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Abstract

Oxytocin (OT) is a neuromodulator that facilitates pair-bonding, maternal care, and social
approach. OT is thought to promote these social behaviors by enhancing the salience and
reinforcing effects of relevant social stimuli. There is the additional possibility that OT per se may
be rewarding. To test this, we investigated whether female rats would voluntarily self-administer
OT. Female Long-Evans rats were ovariectomized, and received an estrogen implant and an
intracerebroventricular cannula. Rats were tested in an operant chamber with active and inactive
levers. They were initially tested 4h/day on a fixed-ratio 5 schedule for self-administration of
artificial cerebral spinal fluid (aCSF) for 5 days, followed by aCSF, or OT at 1 or 10 ng/ul for
another 5 days. Rats self-administering aCSF made 36.2+6.2 active lever responses/4h vs.
14.9+3.4 inactive responses. Responses for 1 ng/ul OT were similar. However, rats self-
administering 10 ng/ul OT made significantly more active lever responses (67.8+12.0 per 4h), and
received 121.4+21.0 ng OT/4h. To determine if reduced anxiety contributes to the reinforcing
effects of OT, rats received an infusion of aCSF or OT at 0.3 or 3.0 ug immediately before testing
on the elevated plus maze. There was no effect of OT on anxiety as reflected by percent time on
the open arms, and no effect of OT on locomotion as measured either by the number of closed arm
entries or the number of total arm entries. These results suggest that OT may be rewarding, and
that this is not due to anxiolytic effects of OT.
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INTRODUCTION

In mammals, oxytocin (OT) is essential for delivery of offspring and milk ejection (1). In
addition to its systemic hormonal effects, OT also acts as a neuromodulator in the brain to
stimulate social behaviors important for reproduction and offspring survival, such as pair-
bonding and maternal behavior (reviewed in 1, 2). OT can induce maternal behavior towards
foster pups in virgin female rats (3), and expedites pair-bonding and partner preference in
female prairie voles (4). Conversely, a selective OT receptor antagonist in the nucleus
accumbens (Acb) core and prefrontal cortex of female voles inhibits partner preference and
pair bond formation (5). As reviewed by Insel (6), these social behaviors are rewarding
because they have motivational properties and activate the mesolimbic dopamine system.
For example, prairie voles prefer the scent of their partner over that of a stranger (7). Rat
dams also show a conditioned place preference (CPP) for a location previously paired with
pups (8), and will work for access to pups (9). OT increases expression of pair-bonding and
maternal behavior presumably by enhancing the salience and reinforcing effects of social
stimuli essential for these behaviors (10). There is the additional possibility that OT per se
may be rewarding, independent of social behavior. If so, reinforcing effects of endogenous
OT released during mating or lactation may amplify the reinforcing effects of social
bonding. The present study tested if rats would voluntarily self-administer OT as a measure
of OT reward.

Furthermore, successful reproduction requires skills and behaviors that are not restricted to
the social domain. Therefore, OT’s effects likely extend beyond social behaviors. Already,
evidence for OT’s influence on non-social behaviors is accumulating. In male rats and male
and female mice, OT can be anxiolytic as measured by open-field, zero-maze, and elevated
plus maze activity (11-13). Conversely, female mice lacking OT exhibit increased anxiety in
the elevated plus maze (14). OT also decreases stress-induced corticosterone release in
female rats (15). In male mice, OT exerts an antidepressant effect, as measured by decreased
time immobile in the Porsolt swim test, and decreased latency to escape in the learned
helplessness test (16). Moreover, OT improves reference memory in female mice tested in
the radial arm maze (17).

Considering that OT has anxiolytic and anti-depressive effects in a non-social setting, it is
reasonable to expect that OT may be reinforcing even in the absence of social cues. Our lab
has previously shown that female mice form both a CPP and a conditioned social preference
for OT (18), suggesting that OT is rewarding in both non-social and social contexts. The
present study extends our previous findings on OT reward by testing OVX+E female rats for
self-administration. Voluntary self-administration suggests that a drug is reinforcing (19). If
OT is reinforcing, rats should be willing to work to obtain it. Many drugs of abuse, such as
alcohol (20), and benzodiazepines (21, 22), have anxiolytic properties in addition to their
rewarding effects. Since OT has been implicated in anxiety (11-15), testing the effects of OT
in the elevated plus maze will determine if reinforcing effects of OT are related to a
reduction in anxiety.
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MATERIALS AND METHODS

Subjects

Drugs

Surgery

Female Long-Evans rats (ca. 150g) were obtained from Charles River Laboratories
(Wilmington, MA). They were pair-housed prior to surgery, and then individually housed
afterward. Rats were maintained in a temperature- and humidity-controlled room on a
reversed 14:10 light/dark cycle (lights off at 9 a.m.). All testing occurred during the first 4h
of the dark phase when activity peaks. Food and water were available ad /ibitum, except
during daily 4h tests of self-administration and during elevated plus maze testing. All
experimental procedures were conducted in accordance with the Guide for the Care and Use
of Laboratory Animals (National Research Council, 1996) and with the approval of the
University of Southern California Institutional Animal Care and Use Committee (IACUC).

Since OT does not easily cross the blood-brain barrier (23), it was delivered by
intracerebroventricular (icv) infusion for precise dose control. A wide range of OT doses has
been tested in previous studies with rodents, from 600 pg systemically in rats to inhibit food
and fluid intake (24) to 1 ng icv in OT knockout mice to increase social recognition (25). In
the present study, each 1 ul infusion delivered OT (Sigma-Aldrich St. Louis, MO) at 1 or 10
ng in an artificial cerebral spinal fluid (aCSF) vehicle. These doses have been shown
previously to facilitate lordosis in female rats (26, 27). For testing anxiety in the elevated
plus maze, rats were pretreated with a 10 ul infusion of OT at 0.3 or 3.0 ug. 0.3 ug OT is
anxiolytic in male mice (12), and is similar to the amount of OT consumed during 4h of self-
administration at 10 ng/ul. We also tested potential anxiolytic effects of OT at a 10x dose
(3.0 ug).

All surgical procedures were carried out under aseptic conditions according to Principles of
Laboratory Animal Care (National Institutes of Health, 1985). Five days before testing, each
rat was surgically implanted with a 22-gauge stainless steel guide cannula (Plastics One,
Roanoke, VA) into the lateral ventricle (AP: —=0.5 mm, ML: +1.5 mm, DV: approx. —4.0 mm
from bregma) under stereotaxic guidance, as described previously (28). Rats were
anesthetized with a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg; Sigma-
Aldrich) ip. The cannula assembly was anchored to the skull with stainless steel skull screws
(Lomat Inc, Montreal, QC) and dental acrylic (Plastics One).

Estrogen interacts with OT (29). Accordingly, variations in estrogen across the estrous cycle
could modify the reinforcing effects of OT, and introduce additional variability into OT self-
administration. Therefore, each rat was bilaterally ovariectomized at the time of icv cannula
placement, and received a Silastic implant sc (1.D.: 1.57 mm, O.D.: 3.18 mm; Dow Corning,
Midland, MI) containing 5 mm of crystalline 17p-estradiol (Sigma-Aldrich; OVX+E). This

treatment produces constant physiological levels of estrogen (30).
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Self-Administration

Rats were tested for icv self-administration 4h/day, 5 days/week in an operant chamber
(Med Associates, St. Albans, VT). Initially, all rats self-administered aCSF on an ascending
fixed-ratio (FR) schedule: 2 days each at FR1-FR4, followed by 5 days at FR5. Rats were
then allowed to continue aCSF self-administration (n=10), or to self-administer OT at 1
ng/ul (n=7) or 10 ng/ul (n=10) for 5 days at FR5.

Operant chambers were equipped with a house light, clicker, two levers with stimulus lights,
and a computer-controlled syringe pump with balance arm and fluid swivel (Instech,
Plymouth Meeting, PA). Each chamber was enclosed in a sound-attenuating cabinet with a
fan for ventilation. One of the levers was designated as the active lever. Placement of the
active lever to the front or the back of the chamber was balanced to control for side
preferences. A response on this lever counted toward the response requirement for infusion.
Once the response requirement was met, the house light was extinguished, the clicker was
activated, and the stimulus light above the active lever was illuminated during the infusion
period. Infusions (OT or aCSF) from a 100-pl glass syringe (Hamilton Co., Reno, NV) were
delivered through Tygon tubing connected to the fluid swivel and then to a 28-gauge
infusion cannula, which was inserted into the guide cannula at the start of each test session.
Each infusion delivered 1 pl at 0.2 pl/s for 5 s. Additional responses on the active lever
during the infusion period were recorded, but did not count toward further reinforcement.
Responses on the inactive lever were recorded, but did not result in drug infusion, activation
of the clicker, or illumination of the stimulus light. Data from both levers were recorded by
Med PC IV software (Med Associates) on a Windows PC.

Elevated Plus Maze

To determine if OT reduces anxiety or locomotor behavior, rats were tested in the in the
elevated plus maze (31). The apparatus consisted of a plus-shaped maze with two arms
(50x10 cm) closed by opaque plastic sidewalls, and two arms without walls. The maze was
located 50 cm above the floor and visually isolated by a curtain enclosure. The day after the
final self-administration session, rats received an additional icv infusion of aCSF or OT
immediately before testing in the elevated plus maze. Rats that had previously self-
administered aCSF (n=8) received a 10 ul infusion of aCSF. Rats that had previously self-
administered OT received a 10 ul infusion of aCSF (n=5), or OT at 0.3 (n=6) or 3.0 ug
(n=5). Rats were placed in the center of the maze facing an open arm. Animals were allowed
to explore freely for 5 min. Exploratory activity was recorded on video camera, and scored
by an observer who was blind to the treatment groups. Results were analyzed as in File et al
(31), where the percentage of time spent in the open arms was scored as a measure of
anxiety, and the number of closed arm entries was used as a measure of overall locomotor
activity. An entry was recorded when all four paws entered the arm.

Data Analysis

Operant responses for self-administration of aCSF or OT at 1 or 10 ng/ul were evaluated
using repeated measures analysis of variance (RM-ANOVA), with lever (active vs inactive)
as the repeated measure. Active and inactive lever responses were compared across
treatment groups using ANOVA with Dunnett’s post-hoc test. For the elevated plus maze,
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entries into closed arms, total arm entries, and percentage of time spent in the open arms
were analyzed by ANOVA. Statistical analyses were completed using JMP Pro 11 (SAS

Institute Inc., Cary, NC). Data are presented as mean+SEM. Differences were considered
significant at p<0.05.

Self-Administration

Operant responses for OT and aCSF on active and inactive levers at FR5 are shown in Fig. 1.
By RM-ANOVA with lever (active vs. inactive) as the repeated measure, there was a
significant effect of lever (Fq 24=27.34, p<0.05) and of drug dose (F2,24=5.08, p<0.05). The
interaction between lever and dose missed significance (F 24=2.44, p=0.11). Rats self-
administering aCSF made 36.2+6.2 active responses/4h (mean£SEM) vs. 14.9+3.4 inactive
responses. Responses for OT at 1 ng/ul were similar (33.0£7.5 active/4h; 14.1+3.7 inactive/
4h). Comparing active responses among groups by ANOVA with Dunnett’s post-hoc test,
rats self-administering 10 ng/ul OT made significantly more active lever responses
(67.8+£12.0/4h) than rats self-administering aCSF (p<0.05). However, responses on the
inactive lever were similar in all groups (23.3+4.3 inactive responses/4h for 10 ng/ul OT,
N.S.). At 10 ng/ul OT, rats self-administered 121.4+21.0 ng OT during the 4h session. At 1
ng/ul OT, rats received 5.7+1.4 ng OT/4h.

Elevated Plus Maze

OT had no acute or chronic effects on anxiety-related behavior in the elevated plus maze
(F3,23=0.22, N.S.), similar to previous reports in gonad-intact female rats with acute OT (32)
and for OVX+E rats with chronic OT-treatment (15). OT-naive rats infused acutely with
aCSF spent 20.5+6.0% of the 5-min test in the open arms of the maze. There was no lasting
effect of prior OT exposure on open arm entries. Rats that had previously self-administered
OT and received aCSF immediately before testing spent 24.0+10.6% of time on the open
arms. Likewise, acute OT infusion did not alter behavior in the elevated plus maze. With 0.3
ug OT, rats spent 26.0+6.8% of the test in the open arms, and rats that received 3 ug OT
spent 18.0£6.5%.

Likewise, OT had no acute or chronic effects on locomotor activity on the elevated plus
maze as measured either by the number of closed arm entries (F3 23=1.4, N.S.), or the
number of total arm entries (open+closed) (F323=1.9, N.S.). aCSF controls made 9.9+0.7
closed-arm entries and 14.4+1.0 total entries per 5 min. In rats infused with aCSF following
previous OT exposure via self-administration, closed arm entries averaged 12.4+1.0, and
total entries averaged 17.0+1.3. Acute OT infusion at 0.3 ug (13.0+1.8 closed entries,
18.7£2.2 total entries) or 3 ug (11.4+1.4 closed entries, 14.4+1.5 total entries) had no effect.

DISCUSSION

In the present study, OVX+E female rats voluntarily self-administered OT icv at a dose of 10
ng/ul. This finding complements our recent study demonstrating OT-induced CPP in female
mice (18). Together, CPP and self-administration provide evidence that OT is both
rewarding and reinforcing, at least in females. CPP and self-administration provide
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complementary insights into OT as a motivating stimulus. CPP is thought to reflect the
rewarding (hedonic value) effects of a substance while self-administration measures drug-
seeking and drug-taking (reinforcing effects) (33). Our studies of CPP and self-
administration each delivered OT icv in OVX+E females. Mice demonstrated CPP for OT at
200 ng (18), a dose comparable to the amount of OT self-administered by rats in 4h (ca. 120
ng). In the present study, rats showed a substantial preference for the active lever paired with
OT infusion at 10 ug/ul. It is notable that the control group also showed a modest but
significant preference for the active lever over the inactive lever, as reported previously (34).
This may reflect the additional stimuli (illumination of the stimulus light and activation of
the clicker) associated with the active lever. Nonetheless, icv infusion of 10 ug/ul OT
increased responses on the active lever above that of aCSF controls.

Reward and reinforcement are linked through dopamine release from neurons in the ventral
tegmental area (VTA) that project to Acb (35). Already, a variety of evidence links OT with
the mesolimbic dopamine system. Receptors for OT are present in Acb, with higher
concentrations during proestrus/estrus compared to non-estrus in female rats (36). Likewise,
OT infusion into VVTA stimulates dopamine in Acb (37). Since drugs of abuse also increase
Acb dopamine, it is interesting that OT has potential interactions with some illicit drugs.
Prosocial effects of ecstasy may be mediated in part through endogenous OT (38).
Conversely, exogenous OT attenuates the dopamine response to methamphetamine in mice
(39) and to ethanol in rats (40), thereby blocking the reinforcing properties of these drugs.

Rewarding effects of OT have particular relevance to social behavior. Exogenous OT
enhances expression of pair-bonding and maternal behavior (reviewed in 1, 2 and 6). Other
studies have measured release of endogenous OT during pair-bonding and maternal behavior
(41, 42, 43). Compared with polygamous montane voles, monogamous prairie voles have a
high density of OT receptors in Acb (41), and OT is released in Acb as a result of mating
(42). In rats bred for high anxiety, maternal aggression is correlated with OT release in the
paraventricular nucleus and the central nucleus of the amygdala (43). Since OT release
facilitates rewarding social behaviors such as mating (42) and aggression (43), it seems
likely that endogenous OT might have reinforcing effects, similar to the effects of exogenous
OT infusion reported in the present study. If so, offering the opportunity for self-
administration in a socially-rewarding setting could enhance reward through the
combination of exogenous OT self-administration and endogenous OT release. The amount
of exogenous OT self-administered icv in the present study (121.4+21.0 ng/4h) is higher
than endogenous OT release (pg range; 42, 44), and we did not measure OT levels in Ach.
However, icv infusion of OT at 10 ng/ul has been shown to restore lordosis in female rats
treated with an OT antagonist (27).

One of the caveats of OT self-administration in the present study and of CPP (18) is that
animals are tested in isolation. Social context influences drug reward in rodents [reviewed in
45]. In this regard, social facilitation increases self-administration of amphetamine at 0.1
mg/Kkg in rats (46). Although the present study did not address social facilitation of OT self-
administration, our previous study in female mice compared CPP vs conditioned social
preference (18). Where CPP pairs an unconditioned stimulus (in this case, OT) with an
unfamiliar environment (the conditioned stimulus, CS+), conditioned social preference uses
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an unfamiliar conspecific as the CS+. Importantly, OT was rewarding by conditioned social
preference at both 100 and 200 ng, while CPP was evident only at the higher dose (18).

Our results with the elevated plus maze suggest that reinforcing effects of OT cannot be
explained simply by a reduction in anxiety. While there is evidence for anxiolytic effects of
OT in mice and male rats, our findings are consistent with published reports in virgin female
rats (15, 32, 47, 48). In the present study, OT had no effect on anxiety behavior in the
elevated plus maze for OVX+E rats exposed chronically to OT during self-administration,
similar to OVX+E females chronically infused icv with OT (15). While our study did not
include rats that self-administered aCSF only prior to acute OT infusion, acute OT infusion
(1 ug icv) had no effect on anxiety in ovary-intact virgin female rats (32). Moreover, an OT
antagonist was anxiogenic only in pregnant and lactating female rats, but not in virgin
females (47, 48). Although anxiolytic effects of chronic OT have been observed in female
rats bred for high anxiety, there was no effect in rats bred for low-anxiety (32). Conversely,
systemic treatment with OT at high doses (3 mg/kg) is reported to have an anxiolytic effect
in male rats measured in an open field test (11). Likewise, OT reduces anxiety behavior in
male and female mice when delivered either centrally or systemically (12-13). However,
mice may be more sensitive than rats to anxiolytic effects of OT. Based on the results we
obtained with OXV+E rats in the elevated plus maze following OT self-administration, OT’s
rewarding properties are likely to be independent of its anxiolytic effects.

In the present study, self-administration of OT in the absence of social stimuli suggests that
OT may be rewarding per se. If so, OT may have potential to cause dependence, either alone
or in combination with other drugs of abuse. The rewarding effects of OT are unlikely to
compare with that of cocaine or other highly-addictive drugs, at least based on rates of
operant responding reported here compared with cocaine self-administration (for example,
see [49]). Instead, OT reward may be comparable to other neuroactive hormones, such as
estrogen (50) and testosterone (28, 34). In this regard, evidence from human and animal
studies suggests that testosterone can cause dependence (51). OV X rats show CPP for
estrogen (50), and estrogen promotes rewarding effects of amphetamine (52). Like OT,
estrogen increases social interaction (53). Furthermore, OT and estrogen synergize to
promote social and sexual behaviors: OT facilitates lordosis behavior in estrogen-treated rats
(54), and estrogen increases central OT receptors (55). OT reward and reinforcement as
demonstrated by CPP and self-administration on an FR schedule are initial steps to explore
potential OT dependence. Further studies testing drug discrimination or self-administration
on a progressive ratio schedule and in a reinstatement paradigm (reviewed in 19) would be
necessary.
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Fig. 1.
Operant responses/4h for icv infusion of OT in female rats. Responses at FR5 (mean+SEM)

for active (closed bars) and inactive (open bars) levers averaged over 5 days. By RM-
ANOVA, there was a significant effect of OT and a significant effect of lever on operant
responses. Asterisk indicates significant increase in active lever responses for OT at 10 ng/ul
vs vehicle (0 ng/ul OT).
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