus of the stria terminalis; Coc, cocaine; CPu, caudate-putamen; dHip, dorsal hippocampus; HT, hypothalamus; NAc, 

nucleus accumbens; OT, oxytocin; PFC, prefrontal cortex; Sal, saline; Veh, vehicle; vHip, ventral hippocampus; VTA, ventral tegmental area.

Data are presented as mean ± SEM (n = 6–8/group).

Table 2. Protein Levels of p-GluA1 and p-ERK Normalized with Cor-
respondent Total Proteins in Sucrose-Trained Rats.

p-GluA1 p-ERK

Veh OT Veh OT

PFC 100.0 ± 4.4 109.0 ± 7.5 100.0 ± 8.2 106.6 ± 8.9
BNST 100.0 ± 10.1 107.5 ± 9.2 100.0 ± 5.6 106.3 ± 7.1
Amy 100.0 ± 10.2 116.7 ± 11.6 100.0 ± 10.9 107.4 ± 10.3
dHip 100.0 ± 5.8 113.3 ± 3.7 100.0 ± 9.5 113.4 ± 9.5

Abbreviations: Amy, amygdala; BNST, bed nucleus of the stria terminalis; dHip, 

dorsal hippocampus; OT, oxytocin; p-ERK, phospho-ERK-1/2; PFC, prefrontal 

cortex; p-GluA1, phosphorylation of GluA1 at Ser845; Veh, vehcile.

Data are presented as the mean ± SEM (n = 8/group).
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tegmental area suppressed sucrose intake (Mullis et al., 2013), 
and OT knockout mice displayed enhanced intake of sucrose 
solution (Sclafani et  al., 2007). Our findings further suggested 
broader actions of OT on learned reward seeking, regardless of a 
history of drug or a natural reinforcer. Although OT had similar 
effects on sucrose and cocaine seeking, the effects on p-ERK and 
p-GluA1 were cocaine specific, as OT did not influence p-ERK or 
p-GluA1 in any of the brain areas examined in sucrose rats. This 
difference indicates that the observed OT-induced increases in 
p-ERK and p-GluA1 after reinstatement of cocaine seeking were 
not solely due to the act of lever pressing. Furthermore, it sug-
gests the involvement of different mechanisms and/or sites 
of action. One possibility is that p-ERK and p-GluA1 signaling 
may not be critically involved in OT-regulated reinstatement, 
whereby the observed phosphorylation changes in cocaine-
experienced rats reflect compensatory effects and OT-regulated 
reinstatement of cocaine and sucrose seeking engage as-yet-to-
be-determined common mechanisms. Alternatively, different 
sites of action may mediate OT effects on sucrose seeking. OT 
has been shown to act on neurons in the nucleus of the solitary 
tract (NTS) to modulate their response to peripheral satiety sig-
nals (Blevins et al., 2004). In addition, lesions of OTR-containing 
neurons in the NTS profoundly blocked the orexigenic effect of 
intracerebroventricular administration of an OTR antagonist 
(Baskin et  al., 2010), suggesting that endogenous OT acts pri-
marily at the NTS to inhibit food intake. Future studies focusing 
on molecular changes in other brain regions, including the NTS, 
will be necessary to determine this possibility.

After methamphetamine administration, OT altered drug-
induced GluN1 protein expression, along with AMPA recep-
tor-dependent neuronal activity in the PFC (Qi et  al., 2012), 
indicating a possible interaction between OTR and Glu recep-
tors. Either a direct protein-protein interaction or an indirect 
second messenger-signaling mechanism mediates the interac-
tion between receptors. Our current data demonstrate for the 
first time that a protein-protein complex was formed between 
the OTR and GluA1 subunit in both PFC and dHip. However, none 
of the experimental manipulations altered this receptor interac-
tion, suggesting that OT-mediated second messenger cascades 
are likely responsible for the activating effect of p-GluA1 in an 
ERK-dependent (PFC) or ERK-independent (dHip) manner.

Some limitations of the current study should be noted. 
First, as vasopressin (VP) is very closely related to OT, it will 
be important to extend such studies to more selectively 

examine VP activity. Although OT exhibits more specificity 
at the OTR, it does bind to VP receptors with a 100-fold lower 
affinity (Mouillac et  al., 1995). Similar to OT, systemic VP 
administration decreased cocaine self-administration (van 
Ree et al., 1988) and food intake (Langhans et al., 1991). More 
selective OTR compounds, both agonists and antagonists, 
will be useful to address OT selectivity in cocaine addiction. 
Second, the use of whole tissue dissection limits the ability 
to assess discrete subregions that may mediate differential 
effects in cocaine seeking (eg, NAc subregions of the core and 
shell). Additional techniques, including local microinjection 
of OTR agents into precise brain regions, will be required. 
Third, the underlying mechanisms of OT actions that alter 
p-GluA1 and p-ERK levels need to be explored. Finally, we 
used a widely applied self-administration model of 2-hour 
daily cocaine access. Longer daily access regimens of cocaine 
self-administration lead to escalation of cocaine intake over 
time, a feature more akin to human addiction (Ahmed and 
Koob, 1998; Orio et al., 2009; Gipson et al., 2011; Zlebnik et al., 
2012). Although it remains unclear as to whether extended 
periods of daily cocaine self-administration contribute to 
fundamentally different alterations in neuronal functions 
(Purgianto et al., 2013; Sun et al., 2013), it will be important 
to assess the effects of OT after varied durations of cocaine 
self-administration in future studies.

In conclusion, the current results further support the devel-
opment of OT and OT analogues as potential drug therapies for 
addiction treatment. We found that OT decreased cocaine tak-
ing and seeking across different stages of addiction for cocaine 
under different motivational demands. Further, our data suggest 
a potential Glu-mediated regulation of the inhibitory effects of 
OT on cocaine reward-related behaviors. Additional studies 
should follow up on OT regulation of GluA1 function to deter-
mine whether these effects are immediately critical for cocaine 
seeking or represent compensatory phenomena. In addition, 
elucidation of the OT signaling pathways and their interac-
tion with other neurotransmission systems in vivo is neces-
sary to better understand the role of OT in drug addiction for 
possible translational studies and development of OTR targets. 
Finally, future assessment of the safety, effectiveness (eg, pos-
sible development of tolerance), and potential side effects (eg, 
food intake) of OT usage, especially after long-term treatment (a 
potentially more relevant paradigm to the clinical treatment of 
addiction), is warranted.

Figure 7. Oxytocin (OT) effects on physical interaction between OT receptors (OTRs) and GluA1 subunit in prefrontal cortex (PFC) (a) and dorsal hippocampus (dHip) 

(b). Data (n = 4/group) are shown for integrated density of OTR normalized with total GluA1 (t-GluA1).
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