
Oxytocin Improves Probabilistic Reversal Learning but not 
Effortful Motivation in Brown Norway Rats

Benjamin Z. Roberts1, Jared W. Young1,2,*, Yinong V. He1, Zackary A. Cope1, Paul D. 
Shilling1, and David Feifel1,3,*

1Department of Psychiatry, University of California San Diego, 9500 Gilman Drive MC 0804, La 
Jolla, CA 92093-0804, USA.

2VISN-22 Mental Illness Research Education and Clinical Center, VA San Diego Healthcare 
System, San Diego, CA, USA.

3Department of Psychiatry, VA San Diego Healthcare System, San Diego, CA, USA.

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

Cognitive 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; McIntyre 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; McIntyre 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 

et al., 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.g., 

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 

et al., 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 libitum 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 μl) 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-In/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 MAG1, designed to build association between the magazine light 

and reward delivery. MAG1 operated on a fixed interval schedule in which 40 μL 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 20th 

(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 μL 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(1,65=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 [F(4,280)=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(16,280)=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 [F(4,180)=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 [F(4,284)=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 [F(4,55)=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 (p<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: F(4,32)=2.3, p=0.076; Males: F(4,32)=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 

[F(4,55)=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(4,65), p<0.05] was observed, with 1 mg/kg OT increasing this ratio in BN rats 
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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(1,58)=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(1,65)=2.931, p=0.092]. Although a main effect of cohort did 

not reach statistical significance [F(1,65)=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(4,58)=4.5, p<0.005] was observed on switches, as was a significant 

sex × cohort interaction [F(4,58)=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 [F(4,63)=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(1,63)=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 [F(4,63)=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 (p’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 (p=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 [F(4,65)=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(1,65)=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(4,65)=6.7, p<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; Dombrovski et al., 2010; Reddy et al., 2016; Waltz and Gold, 2007; 

Young and Geyer, 2015; Young and Markou, 2015), the data presented here suggest that 

incorporation of OT into existing treatment plans may improve deficient reward-learning. 

The continued improvement with chronic treatment observed in males indicates that OT 

could be a viable, albeit sex-specific, long-term therapeutic.

The OT-induced improvement in PRLT performance on D1 was likely driven by improved 

reward association, given that 1 mg/kg OT increased target win-stay ratio (a measure of 

reward-sensitivity) relative to vehicle (Table 2). Interestingly, with chronic treatment this 

group’s behavior shifted toward increased punishment-sensitivity, as demonstrated by an 

elevation in non-target lose-shift ratio on D21 (Table 2). This shift may relate as to why 

enduring effects were observed only in male rats (e.g., shifting them to be punish-sensitive), 

but since no main effects of sex or sex X cohort interaction were observed in these 

secondary measures the link is not clear. Elevation of reward-sensitivity (increased target 

win-stay) reemerged on D22 (Table 2), but without concomitant task improvement in female 

rats. The apparent sex dependence of this effect may indicate an OT-induced change in 

receptor expression/activity that is specific to sex, in addition to presence of OT (see below). 

Although these possibilities require further examination, the primary driver of OT-induced 

improvement of PRLT performance appears to be improved reward-related learning. These 

findings may not be ubiquitous across all forms of reinforcement learning, however. When 

integrated with social stimuli and speculation of future rewards, OT may in fact impair 

feedback-based learning in human males (Ide et al., 2018). Confirmation of the effects of OT 

in human PRLT performance remains a necessity.

Importantly, in the present study, OT exerted no significant effect on effortful motivation as 

assessed by the PRBT. This result suggests that the OT-induced improvement in reward 

learning is domain-specific, and not driven by increased motivational/reward-seeking levels. 

This finding also supports the separation of reward learning and effortful motivation in rats 

as dissociable aspects of reward processing, consistent with a recent clinical study reporting 

no correlation between PRBT and PRLT performance in schizophrenia patients (Bismark et 
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al., 2017). Hence, OT specifically improves reward-associated learning in rats, without 

affecting motivation.

Since acute OT improved both initial (trials to first criterion) and reversal learning 

(switches), it is difficult to determine whether OT affected both domains directly, or whether 

the increased number of switches was simply a consequence of improved initial learning. It 

is possible that the improvement in switches observed in 1 mg/kg OT-treated BN rats was 

driven by their having progressed through initial trials more quickly, and by consequentially 

having had more time left in the hour-long session to complete extra reversals. Given that 

total trials completed within the entire testing session did not differ between OT-treated 

groups however, improvements were unlikely a result of completing more trials. The 

conclusion that OT indirectly increased switch completion as a result of improving initial 

learning is supported by observations that 1 mg/kg OT-treated BN rats did not differ from 

any other cohort on trials to criterion within the second block (i.e. following the first 

reversal). Conceivably, had OT directly affected the domain of reversal learning, this cohort 

would have required fewer trials to progress from the second to third testing block, as they 

would have detected the reversal of reward contingency earlier than the vehicle BN group. 

The effect profile of acute OT (non-significantly faster initial learning irrespective of sex) 

may have been transient however, given that on days 21, 22, and 27, significant 

improvement in males was specific to switches. Thus, the chronic and persistent effects of 

OT on switches in male rats occurred in the absence of enhanced initial learning.

The most parsimonious explanation for the observed effects would be that the improvement 

in probabilistic learning observed on D1 was simply an initial effect of OT. Improvement in 

reversal learning after discontinuation of the daily OT regimen, meanwhile, may have been a 

result of neuroplastic changes in the brain caused by chronic OT administration. Such a 

relationship between neuroplasticity and experimental time point has been observed 

previously in an in vitro study of the effects of OT in the infralimbic medial prefrontal cortex 

(IL-mPFC)(Ninan, 2011). OT initially mediated suppression of glutamatergic transmission 

in pyramidal neurons after 25 minutes of perfusion, but then enhanced NMDA receptor-

dependent synaptic potentiation in IL-mPFC slices after 60 minutes, likely as a consequence 

of time-dependent OT receptor-induced intracellular changes. While in vitro perfusion of 

brain slices is clearly not an ideal model of chronic drug/body interaction in vivo, it does 

illustrate that OT can have variable and long-lasting effects at the neuronal level depending 

on duration of administration. Considered alongside a growing number of rodent studies 

implicating OT as a mediator of cognitively relevant neuroplastic processes in such areas as 

the hippocampus (Lee et al., 2015; Park et al., 2017), olfactory bulb (Fang et al., 2008), and 

auditory cortex (Marlin et al., 2015), it remains plausible that OT produced its effects on 

reversal learning through such a mechanism. Delineating these mechanisms, and 

characterizing any sexual dimorphism, is a vital step in understanding the behavioral effects 

of OT. However, as the current study design included no assay of neuroplastic activity, this 

task can only be formally addressed by future research.

While the site of action of OT was not assessed here, the orbitofrontal cortex (OFC) and 

nucleus accumbens (NAc) are promising areas for examination. The importance of these two 

regions in reversal learning is well established – OFC disruption impairs initial probabilistic 
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learning and subsequent reversal learning in rodents (Dalton et al., 2016) and humans 

(Tsuchida et al., 2010), and similar deficits have been observed in rats after NAc shell 

inactivation (Dalton et al., 2014). These brain regions are particularly relevant to the present 

study because of their relationship with OT – the NAc shell (but not the core) is densely 

populated by OT binding sites in the rat (Kremarik et al., 1993; Veinante and Freund-

Mercier, 1997), and intranasal OT influences OFC activity in fMRI studies of healthy human 

subjects (Ide et al., 2018; Preckel et al., 2015; Scheele et al., 2014). Intranasally and 

peripherally administered OT can, through some as-yet unknown mechanism of transport, 

cross the blood-brain-barrier in rodents and macaques (Lee et al., 2018; Neumann et al., 

2013), so it is therefore possible that exogenous OT can directly act on these systems. 

Though these relationships of course in no way affirm that OT-augmented activity in one or 

both of these structures is responsible for the observed improvement in reward learning, they 

do offer justification for more targeted studies in the future.

Tolerance to the pro-learning effects of OT was observed following 21 days of daily 

administration in female rats only. Tolerance in response to repeated administration is 

consistent with the OT literature. Like most G protein-coupled receptors, the OT receptor 

(OTR) undergoes desensitization and internalization following stimulation, with evidence of 

endocytosis in vitro as early as five minutes after agonist application (Conti et al., 2009). 

However, chronic OT administration alters receptor activity beyond this classic agonist-

receptor dynamic. The OTR exhibits significantly reduced binding activity following 15 

days of daily intracranial OT in mice (Peters et al., 2014). Significant reductions in binding 

site number have also been observed following 7 days of twice-daily nasal OT in mice 

(Huang et al., 2014), and after 21 days of daily intracranial OT in rats (Freeman et al., 2018). 

While such phenomena may account for loss of an initial OT effect following 21 days of 

chronic administration, these findings do not explain why the present study observed 

tolerance in female rats but not males. Expression of the OTR varies significantly between 

sexes in both mice and rats. According to a recent meta-analysis of murine brain areas, OTR 

expression and binding density is higher in males (though OT expression is generally higher 

in females) (Dumais and Veenema, 2016). Specific areas include the NAc and the amygdala, 

both of which are implicated in learning and decision-making (Dumais et al., 2013). 

Unfortunately, the current paucity of chronic OT studies makes it difficult to predict the 

cognitive and behavioral consequences of such sexual dimorphism across a long-term 

treatment course. Also complicating matters, most behavioral studies that look at OTR 

activity together with sex predominantly do so in a strictly social context. It is therefore 

difficult to extrapolate established correlations between OTR activity and animal behavior to 

the present findings on non-social probabilistic learning. It is also important to note that 

effects of sex were not observed in certain studies of chronic OT on positive, negative, and 

cognitive symptoms of schizophrenia in humans (Feifel et al., 2012a; Feifel et al., 2010); 

these negative findings suggest that OT and sex may interact differently across species and 

across cognitive/neuropsychiatric domains. Indeed, the relationship between OTR binding, 

density, and sex found in rodents by Dumais and Veenema does not appear to extend to 

humans (Dumais and Veenema, 2016), so while this general interaction may inform results 

of rat and mouse studies, it remains to be seen if the question of sexually dimorphic OTR 

dynamics would be relevant to human reward learning. With this in mind, the positive effects 
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observed by the present study, as well as the apparent absence of deleterious side effects or 

withdrawal symptoms in either sex (e.g., reduction in effortful motivation or elevation in 

motoric impulsivity), recommend further study of OT as a viable therapeutic.

OT-induced improvement of probabilistic reversal learning would be beneficial in the 

treatment of many disorders involving impaired reward learning, but may be of particular 

importance to schizophrenia. Impaired probabilistic learning is predictive of poor 

performance in subsequent reversal learning in patients with schizophrenia, while a 

schizophrenia diagnosis in the absence of initial probabilistic learning deficits does not seem 

to correlate with deficient reversal learning (Reddy et al., 2016). This apparent reliance of 

reversal learning upon initial probabilistic task performance in the schizophrenia disease 

state could potentially be addressed by acute OT treatment. The present findings support a 

large body of existing literature reporting OT as a potential adjunct treatment for the 

cognitive symptoms of schizophrenia (Feifel et al., 2010; Modabbernia et al., 2013; 

Pedersen et al., 2011), adding reward learning to the list of possible applications.

It remains unclear from these data whether OT would be beneficial for the negative 

symptoms (e.g., amotivation) of schizophrenia. Patients with schizophrenia exhibit 

significantly lower breakpoint than healthy comparison subjects (Bismark et al., 2017; Wolf 

et al., 2014). Such amotivation may negatively impact cognitive outcomes (Markou et al., 

2013), as seen where breakpoints predicted 24% of the variance of global cognitive scores in 

patients (Bismark et al., 2017). The lack of effect of OT on BN rats could however, be a 

result of ceiling effects given that BN rats exhibited comparable breakpoints with LE rats 

throughout testing. It would behoove future studies to test the potential benefits of OT on 

motivation in animals with reduced breakpoint vs. control subjects, e.g., Sp4 hypomorphic 

mice (Young et al., 2015). As a positive however, these data support the premise that OT is 

unlikely to exacerbate pre-existing substance abuse disorders in clinical populations. The 

high comorbidity rate between schizophrenia and substance disorders (47% as of 1990 

(Regier et al., 1990)) makes abuse potential a concern when assessing novel therapeutics for 

this patient population. As stated above, OT did not increase breakpoint in the PRBT, in 

contrast with drugs of abuse such as cocaine (Sizemore et al., 2003), or phencyclidine 

(Amitai et al., 2017). Furthermore, OT actually attenuated drug seeking behavior in rodents 

for methamphetamine (Carson et al., 2010), cocaine (Kohtz et al., 2018), and alcohol (King 

et al., 2017); hence it is under separate investigation as a possible treatment for drug 

addiction (McGregor and Bowen, 2012). Although peripherally and centrally administered 

OT produced conditioned place preference in rats (Liberzon et al., 1997) and mice (Kent et 

al., 2013), this effect is not consistent across studies (Kosaki and Watanabe, 2016; Qi et al., 

2009; Ramos et al., 2015). Since the rewarding effects of OT administration cannot be 

reliably demonstrated in rodents, any rewarding effects of OT in a clinical context would 

likely be minimal. Taken together, while OT may not remediate amotivation seen in 

schizophrenia, the present findings predict an overall low abuse potential for prescription 

OT.

The categorization of OT as a potential treatment for psychiatric conditions draws attention 

to additional limitations of this study. In addition to its inability to definitively identify 

specific mechanisms and areas of action of OT effects, this study is limited in that it did not 
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incorporate any manipulations relevant to disease etiology (hence limited construct validity). 

Although the incomplete knowledge of the etiology of psychiatric disorders may support the 

use of strain comparisons to model cognitive deficits, no specific assumptions of diseased 

circuitry can be made. While the present study hypothesized, and later demonstrated, that 

BN rats are naturally inferior to LE rats on the PRLT, such cognitive limitation is a 

characteristic of the strain itself, and not the result of pathology. Future studies 

demonstrating OT-induced improvement in disease models would prove beneficial to the 

development of OT as a targeted therapeutic. It is also of critical importance that, regardless 

of the results of such studies, it is highly unlikely that OT would be able to completely 

replace established medication for psychiatric disorders – in the “best case scenario,” OT 

would be an adjunct therapeutic only. OT effects on reward learning must therefore be 

assessed when coadministered with primary treatment medications (antidepressants, 

antipsychotics, etc.). OT has previously conferred benefits to medicated schizophrenia 

patients in some clinical studies (summarized by (Shilling and Feifel, 2016)), so such an 

investigation may be regarded optimistically.

5. Conclusion

The results described herein provide evidence for OT as a safe and effective therapeutic to 

improve reward learning in patient populations. Specifically, OT improved probabilistic 

reversal learning in healthy BN rats without affecting effortful motivation/pleasure-seeking 

behavior. Our findings demonstrate both tolerance (females) and persistence (males) of the 

acute effects of OT with chronic administration. Effects persisted beyond the direct 

pharmacological influence of OT, consistent with previous studies (Bales et al., 2013; Conti 

et al., 2009; Huang et al., 2014; Janezic et al., 2016). Importantly, acute improvements were 

observed irrespective of sex, while long-term improvements were specific to males. Acute 

treatment is therefore likely to be beneficial across genders, though long-term efficacy may 

be restricted to males. No deleterious side effects of OT were observed on either males or 

females at any point during the present study. While the design of the study did not include 

any means of determining exact mechanism of action of OT, the cognitive enhancement 

induced by OT and the apparent safety of the drug strongly recommend further effort 

towards its development as a novel therapeutic.
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Highlights

• Rats received daily OT for 21 days and tested in a reward learning task 

(PRLT).

• Rats also assessed in a effortful motivation task (PRBT).

• OT improved PRLT performance in males throughout testing

• Only acute OT improved PRLT in females.

• Neither acute nor chronic OT had any significant effect on PRBT.
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Figure 1. Experiment design schematics.
Experiment schedule (A). Male and female Brown Norway (BN) Rats’ PRLT & PRBT 

performance was first assessed at baseline with no injections. Cohorts were counter-

balanced into 4 groups to receive vehicle or OT (0.04, 0.2, or 1 mg/kg). Rats were then 

tested following acute and chronic (21 day) administration of OT. No injections were 

administered during the acute and chronic withdrawal phases of the study (D22-D28). 

Injections were administered 30 minutes prior to testing on each day of the study. On non-

PRLT/PRBT days, rats were tested in the FR1 training module. Performance was compared 

with that of male and female Long Evans rats, which received vehicle injections throughout. 

Schematic of PRLT (B). At the beginning of each trial, rats nose poked in one of two lit 

apertures and were either rewarded with strawberry milkshake (~40 μL) delivered into the 

magazine or punished with a 4 second timeout and house light illumination. Rates of reward/

punishment differed between the two stimuli, whereby target stimulus responses resulted in 

an 80% chance of reward and 20% chance of punishment, while the inverse was true for 

responses to the non-target stimulus. Following 8 consecutive target responses, the reward 

ratios of the two stimuli switched. Schematic of PRBT (C). Rats were rewarded after 

making a number of responses to a single stimulus. The number of responses required for a 

reward increased as a function of trial number. PRLT: Probabilistic Reversal Learning Task; 

PRBT: Progressive Ratio Breakpoint Task; FR1: FR1 training module; OT: Oxytocin
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Figure 2. Baseline performance on reward learning and effortful motivation.
BN rats completed fewer switches than LE rats within the session (A), but there was no 

significant difference between the strains in the number of trials to first criterion (B) in the 

PRLT. Similarly, no effect of strain or group was observed on breakpoint (C) in the PRBT. 

Data presented as mean ±S.E.M. * = p <0.05 relative to LE.
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Figure 3. Effects of oxytocin (OT) on probabilistic reversal learning.
Acute OT (1 mg/kg) increased the total number of switches completed by male and female 

BN rats vs. vehicle in the PRLT. Vehicle-treated BN rats exhibited fewer switches than 

vehicle-treated LE rats within both sexes at this time-point. Chronic OT at 1 mg/kg 

increased the number of switches completed by male, but not female, BN rats relative to 

saline and lower OT-dosed BN rats 30 minutes after OT administration. This effect of 

chronic 1 mg/kg OT on male BN rats persisted after cessation of daily OT administration, 

with improved performance observed at both the one- and six-day post treatment time-

points. Male BN rats showed no statistical difference from LE rats in terms of switches at 

any time-point. BN females that had received 0.2 and 1 mg/kg OT chronically completed 

fewer switches than LE females at the day 21 time-point. All female BN cohorts completed 

fewer switches than the female LE cohort at the day 22 and 27 time-points. Data presented 

as mean ± S.E.M. * = p <0.05 relative to BN- vehicle group; # = p <0.05 relative to LE- 

vehicle group.
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Figure 4. Effects of oxytocin (OT) on probabilistic learning.
Acute OT (1 mg/kg) decreased the number of trials required by female BN rats to reach the 

first criterion relative to vehicle-treated BN females. No effect of OT was seen on this 

measure in male rats at this time-point although there was a dose-related trend in the same 

direction observed in females. OT had no effect on trials to first criterion at any other time-

point in either sex. Data presented as mean ± S.E.M. * = p<0.05 vs BN VEH,
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Figure 5. Effects of oxytocin (OT) on effortful motivation.
No significant differences in breakpoint were observed between cohorts or sexes at any time-

point. Data presented as mean ±S.E.M.
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Table 1.

Description of primary and secondary outcome variables of PRLT.

Outcome Variables Description

Switches Total number of times within the 1-hour testing session that the reward contingencies of the two stimuli reversed

Trials to First Criterion Number of trials completed by the subject before attaining the first criterion (8 consecutive target responses)

Trials for Reversal 1 Trials taken by the subject to make 8 consecutive correct responses following the first reversal of reward 
contingency (i.e. number of trials completed by the subject within the second block of testing)

Premature Responses Total number of responses made before presentation of stimuli across all trials

Omissions Total number of trials in which no response was made

Mean Target Latency Mean latency to respond to the target stimulus

Mean Non-Target Latency Mean latency to respond to the non-target stimulus

Mean Reward Latency Mean latency to collect rewards

Target Win-Stay Ratio Metric of subjects’ tendency to choose the target (more frequently rewarded) stimulus again after choosing, and 
being rewarded by, that stimulus in the preceding trial

Target Lose-Shift Ratio Metric of subjects’ tendency to choose the non-target (less frequently rewarded) stimulus after being punished 
by the target stimulus in the preceding trial

Non-Target Win-Stay Ratio Metric of subjects’ tendency to choose the non-target stimulus again after being rewarded by that stimulus in the 
preceding trial.

Non-Target Lose-Shift Ratio Metric of subjects’ tendency to choose the target stimulus after being punished by the non-target stimulus in the 
preceding trial

Total Trials Total number of trials completed within entire testing session

Note: Bold = primary outcome variable
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