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Abstract

Deficits in cognition and motivation are common and debilitating aspects of psychiatric disorders,
yet still go largely untreated. The neuropeptide oxytocin (OT) is a potential novel therapeutic for
deficits in social cognition and motivation in psychiatric patients. However, the effects of OT on
clinically relevant domains of non-social cognition and motivation remain under studied. The
present study investigated the effects of acute and chronic (21-day) administration of subcutaneous
OT (0.04, 0.2, and 1 mg/kg) in cross-species translatable operant paradigms of reward learning and
effortful motivation in male and female Brown Norway (BN) rats (n=8-10/group). Reward
learning was assessed using the probabilistic reversal learning task (PRLT) and effortful
motivation was measured using the progressive ratio breakpoint task (PRBT). As predicted, BN
rats exhibited baseline deficits in the detection of reversals of reward contingency in the PRLT
relative to Long Evans (LE) rats. The two strains performed equally in the PRBT. Thirty minutes
after a single OT injection (1 mg/kg), measures of both initial probabilistic learning (trials to first
criterion) and subsequent reversal learning (contingency switches) were significantly improved to
levels comparable with LE rats. The OT effect on switches persisted in male, but not female, BN
rats 30 minutes, 24 hours, and 6 days after long-term OT administration, suggesting the induction
of neuroplastic changes. OT did not affect effortful motivation at any time-point. The beneficial
effects of OT on reward learning in the absence of increased effortful motivation support the
development of OT as a novel therapeutic to improve cognitive functioning.
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1. Introduction

Cogpnitive deficits in psychiatric conditions are associated with poor functional outcome,
defined as a patient’s ability to reintegrate into society (Duarte et al., 2016; Green, 2006;
Green et al., 2000; Mclntyre et al., 2013; Sole et al., 2017; Woo et al., 2016). Unfortunately,
there remains a conspicuous absence of reliable treatments for such symptoms (Sole et al.,
2017; Young et al., 2012; Young and Geyer, 2015). Currently approved drugs to treat
psychiatric conditions — e.g., antipsychotics (Shilling and Feifel, 2016; Young and Geyer,
2015) and antidepressants (Bortolato et al., 2014; Mclntyre et al., 2013) — are mostly, if not
entirely, ineffective in treating cognitive deficits. Novel pharmacological interventions are
therefore needed to specifically address cognitive dysfunction.

Oxytocin (OT), a nine-amino acid neuropeptide, is a potential novel therapeutic for
psychiatric conditions. To date, OT has reduced positive and negative symptoms in patients
with schizophrenia when used as an add-on therapeutic to antipsychotics in some clinical
trials (Feifel et al., 2010; Modabbernia et al., 2013; Pedersen et al., 2011) (but see
(Cacciotti-Saija et al., 2015; Dagani et al., 2016; Horta de Macedo et al., 2014), consistent
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with its potential described in preclinical rodent and human studies (Caldwell et al., 2009;
Feifel and Reza, 1999; Feifel et al., 2015; Rubin et al., 2011). OT has also been shown to
remediate some cognitive deficits of patients with schizophrenia (Davis et al., 2013; Gibson
et al., 2014; Goldman et al., 2011; Woolley et al., 2014), though these investigations have
largely focused on improving social cognition. Studies of OT in the context of non-social
cognition are few, though positive effects of OT on such domains as verbal memory (Feifel
etal., 2012a), working memory (Michalopoulou et al., 2015), and olfactory identification
(Lee et al., 2013) have been observed; such findings suggest that the neuropeptide may in
fact play a larger role in general cognition than previously assumed. It is therefore necessary
to address the sizeable knowledge gap in the non-social behavioral effects of OT. The
clinically relevant and as-yet unexplored domain of non-social reward-related learning is a
prime target for such investigation.

Deficits in reward-associated learning have been observed in major depression, bipolar
disorder, and schizophrenia (Whitton et al., 2015). This behavior is important in part because
cognitive therapies primarily use positive reinforcement to facilitate learning in patients and
encourage treatment engagement (Acheson et al., 2013). One method used to quantify
reward-learning is the probabilistic reversal learning task (PRLT), in which subjects must
choose between two stimuli with different reward schedules and integrate response feedback
into subsequent decision-making. Subjects’ learning is gauged by accuracy across trials,
while other in-task measures provide insight into motoric impulsivity (premature responses)
(Cope et al., 2016) and reward- and punishment-sensitivity (Young and Markou, 2015).

Deficits in motivation are another common feature across psychiatric disorders. Patients with
schizophrenia (Bismark et al., 2017; Strauss et al., 2016) and patients with unipolar and
bipolar depression (Hershenberg et al., 2016) demonstrate significantly lower motivation
than healthy controls, as measured by the progressive ratio breakpoint task (PRBT). In the
PRBT, subjects must expend progressively more effort across successive testing trials in
order to earn the same reward. The testing session progresses until the subject’s
“breakpoint” is reached — i.e. until the subject decides that the reward is no longer worth the
effort and stops responding. In a recent study, low breakpoints (i.e. poor effortful motivation)
accounted for approximately 25% of variance in global cognitive test scores in patients with
schizophrenia (Bismark et al., 2017). Hence, deficient motivation may also impact cognition
in tasks like the PRLT. OT plays a role in regulating dopamine function in the mesolimbic
system, a pathway strongly involved in reward and motivation (Love, 2014); however, its
impact on non-social reward and motivation have not been well studied (although it may
reduce responding for sucrose reward in rats (Zhou et al., 2015)).

The PRLT and PRBT can be readily administered to both humans (Bismark et al., 2017;
Wolf et al., 2014) and animals (Milienne-Petiot et al., 2017; Young and Markou, 2015), and
thereby provide the means by which to study the effects of OT on reward learning and
motivation using rodents. Another key advantage of these tasks is their relative simplicity;
both are easy to administer, which enables the repeated testing of animals at different time-
points. Studies that only investigate acute drug effects (as do a large percentage of extant OT
studies) have limited predictive validity in that they do not simulate treatment course — valid
prediction of clinical outcomes requires chronic assessment (Feifel et al., 2007). This may
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be particularly true for OT, as some recent animal studies have found the initial therapeutic-
like effects of acute OT on social behavior to be absent — and in some cases reversed -
following chronic daily administration (Bales et al., 2013; Huang et al., 2014). Other studies,
meanwhile, have found acute effects of OT that persisted, and even grew stronger, with
chronic administration (Janezic et al., 2016). This possibility of differential effects of acute
vs. chronic OT necessitates assessment of the peptide at both time-points. Post-treatment
time-points also require consideration, however. Chronic administration can often extend the
effects of a drug beyond its primary pharmacological action via the induction of neoplastic
processes; such neoplastic changes can continue to affect the system several days after
discontinuation of treatment, and may account for certain long-term effects of OT (Janezic et
al., 2016). Therefore, testing the effects of chronic OT after its cessation is also necessary in
behavioral studies.

In addition to an apparent dependence upon treatment time-point, the central and peripheral
effects of endogenous OT are highly sex-specific, with many of the effects of exogenously
administered OT exhibiting sexual dimorphism (Bredewold and Veenema, 2018). Rat and
mouse studies have also revealed appreciable sex differences in OT and OT receptor activity
in key brain areas implicated in learning and decision making (Dumais et al., 2013). It is
therefore important to test any putative cognitive effects of OT on both males and females.

The cognitive and motivational effects of acute and chronic administration of various doses
of OT on male and female Brown Norway (BN) rats were assessed using the PRLT and
PRBT. BN rats were selected for these studies because, relative to other rat strains (e.qg.,
Long Evans), they perform poorly on several cross-species behavioral/cognitive tasks
relevant to psychiatric disorders (Conti et al., 2001; Didriksen and Christensen, 1993; Feifel
etal., 2012b; Feifel et al., 2015; Keiser et al., 2014). The strain has also been proposed as a
model for schizophrenia-like deficits in prepulse inhibition (Feifel et al., 2011). We therefore
hypothesized that BN rats would display similarly poor performance in the PRLT compared
to other strains. The biological basis for BN rats’ cognitive performance decrement relative
to other strains is currently unknown, so they were therefore not intended to model
psychiatric pathology; however, their baseline cognitive inferiority to other strains suggests
that they have “room for improvement” in certain domains that may be acted upon by OT.

We hypothesized that OT would improve reward learning in BN rats, as measured by the
PRLT. To determine whether BN rats do indeed perform poorly in the PRLT relative to other
strains, and whether any dosage of OT would be sufficient to mitigate said deficit, Long
Evans (LE) rats were administered vehicle and tested alongside the BN cohorts at all time-
points.

2. Materials and Methods

2.1. Animals

Male and female Brown Norway (BN) and Long Evans (LE) rats were used in this study
(BN: 16 per group; males: 200-275 g at training initiation; females: 130-170 g at training
initiation; Harlan Laboratories, San Diego) (LE: 8 per group; males: 300-325 grams at
training initiation; females: 210-225 grams at training initiation; Harlan Laboratories, San
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Diego). Rats were housed in dyads in clear plastic chambers in a climate-controlled room on
a 12h light/dark schedule (lights on at 7:00 AM). Training began at approximately 10 weeks
of age. Rats were food restricted to 85% of their free feeding weight, with feed calculated to
maintain normal growth. Water was provided ad /ibitum throughout training and testing
phases, except when in the testing chambers. All training and testing was conducted during
the light period of the rats’ light/dark schedule. All rats were maintained in an animal
facility meeting all federal and state requirements for animal care and approved by the
American Association for Accreditation of Laboratory Animal Care. All procedures were
approved by the University of California San Diego (UCSD) Animal Care and Use
Committee.

2.2. Apparatus

All training and testing was conducted in 9-choice operant testing chambers housed in
ventilated, sound-attenuating cabinets (Med Associates Inc., St. Albans, VT and Lafayette
Instrument Company, Lafayette, IN). Nine apertures were located laterally along the rear
wall of each testing chamber. Six of these apertures were covered by metal inserts, leaving
three evenly-spaced open apertures. Stimuli were delivered by LED lights recessed in each
aperture. Nosepoke responses were detected by infrared beams located at the entrance of
each aperture. Liquid reinforcement (strawberry Nesquik® plus non-fat milk, 40 pl) was
delivered via peristaltic pump into a magazine located on the opposite wall of the chamber in
conjunction with magazine illumination. Reward collection was monitored by an infrared
beam located at the opening of the magazine. Each testing chamber contained a house light,
centered on the ceiling. Stimulus outputs and response inputs were managed by a SmartCtrl
Package 8-1n/16-Out with additional interfacing by MED-PC for Windows (Med Associates
Inc., St. Albans, VT) using custom programming.

2.3. Training

Rats were first trained in MAGL, designed to build association between the magazine light
and reward delivery. MAG1 operated on a fixed interval schedule in which 40 pL of
strawberry Nesquik® was delivered every 15 seconds into the magazine in conjunction with
magazine illumination. Reward collection was recorded for each 15 s bin. Once all animals
were performing reliably (3 days), rats were trained in FR1 — a basic training program in
which rewards were delivered immediately after a nosepoke to any one of three illuminated
stimulus apertures on an FR1 reward schedule. Responses were recorded and training
continued until >70 correct responses were recorded for 2 consecutive days for each rat,
after which stability of responding was confirmed over 4 days.

2.4. Chronic Treatment and Testing Schedule

The testing and treatment regimen is outlined in Figure 1A. Baseline performance on the
Probabilistic Reversal Learning Task (PRLT) and Progressive Ratio Breakpoint Task
(PRBT), respectively, was determined over two days following initial FR1 training
completion. The BN rats were then counter-balanced into 4 cohorts based on primary
outcome variables from the two tasks (see below). The rats then underwent a three-day
saline acclimation period in which they received saline injections 30 minutes prior to FR1
training. Effects of acute OT treatment on reward learning were assessed by testing rats in
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the PRLT 30 min after administration of their first subcutaneous (s.c.) injection of either
saline or OT (0.04, 0.2, or 1 mg/kg, according to assigned drug cohort). All LE rats were
allocated to a single cohort and were administered saline 30 min prior to the PRLT. The
following day, rats were administered the same dose of OT (or saline) as before and tested
30 minutes later in the PRBT. Every day for the next 17 days, rats were injected with s.c. OT
(or saline). On each day, rats were trained in FR1 to maintain consistency in training and
testing. In order to thoroughly characterize the effects of three weeks of daily OT
administration on reversal learning, PRLT performance was assessed at three clinically
relevant time-points after the final (twenty-first) daily injection of drug: 30 minutes (D21),
24 hours (D22), and 6 days (D27). These time-points represent, respectively: 1) the point by
which exogenously administered OT is present in the blood and CNS at pharmacological
levels, 2) the maximum time between OT administrations in a once-daily regimen, and 3) a
post-treatment time-point at which any observed effects would represent treatment-induced
neuroplasticity. PRBT was tested at similar time-points, but starting after the 20t
(penultimate) drug injection.

Throughout testing, a cohort of male and female LE rats was trained and tested concurrently
with the above BN rats, but only received saline. This allowed for the assessment of any
relative baseline abnormalities in BN rats.

2.5. Probabilistic Reversal Learning Task (PRLT)

The PRLT (Fig. 1B) utilized two recessed apertures at the rear of the operant chamber. Trials
were initiated by the illumination and subsequent extinction of the magazine light via
nosepoke. Following a 2 s inter-trial interval (ITI), the two apertures were illuminated, and
rats were given 10 s to make a selection via nosepoke. One of the two stimuli was designated
as the target stimulus, to which nosepokes were rewarded 80% of the time and punished
20% of the time. The other stimulus was designated as the non-target stimulus, to which
responses were rewarded 20% of the time and punished 80% of the time. Rewards consisted
of 40 puL milkshake delivered into the magazine, and were immediately preceded by aperture
light extinction and magazine illumination. Punishments consisted of a 4 s timeout period
following aperture light extinction; timeout periods were accompanied by illumination of the
house light, which, as per the previously documented effects of illumination on open-field
behavior (Walsh and Cummins, 1976), was included as an aversive stimulus. Initial target
and non-target locations alternated among the eight testing chambers such that the first target
of the session was the left aperture in four of the eight chambers, and the right in the others.
Criterion for demonstrating acquisition was designated as 8 consecutive responses to the
target stimulus (Fig. 1B). After first criterion acquisition, the target and non-target
designations and reward schedules were reversed (Fig. 1B). The subject then had to
recognize that this change, or "switch," in apertures’ reward schedules had occurred, and
adjust its responses accordingly. After another 8 consecutive correct responses, the reward
ratios were switched again. This pattern was repeated for the remainder of the 1-hour
session. See Table 1 for outcome descriptions. The number of switches the subject was able
to complete within the testing period was the primary outcome variable of reversal learning
in the PRLT. An additional primary outcome measure, trials required to attain the first
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criterion, provided a measure of initial reinforcement learning without the confound of
reversal learning.

Secondary outcome variables included omissions (no response to stimuli within 10 s of
presentation) and premature responses (nosepokes in stimulus apertures during the ITI), both
of which resulted in a 4 s punitive time out and house light illumination. Several latency
measures included mean target latency (ms taken to respond to the target stimulus), mean
non-target latency (ms taken to respond to the non-target stimulus), and mean reward latency
(ms taken to collect a reward). Learning via rewards or punitive time outs was quantified
using standard win-stay/lose-shift metrics for the target and non-target locations throughout
the session; elevations in either could indicate a change in sensitivity to reward and/or
punishment (i.e. reward- vs. punishment-sensitivity). Finally, the trials taken to complete the
first reversal (trials for reversal 1) were also quantified.

2.6. Progressive Ratio Breakpoint Task (PRBT)

The PRBT utilized only the central stimulus aperture, with the other apertures in the
chamber remaining unlit. The subjects responded to this stimulus via nosepoke, with the
requisite number of responses to earn a reward increasing as a function of trial number - i.e.
only 1 response was required for Trial 1, 2 were required for Trial 2, 4 for Trial 3, then 7, 11,
16, 22, 29, 37, 46, etc. (Figure 1C). The primary outcome variable was the ‘breakpoint’ — the
total number of trials which a subject completed for a reward within 60 min (or before 5 min
of inactivity). This measure provided a metric of effortful motivation (i.e. how hard subjects
were willing to work for a fixed reward, and at what point they decided that the reward was
no longer worth the effort).

2.7. Drug Treatment

After baseline matching into testing cohorts, Brown Norway (BN) rats received s.c.
injections of either vehicle or OT (0.04, 0.2, or 1 mg/kg) every day for 21 consecutive days,
as described above. The solutions were prepared every 3-4 days by dissolving OT (VWR
International, Bachem Americas, Inc.) in saline to a concentration of 1 mg/mL, which was
then diluted to 0.2 and 0.04 mg/mL via serial dilution. Long Evans (LE) rats received only
vehicle injections. All injections were administered at 1 ml/kg. OT doses were based on
those previously reported to increase prepulse inhibition in BN rats (Feifel and Reza, 1999;
Feifel et al., 2012b).

2.8. Statistical Analyses

After confirming homogeneity of variance, primary outcome variables were analyzed using
a one- or two-way analysis of variance (ANOVA). For baseline assessment, data from BN
rats were compared to LE rats using a two-factor ANOVA, with sex and strain as between-
subjects factors. Following this analysis, rats were assigned to cohorts that dictated OT
dosage for the remainder of the study; all LE rats were grouped into a single cohort, and
received vehicle injections only. Task performance data following drug administrations were
analyzed across the entire session of treatment using a three-factor ANOVA with sex and
cohort as between-subjects factors and test day as a within-subjects factor. Each individual
test session was analyzed using a 2-way ANOVA with sex and cohort as between-subjects
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factors. Any significant main or interactive effects were subjected to further analyses using
Tukey post hoc comparisons. As this study was designed to explore differences in acute vs.
chronic OT administration in BN rats and potential differential OT effects across sex,
planned separate analyses were performed for each test day on males and females. For all
time-points, the inclusion criterion for primary outcome variable analysis was completion of
the first block of the PRLT (i.e. attainment of the first criterion for reversal of reward
contingency (Table 1)); primary outcome data (both PRLT and PRBT) from rats that did not
complete the first block of PRLT testing on a given day were excluded from analysis of that
time-point. Inactivity, as determined by total trials completed within a testing session, was
used as an exclusion criterion for secondary outcome variable analysis. Similarly, inactivity
during one or more PRLT sessions necessitated the exclusion of certain subjects from time-
course analysis of switches and breakpoint data. All data were analyzed using SPSS 24.0
(Chicago, IL) and were represented by mean and standard error of the mean.

3. Results

3.1. Baseline (Days -4 and -3)

10 rats failed to meet the inclusion criterion for primary outcome variable analysis (see
Section 2.8) and were excluded. A two-factor ANOVA (sex X strain) applied to the switches
data revealed a significant effect of strain [F(; g5=4.05, p<0.05], but no significant effect of
sex or sex X strain interaction. BN rats completed significantly fewer switches than LE rats
(Fig. 2A). There were no significant main or interactive effects revealed for trials to first
criterion (Fig. 2B), or for the PRBT (Fig. 2C) data. After counter-balancing, there were no
significant effects of drug cohort or drug X sex interactions on any measure (Supplemental
Fig 1).

3 rats were excluded from analysis of secondary outcome variables on grounds of inactivity.
There were no significant effects of strain or sex on any secondary measure [F(1 69)<2.9, ns].
No interaction between strain and sex was observed for any secondary measure (F<1.4, ns),
including trials for reversal 1 (i.e. number of trials completed within the first testing block
following the first reversal of reward contingency) (Table 2).

3.2. Overall Time-Course Analysis of Oxytocin Treatment Effects on BN rats

3.2.1. D(-4)-D27 for PRLT—Inactivity during one or more PRLT sessions necessitated
the exclusion of 4 subjects from time-course analysis of switches data. Failure to complete
the first block of testing necessitated the exclusion of 24 subjects from time-course analysis
of trials to first criterion data. When examined across days for the primary outcome
variables, main effects of test day [F4 280)=9.5, p<0.001] and cohort [F(4 70)=6.8, p<0.001]
were observed for switches, as was a test day X cohort interaction [F (1 280)=2.46, p<0.005].
No main effect of sex or interaction with test day or cohort was observed. Post hoc analyses
revealed that vehicle-treated BN rats completed fewer switches than both BN rats treated
with 1 mg/kg OT (p<0.01) and vehicle-treated LE rats (p<0.001; Fig. 3). A main effect of
test day was also observed on trials to first criterion [F4 180)=3.6, p<0.01], with no
interaction with cohort (F<1.6, ns). Overall, vehicle-treated BN rats required more trials to
attain first criterion than BN rats treated with OT at 1 mg/kg and vehicle-treated LE rats
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(p<0.05), although the main effect of cohort failed to reach statistical significance.
[F(4,70=2.2, p=0.08; Fig. 4] Specific within-test day analyses are provided below.
Correlational analysis of vehicle-treated BN and LE rats between each time-point based on
switches enabled the assessment of test-retest reliability of this primary outcome variable.
This analysis revealed significant consistency of performance in both strains (Supplemental
Fig. 2).

3.2.2. D(-3)-D28 for PRBT—3 subjects had to be excluded from time-course analysis
of PRBT data (Section 2.8). When examined across days, a main effect of test day was
observed for breakpoint [F4 284)=3.8, p<0.005], but there was no interaction with cohort
(F<1, ns). A main effect of cohort on breakpoint was observed however, with vehicle-treated
LE rats exhibiting higher breakpoints than BN rats at every dose [F(4 71)=2.8, p<0.05].

3.3. The Effects of Acute and Chronic Administration of Oxytocin on the PRLT

3.3.1. Effects of acute OT treatment on the PRLT (D1): 14 subjects were excluded
from D1 primary outcome analysis due to failure to complete the first block of testing. On
day 1 (D1) of drug treatment, a main effect of cohort on switches was observed [F4 s5=4.8,
p<0.01], with post hoc analyses revealing that OT-treated BN rats (1 mg/kg) completed more
switches than vehicle-treated BN rats (0<0.005). Vehicle-treated LE rats completed
significantly more switches than BN rats treated with vehicle or the lowest dose of OT
(p<0.001). There was no significant effect of sex, nor was there a sex X cohort interaction.
When males and females were analyzed separately, the OT effect on switches failed to reach
statistical significance in both sexes’ data [Females: F4 32)=2.3, p=0.076; Males: F4 37)=2.5,
p=0.073]. Pairwise comparisons revealed that in both sexes, the 1 mg/kg OT groups and
Long Evans groups completed more switches than the respective vehicle groups (p<0.05;
Fig. 3). No difference was observed between 1 mg/kg OT and Long Evans groups within
either sex.

Although a main cohort effect on trials to first criterion did not reach statistical significance
[F455=2.6, p=0.086; Fig.4], overall, OT-treated BN rats (1 mg/kg) required fewer trials to
achieve first criterion than vehicle-treated LE and BN rats (p<0.05). Despite a main effect of
sex (F(1,55=4.5, p<0.05), there was no significant sex X cohort interaction. When males and
females were analyzed separately, no significant effect of cohort was observed for either sex
(Fs<2.1, p’s>0.102), although females treated with 1 mg/kg OT still required fewer trials for
the first criterion than vehicle-treated BN rats (p<0.05).

4 subjects were excluded from analysis of secondary variables on grounds of inactivity. No
significant main or interactive effects were observed on latency measures such as target,
non-target, or reward collection latency (F<1, ns). A main effect of cohort was observed on
premature responses [F(4 65)=3.5, p<0.05], with vehicle-treated LE rats making more
premature responses (36.563 +6.227; Mean + S.E.M.) than all BN cohorts (VEH: 15.598
+6.227; 0.04 mg/kg OT: 19.438 £6.498; 1 mg/kg OT: 8.917 +6.498; p<0.05), except those
treated with 0.2 mg/kg OT (32.188 +6.016; p>0.1). A main effect of cohort on target win-
stay ratio [F(4 e5), £<0.05] was observed, with 1 mg/kg OT increasing this ratio in BN rats

Neuropharmacology. Author manuscript; available in PMC 2020 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts et al.

Page 10

relative to vehicle. No effects of cohort (F<1, ns), sex (F<1.4, ns), or sex X cohort
interaction (F<1.5, ns) were observed on trials for reversal 1.

3.3.2. Effects of chronic OT treatment on the PRLT 30 minutes after final
injection (D21)—Rats were treated with the same doses of OT daily for 21 days. On D21,
rats were tested in the PRLT 30 min after injection. 11 rats failed to complete the first block
of testing, and were excluded from primary analysis (Supplementary Table 1). No
significant main effects of cohort or sex were observed for switches, though there was a
near-significant sex X cohort interaction [F(4 58)=2.5, p=0.054; Fig. 3]. Planned post-hoc
analyses revealed that male BN rats treated with 1 mg/kg OT completed more switches than
the vehicle group (p<0.05). In contrast, female rats did not exhibit an OT-induced increase in
switches at any dose. 1 mg/kg and 0.2 mg/kg OT-treated female BN rats completed
significantly fewer switches than the vehicle-treated LE rats (p<0.05 and p<0.01,
respectively). There was a main effect of sex on trials to first criterion, with females
requiring more trials to complete the first testing block than males [F 1 5g)=5.3, p<0.05; Fig.
4]. There was no effect of cohort on this measure, nor was there a sex X cohort interaction.

4 subjects were excluded from analysis of secondary variables on grounds of inactivity. A
main effect of sex was observed on total trials completed within a testing session
[F(1,65=6.143, p<0.001], with females (218.225 +13.880; Mean + S.E.M.) completing more
trials than males (168.350 +14.570). Females (26.164 +3.859) completed more premature
responses than males (18.917 +4.051), though the main effect of sex on this behavior did not
reach statistical significance [F(y 65)=2.931, p=0.092]. Although a main effect of cohort did
not reach statistical significance [F(; 5)=2.185, p=0.080], overall, the vehicle-treated LE
cohort and all OT-treated BN cohorts exhibited faster target latencies (LE: 272.616 +358.342
ms; BN-0.04 mg/kg OT: 385.808 +387.053 ms; BN-0.2 mg/kg OT: 294.010 £358.342 ms;
BN-1 mg/kg OT: 347.129 £387.053 ms) than vehicle-treated BN rats (BN-VEH: 1544.341
+370.919 ms). A main effect of cohort was observed on non-target lose-shift ratio
[F(4,65=3.1, p<0.05], with 1 mg/kg OT-treated BN rats having a higher ratio than vehicle-
treated BN rats (Table 2). No effects of sex (F<1, ns), cohort (F<1.4, ns), or sex X cohort
interaction (F<1, ns) were observed on trials for reversal 1 (Table 2).

3.3.3. Effects of chronic OT treatment on the PRLT 24.5 hours after final
injection (D22)—After 21 days of consecutive OT treatment, rats were tested in the PRLT
24.5 hours after their final injection (D22). 11 rats failed to complete the first block of
testing, and were excluded from primary analysis (Supplementary Table 1). A significant
main effect of cohort [F(4 sgy=4.5, p<0.005] was observed on switches, as was a significant
sex x cohort interaction [F4 58)=3.5, p<0.05]. There was no significant main effect of sex.
Post-hoc analysis indicated that in BN males, 1 mg/kg OT significantly increased the
number of switches completed compared to vehicle-treated BN rats (p<0.05); however, in
females, no OT dose significantly altered switches, and all OT groups completed fewer
switches than the LE group (p’s<0.05). There were no main effects of cohort or sex on trials
to first criterion (F<1, ns), nor any interaction between the two factors (F<1, ns).

6 rats were excluded from analysis of secondary outcome variables on grounds of inactivity.
A main effect of cohort was observed on mean non-target latency [F4 63)=2.613, p<0.05],
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with vehicle-treated BN rats (868.306 £176.897 ms; Mean £S.E.M.) taking considerably
longer to respond than vehicle-treated LE rats (164.829 £165.472 ms) and all OT-treated BN
groups (0.04 mg/kg OT: 314.913 +188.668 ms; 0.2 mg/kg OT: 246.266 +165.472 ms; 1
mg/kg OT: 265.773 £178.731 ms). A main effect of cohort was also detected on total trials
completed within the testing session [F(4 63)=2.7, p<0.05], with LE rats completing more
trials (289.312 £23.154) than vehicle-treated BN rats (187.214 +24.752). A main effect of
sex was observed on this measure as well [F(; 63)=5.4, p<0.05], with females completing
more trials (251.346 £14.851) than males (200.516+16.143). A main effect of cohort on
target win-stay ratio did not reach statistical significance [F4 63)=2.3, p<0.1]. No effects of
sex (F<1, ns), cohort (F<1, ns), or sex X cohort interaction (F<1.5, ns) were observed on
trials for reversal 1 (Table 2).

3.3.4. Effects of chronic OT treatment on the PRLT 6 days after final injection
(D27)—®6 days after their final injections, rats were tested in the PRLT (D27). 5 rats were
excluded from primary analysis due to failure to complete the first block of testing
(Supplementary Table 1). A main effect of cohort was observed on switches [F(4,64)=6.2,
p<0.001; Fig. 3], with no effects of sex or sex X cohort interaction (F<1.7, ns). Planned post
hoc analyses revealed that vehicle-treated LE rats completed significantly more switches
than BN rats treated with vehicle, 0.04, and 0.2 mg/kg OT (' s<0.05); LE rats also
completed more switches than those BN rats treated with 1 mg/kg OT, though the results of
this comparison did not reach statistical significance (¢v=0.076). Additionally, BN rats treated
with 1 mg/kg OT completed more switches than those treated with vehicle (p<0.05). No
main or interactive effects were observed on trials to first criterion (Fig. 4). When data from
the two sexes were analyzed separately, male rats treated with 1 mg/kg OT completed more
switches than the vehicle group (p<0.05). OT failed to affect female performance, however,
and all BN groups completed significantly fewer switches than the LE group.

4 rats were excluded from analysis of secondary outcome variables on grounds of inactivity.
A main effect of cohort was observed on total trials completed [F4 65)=3.2, p<0.05], with
LE rats completing more trials (304.375 £20.280; Mean £S.E.M.) than BN rats treated with
vehicle (210.330 £20.992), 0.04 mg/kg OT (218.521 +21.905), and 1 mg/kg OT (242.167
+21.905). There was also a main effect of sex on total trials [F(; 65)=6.0, p<0.05], with
females (269.207 £13.008) completing more trials than males (222.825 +13.655). A main
effect of sex was observed on mean reward latency [F 4 ¢5)=6.7, £<0.05], with females
taking less time (124.274 +2.840 ms) than males (134.956 £2.981 ms) to collect rewards.
There were no main effects on any other secondary outcome variable (F<1.7, ns), nor were
there any sex X cohort interactions (F<1.5, ns). No effects of sex (F<1, ns), cohort (F<1, ns),
or sex X cohort interaction (F<1, ns) were observed on trials for reversal 1 (Table 2).

3.3.5. The Effects of Acute and Chronic Administration of Oxytocin on the
PRBT—The effects of OT on PRBT performance at each time-point are illustrated by
Figure 5. On D2, no main effects of cohort or sex, nor interactions between the two were
observed [F’s<1.6, ns]. Similarly, no main effects of sex, cohort, or sex X cohort interaction
were observed on D20 (F’s<1, ns), D23 (F’s<1.7), or D28 (F’s<1.8).
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4. Discussion

As predicted, vehicle-treated Brown Norway (BN) rats exhibited impaired reward learning,
but not effortful motivation, relative to vehicle-treated Long Evan (LE) rats, as measured by
total switches in the probabilistic reversal learning task (PRLT; Fig. 2). Acute OT (D1; 1.0
mg/kg) improved both initial probabilistic learning (decreased the number of trials required
to reach the first criterion, primarily in females), as well as subsequent reversal learning
(increased the number of switches completed) in BN rats relative to vehicle (D1; Figs. 3,4).
This latter improvement was sufficiently large such that this group was no longer
distinguishable from vehicle-treated LE rats, which exhibited better reversal learning than
BN rats at baseline. Interestingly, chronic OT treatment continued to improve male PRLT
performance (D21), though its effects in females disappeared. OT-induced improvement in
males persisted even after daily treatment was discontinued (D22 and D27), an effect not
observed in female BN rats. None of these effects were not driven by an overall increase in
motivation, as revealed by a lack of effect in the progressive ratio breakpoint task at all time-
points (PRBT; Fig. 5). Given that psychiatric patients exhibit impaired PRLT performance
(Dickstein et al., 2010