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Abstract 

Rationale: Chronic cocaine use is associated with poor cognitive flexibility and impairments in 

reinforcement learning (RL), with specific decrease in the sensitivity to positive and negative 

outcomes.  

Objectives: The impact of sex on the development of cocaine-induced RL deficits remain poorly 

understood. Here, we aimed to first compare the learning strategies of male and female mice 

throughout the acquisition of a decision-making task and then characterize the emergence of 

cocaine-induced impairments in positive and negative RL in male and female mice. 

Methods: Male and female mice were first trained to acquire a deterministic reversal learning task 

(DRL). The impact of daily cocaine injections (20 mg/kg) on mice’s sensitivity to positive and 

negative reinforcers was then assessed using a probabilistic reversal learning (PRL) task. Drug or 

saline injections were administered after completion of the PRL task each day for 2 weeks.  

Results: Female mice earned more rewards than males overall and displayed better integration of 

positive reinforcement on a DRL task. During the two weeks of injections and following two 

additional weeks of forced abstinence, cocaine decreased choice accuracy in both sexes. The 

sensitivity to negative outcomes, measured by the lose-shift ratio, transiently decreased during the 

first week of cocaine injections. Males only showed a lasting decrease in their sensitivity to 

positive outcomes emerging in the second week of injections, assessed by both the win-stay ratio 

and positive learning rate in a reinforcement learning modeling. 

Conclusion: Chronic cocaine exposure impairs positive and negative reinforcement learning in a 

time and sex-dependent manner. 
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Résumé 

Justification et Objectifs: La consommation chronique de cocaïne est associée à des déficiences 

dans l'apprentissage par renforcement, avec une diminution spécifique de la sensibilité aux 

conséquences positives et négatives. Nous avons cherché à comparer les stratégies d'apprentissage 

des souris mâles et femelles tout au long de l'acquisition d'une tâche de prise de décision, puis à 

caractériser l'émergence de déficiences induites par la cocaïne dans l'apprentissage par 

renforcement positif et négatif chez les souris mâles et femelles. 

Méthodes : Des souris mâles et femelles ont été entraînées à acquérir une tâche déterministe 

d'apprentissage par inversion (DRL). L'impact des injections quotidiennes de cocaïne (20 mg/kg) 

sur la sensibilité des souris aux conséquences positives et négatives ont été ensuite été évalué à 

l'aide d'une tâche d'apprentissage probabiliste par inversion. Les injections de drogues ont été 

administrées après l'exécution de la tâche d'apprentissage par inversion probabiliste chaque jour 

pendant 2 semaines.  

Résultats : Les souris femelles ont obtenu plus de récompenses que les mâles et ont montré une 

meilleure intégration du renforcement positif lors de l’acquisition du DRL. Pendant les deux 

semaines d'injections et après deux semaines supplémentaires d'abstinence forcée, la cocaïne a 

diminué la précision des choix chez les deux sexes. La sensibilité aux résultats négatifs a diminué 

transitoirement au cours de la première semaine d'injection de cocaïne. Les males ont ensuite 

démontré une diminution durable de leur sensibilité aux résultats positifs à partir de la deuxième 

semaine d’injection. 

Conclusion : L'exposition chronique à la cocaïne altère l'apprentissage par renforcement positif et 

négatif en fonction du temps et du sexe. 
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1. Decision-Making Deficits in Cocaine Use Disorders 

1.1 Substance Use Disorders: Prevalence and Existing Treatments. 

Substance Use Disorders (SUDs) involve maladaptive substance use, leading to harm in 

physical and mental health and social relationships (DSM-5, APA, 2013; ICD-11, WHO, 2022). 

SUDs are a leading cause of global mortality; smoking accounted for 7.7 million premature deaths 

in 2019, alcohol use 2.4 million, and other substances 550,700 (Volkow & Blanco, 2023). Cocaine 

use disorder (CUD) is the fifth most prevalent SUD (Volkow & Blanco, 2023) with a 17-20.9% 

transition rate from use to abuse (Lopez et al., 2011) and 5.8 million cases in 2016 (Degenhardt et 

al., 2018). In 2022, 27,569 overdose deaths in the US were related to cocaine. Despite this, no 

pharmaceutical treatments are approved by the US Food and Drug Administration for CUD 

(Kampman, 2019) 

Behavioral treatments, specifically cognitive behavioral therapy (CBT) and contingency 

management (CMT), have shown some efficacy in managing cocaine abuse. CBT focuses on 

preventing relapse and identifying situations associated with drug use, teaching patients coping 

strategies like recalling the negative consequences of drug use or substituting cravings with 

positive thoughts. Clinical trials support CBT for treating cocaine (Carroll et al., 1991; Maude-

Griffin et al., 1998; Rohsenow et al., 2000). CMT promotes abstinence using positive 

reinforcement, providing vouchers redeemable for food and services upon reaching therapeutic 

goals. Vouchers compensate for the delayed benefits of treatment by offering short-term rewards 

(Kampman, 2019). Although CMT is effective in treating cocaine use disorder, it is costly and its 

effects fade once reinforcers are removed (Kampman, 2019).  

Despite progress in developing psychosocial treatments, relapse remains a significant issue. 

Cocaine users following effective treatments have relapse rates of 60 to 70% at follow-up (Bisaga 
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et al., 2010; Dutra et al., 2008). Thus, there is a crucial need for better interventions for cocaine 

use disorder.  

 

1.2 Decision-Making Impairments Associated with Cocaine Abuse. 

Suboptimal decision-making is a key factor in the development and maintenance of SUDs. 

Impaired control over substance intake and the escalation of use despite awareness of its negative 

consequences are criteria for the clinical diagnosis of SUD, as defined by both DSM-5 (American 

Psychiatric Association, 2013) and the ICD-11 (WHO, 2022). Impaired control has a direct impact 

on patient’s lives and will damage their social relationships, health, and ability to fulfill daily 

responsibilities.  

1.2.1 Outcome Value Impairments 

CUD patients not only overvalue substances over their daily life responsibilities but also 

display impairments in valuing natural reinforcers in the absence of drug rewards. Risk-taking 

behaviour and the valuation of immediate vs delayed rewards have been widely assessed in lab 

settings using the Iowa Gambling Task (IGT) (Bechara et al., 1994). Participants choose cards 

from four decks, each yielding monetary gains and losses. Two of the decks are disadvantageous 

in the long-term, yielding larger rewards but also large penalties, while the other two decks are 

advantageous with smaller rewards and penalties. The IGT score is calculated as the number of 

cards chosen from the advantageous decks, minus the ones from disadvantageous decks. A low 

IGT score is associated with impairment in sensitivity to future consequences; immediate large 

rewards are preferred over smaller long-term ones, and larger losses are devalued. Lower IGT 

scores have been reported in CUD patients compared to controls (Balconi et al., 2014; Barry & 

Petry, 2008; Kjome et al., 2010; Nigro et al., 2021; Verdejo-Garcia et al., 2007). This difference 
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persists after 25 days of abstinence and is positively correlated with heavier cocaine use (Verdejo-

Garcia et al., 2007). Cocaine users thus display impaired sensitivity to future consequences of 

actions, favoring immediate rewards despite punishments even in non-drug-related settings. 

Impaired outcome valuations could affect patients daily lives and impact their ability to maintain 

abstinence and seek treatments; worse performance on the IGT is associated with both a higher 

rate of relapse up to 3 months later among cocaine users (Nejtek et al., 2013; Schmitz et al., 2009; 

Verdejo-Garcia et al., 2014) and early dropout from treatment (Stevens et al., 2013).   

1.2.2 Behavioural Flexibility Impairments 

While the IGT has highlighted impaired integration of the future consequences of actions 

and the valuation of outcomes among cocaine users, reversal learning paradigms have been used 

to measure behavioural flexibility deficits. Navigating daily life not only requires weighing 

outcomes, but also adapting to changes in the environment. In reversal learning tasks, subjects first 

acquire a cue-outcome association, such as the pairing of a visual stimulus with positive or negative 

feedback. Once a learning criterion is reached, contingencies are reversed, requiring subjects to 

adjust behavior and update existing cue-outcome associations. A main outcome measure is the 

number of incorrect choices following reversal, which is indicative of perseverative errors. CUD 

patients perform worse than controls on reversal learning tasks and show increased perseveration 

after reversal (Ersche et al., 2008, 2011; Fernández-Serrano et al., 2012; Verdejo-Garcia et al., 

2015). The duration of cocaine use positively predicts these deficits (Verdejo-Garcia et al., 2015), 

with effects lasting after 15 days of abstinence (Fernández-Serrano et al., 2012). These difficulties 

in disengaging from previously learned behaviour have been conceptualized to reflect impulsive 

traits (Franken et al., 2008) and compulsion (Izquierdo & Jentsch, 2012), and they could explain 

the loss of control over substance intake. 
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1.2.3 Limitations of Traditional Cognitive Task Measures 

While both the IGT and reversal learning tasks have advanced our understanding of the 

behavioral and cognitive changes that follow substance exposure, they are criticized for lacking 

construct validity and reliability. These cognitive measures, such as the IGT score and number of 

perseverative errors, are simultaneously influenced by different aspects of decision-making 

(Verdejo-Garcia et al., 2019). For instance, poor performance could reflect specific deficits in 

valuing and integrating rewards and/or losses. Choosing the disadvantageous deck in the IGT can 

be driven by hypersensitivity to gains, hyposensitivity to losses, or a combination of both. 

Furthermore, performance can also be influenced by different behavioral strategies; one can 

withhold response to a more advantageous option to explore different choices or, conversely, 

persevere with a previously reinforced option. While conventional cognitive measures highlight 

gross decision-making deficits, an in-depth characterization of impairments could help pave the 

way for the implementation of novel behavioral therapeutic approaches. 

 

1.3 Reinforcement Learning Modeling. 

Computational modeling provides a mechanistic description of behaviour by decomposing 

performance into different behavioural components. Each subprocess describes different aspects 

of a decision-making strategy, such as outcome sensitivity or choice consistency, and is defined by 

a set of parameters. Estimating parameter values and contrasting them across individuals enables 

the comparison of decision- making mechanisms between populations. 
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1.3.1 Reinforcement Learning: Formalism. 

Reinforcement Learning (RL) is an increasingly popular decision-making model in which 

behaviour is optimized by maximizing gains and minimizing losses. An estimate of the expected 

value of each option is kept online. When presented with novel evidence, a reward prediction error 

(RPE) is computed as the difference between the outcome expected and the one observed. If an 

outcome is better than expected, the RPE will be positive, and the estimated value of the option 

will increase. Conversely, if an outcome is worse than expected, the RPE will be negative, and the 

estimated value will decrease. To update an existing estimated value, RPEs are added/subtracted 

to the existing value after being weighted by a learning rate parameter bounded by 0 and 1. A value 

close to 0 indicates inflexible learning; values are never updated despite being presented with 

conflicting evidence. Values closer to 1 represent immediate learning; in response to new evidence, 

previous estimates are directly updated. Adaptive decision-making requires a good balance of the 

learning rate value and depends on the environment. This process of updating estimated values is 

called value-updating. The value-updating process can use distinct learning rates for positive and 

negative outcomes, which are used as measures of the sensitivity to positive and negative 

outcomes, respectively.  

RL models compute the value-updating process separately from action-selection. Actions 

are chosen based on their estimated values, and if the best option is chosen, the individual is 

displaying exploitative behaviour. Conversely, exploration refers to sampling from the 

environment. Exploration and exploitation can be balanced using a softmax policy, in which the 

inverse temperature parameter governs the ratio of exploration. A value close to 0 renders all 

actions equiprobable, and action choice is random, irrespective of value estimation. On the other 



Introduction  MSc Thesis 

12 
 

hand, a higher value of the inverse temperature corresponds to an exploitation strategy, where there 

is an increased probability of choosing higher valued actions.  

1.3.2 Asymmetric Value Updating Impairments in Cocaine Use. 

 Fitting RL models to CUD patients revealed impaired learning from negative outcomes 

compared to controls. In probabilistic tasks, in which a stimulus is associated either with financial 

gains or losses, cocaine users performed worse than controls and showed diminished learning from 

loss, indicating decreased integration of punishments (Lim et al., 2021). This result aligns with 

studies showing decreased accuracy among cocaine users in avoiding an electric shock despite 

extensive training (Ersche et al., 2016) and in actively avoiding the disadvantageous deck on the 

IGT (Thompson et al., 2012). Withdrawal does not influence this effect; after cocaine users abstain 

for 72h, they show unchanged learning from large losses. (Wang et al., 2019). Collectively, these 

studies underscore a diminished sensitivity to financial and physical punishment among cocaine 

users. Yet, in an experimental design in which the negative outcome is the absence of financial 

gain, cocaine users had similar negative learning rates compared to controls (Lim et al., 2021), 

suggesting a distinction between punishment and an absence of reward, possibly arising from the 

saliency of the outcome. 

 RL modelling assesses both positive and negative learning rates in individuals. Cocaine 

users exhibit asymmetrical learning from positive and negative outcomes, with a slightly lesser 

reduction in learning rates for financial gains compared to losses (Lim et al., 2021). Interestingly, 

this reduction in learning from rewards is reversible; cocaine users asked to abstain for 72h showed 

an increase in positive learning rate (Wang et al., 2019). And while cocaine users initially showed 

decreased accuracy in identifying stimuli associated with positive feedback, extensive training was 

able to remediate that effect (Ersche et al., 2016). 
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 Altogether, cocaine users display a decrease in sensitivity to positive and negative 

outcomes, but the decrease in positive reinforcement learning can be reversed with abstinence and 

further training. Based on the resistance of cocaine users to negative reinforcement, therapeutic 

approaches need to focus on positive reinforcement to maintain abstinence. This effect reinforces 

the theory behind contingency management, which focuses on maintaining abstinence with food 

and service vouchers and has proven effective for treating CUD (Kampman, 2019).  

1.4 Limitations of clinical work and Outstanding Questions. 

1.4.1 Causality of Substance Use on RL Impairments 

Clinical studies have reported clear decision-making deficits among cocaine users compared 

to controls, with a stark decrease in the sensitivity to punishment and a smaller reduction in 

sensitivity to positive reinforcers. However, several limitations are to be noted. Due to the design 

of these studies, it is unclear whether such impairments are a consequence of CUD or a 

predisposition to developing one and whether these impairments progress with ongoing cocaine 

use. No differences in reinforcement learning parameters were reported between controls and 

patients with a more recent cocaine use disorder diagnosis (i.e., less than 4 years on average 

(Zühlsdorff et al., 2024)  versus 17.1 years (Wang et al., 2019) and 13.7 years (Lim et al., 2021) 

highlighting that decision-making deficits may arise with longer chronic cocaine exposure. 

Moreover, abstaining from drug use for several months (average of 2.73 months) renormalizes 

reinforcement learning rate parameters, unlike a 72h withdrawal period (Lim et al., 2021) . This 

pattern of results is reinforced by the correlation between duration of cocaine use and the strength 

of cognitive deficits on the IGT (Verdejo-Garcia et al., 2015). 
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1.4.2 SUD comorbidities and RL impairments 

SUDs frequently co-occur, complicating the analysis of their individual effect on decision-

making. Research indicates that alcohol, nicotine, methamphetamine, marijuana, heroin, and 

polysubstance users all present deficits on the IGT (Gowin et al., 2018), and subtle differences in 

RL parameters have been shown. Alcohol users display decreased positive learning rates and 

enhanced learning from negative outcomes (Bağci et al., 2022), in contrast with the dampened 

sensitivity to punishment among cocaine users (Ersche et al., 2016; Lim et al., 2021; Thompson et 

al., 2012). Patients with a past history of opioid use show no difference in learning rates or 

exploration, but a general tendency to repeat previous actions (Myers et al., 2016). Smokers 

however present with a similar phenotype as cocaine users. Lower learning rates for negative 

outcomes was found in current smokers compared to controls (Rai et al., 2019) and in smokers 

relapsing after abstinence (Baker et al., 2018). Additionally, decreased learning rates for positive 

outcomes were present in current and ex-smokers (Rai et al., 2019) as well as in abstaining smokers 

(Baker et al., 2018). Finally a study using a sample of mixed substance users reported that while 

substance users in general displayed lower learning rate from negative outcomes, stimulant users 

in particular had higher positive learning rates and greater exploration compared to individuals 

with other substance use diagnoses (Taylor et al., 2023). Overall, these studies point to impaired 

value-based decision-making in substance use disorders, with specific impairments varying with 

the substance abused. Stimulant users in particular may display different RL profile from other 

substance users (Bağci et al., 2022; Taylor et al., 2023). These findings may hint to substance-

specific effects on behaviour. While substances share common mechanisms, their precise effects 

vary at both the behavioural and neural levels (Volkow et al., 2019). Alternatively, it is possible 
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that these different RL deficits are not a consequence of SUDs, but rather a predisposition. 

Different RL profiles at baseline might draw individuals to abusing different substances. 

While all aforementioned studies on the impact of cocaine abuse on decision-making only 

included participants with cocaine as their main abused substances, most included individuals 

actively using cannabis, alcohol or tobacco. Due to the difficulties in finding samples of ‘pure’ 

users, the effect of cocaine uses, and other comorbid disorders cannot be disentangled. Due to the 

variety of RL impairments across substances, it is crucial to characterize substance effects to 

develop treatments adapted to individuals.  

SUD patients also have a high rate of comorbidities with anxiety disorders and depression 

(Bethesda, 2020), which are also associated with changes in reinforcement learning (Brown et al., 

2021). While clinical samples have the advantage of being more representative of the general 

population living with a CUD, they are confounded by co-diagnoses and differential patterns of 

substance use. Sample heterogeneity can be accounted for within studies, but drawing conclusions 

across studies is challenging. To answer questions regarding the evolution of decision-making 

deficits with cocaine intake, we hence turn towards pre-clinical models of SUDs. 

2. Chronic Cocaine Exposure and Decision-Making: Insights from Animal Models 

2.1 Modeling SUD and Assessing Decision-Making in Rodents. 

Rodent models of cocaine use disorders involve exposing animals to the drug through self-

administration, where they press a lever to self-infuse cocaine, or via experimenter-administered 

injections. Decision-making is assessed using simplified, rodent-adapted versions of human 

cognitive tasks. Instead of monetary gains or losses, palatable food serves as a positive reinforcer, 

and bitter food or electric shocks serve as punishment. 
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2.2. Reinforcement Learning Impairments as a Consequence of Chronic Cocaine Exposure. 

Chronic cocaine exposure has been shown to cause decision-making deficits in rodents. 

After seven to fourteen days of cocaine treatment and up to four weeks of abstinence, both mice 

and rats displayed impaired performance on reversal learning paradigms and perseverative 

responses to devalued outcomes, whether cocaine was self-administered (Bechard et al., 2018; 

Calu et al., 2007) or injected (Himanshu Gangal et al., 2023; Krueger et al., 2009; LeBlanc et al., 

2013; McCracken & Grace, 2013; Schoenbaum et al., 2004; Schoenbaum & Setlow, 2005). 

Interestingly, individual differences were reported in the rodent IGT, as only a subset of rats 

showed decreased choice of the advantageous option after 19 days of self-administration. Impaired 

and non-impaired animals had similar cocaine intake and escalation rate, but impaired rats were 

more susceptible to relapse (Cocker et al., 2020). This evidence suggests a direct causal effect of 

chronic cocaine exposure on decision-making, with deficits predicting relapse susceptibility. 

Consistent findings across exposure protocols indicate that all patterns of cocaine use impact 

decision-making, with individual differences in the severity of these deficits. 

RL models can be used to analyze rodent behavior and extract parameter estimates. Studies 

report that rats with low and high escalation of cocaine self-administration over six days had 

different learning strategies eight days later. High-escalation rats were less accurate in adjusting 

behavior after negative reinforcement compared to both the low escalation group and controls. 

Although RL modeling showed no difference in sensitivity to reinforcers, high-escalation rats 

failed to exploit learned options and tended to repeat actions (Zhukovsky et al., 2019). After 21 

days of self-administration, rats similarly showed decreased behavioral adjustment following 

negative reinforcement, which was reflected in decreased sensitivity to negative reinforcement in 

RL models  (Groman et al., 2020a). Rodent models highlight a decreased ability to learn from 
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negative reinforcement due to substance exposure, mirroring the reduced punishment learning seen 

in clinical samples. Cocaine users only showed decreased learning from financial loss or electric 

shocks, but not from the absence of financial outcomes (Ersche et al., 2016; Lim et al., 2021; 

Thompson et al., 2012). In contrast, rats showed impaired adjustment following the absence of a 

food reward  (Groman et al., 2020a, Zhukovsky et al., 2019). Since rats are food-restricted, the 

absence of food reward may be more salient than the absence of a loss/win for humans. 

2.3. Reinforcement Learning Impairments as a Predisposition to Chronic Cocaine 

Exposure. 

 The predisposing effects of suboptimal decision-making on future substance use are 

measured in rodents by assessing decision-making prior to administering cocaine. Studies have 

shown that only the rats that prefer riskier options on a gambling  task at baseline showed further 

performance deterioration following cocaine self-administration as well as greater incubation of 

craving after 30 days of withdrawal (Ferland & Winstanley, 2017). Similarly poor performance on 

a PRL task predicted greater future escalation in cocaine-self-administration in rats (Groman et al., 

2020b). Thus, suboptimal decision-making at baseline may predispose one to developing an SUD 

later on. 

RL modeling studies on patients with cocaine use disorders show a stark decrease in 

sensitivity to punishment and a marginal reversible decrease in positive reinforcer sensitivity. 

Modeling of rats’ behavior on a PRL task at baseline showed that a lower sensitivity to positive 

but not negative reinforcement was negatively correlated with future escalation of use, such that a 

lower sensitivity to rewards predicted greater escalation of cocaine self-administration (Groman 

et al., 2020b). The same laboratory trained a cohort of rats to perform a PRL task during 

adolescence and compared their learning trajectory with cocaine self-administration in adulthood. 
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Rats that showed a smaller increase in sensitivity to positive reinforcement in adolescence 

displayed greater escalation in adulthood, highlighting a causal link between the development of 

a reinforcement learning strategy and cocaine abuse (Villiamma et al., 2022). Preclinical research 

parallels clinical findings that show individuals with cocaine use disorders had reduced learning 

from positive non-drug reinforcers, suggesting this deficit may predispose them to developing an 

SUD. 

2.4. Outstanding Questions. 

 Preclinical research has thus revealed a causal link between impaired positive 

reinforcement learning and future escalation in cocaine use as well as between cocaine exposure 

and the later development of negative reinforcement learning impairments. However, several 

questions remain. First, the presented work has not characterized the development of impairments 

throughout chronic cocaine exposure, only prior to or after. CUD patients are faced with choices 

in their daily life, and concurrent drug use while navigating complex environments may exacerbate 

the impact of drug use on decision-making. It is also possible that impairments in decision making 

evolve throughout cocaine exposure. Additionally, none of the aforementioned work has explored 

sex as a meaningful variable with respect to the effect of cocaine on RL, despite sex and gender 

differences in the presentation of SUDs and in healthy decision-making. 

3. Sex-Differences in SUDs and Decision-Making. 

3.1 Gender and Sex Differences in SUDs. 

 SUDs are more prevalent among men than women worldwide, with an estimated 2.3 to 1.5 

higher ratio of SUD in men compared to women (Degenhardt et al., 2018). Out of the 5.8 million 

cases of cocaine use disorders in 2016 worldwide, 68% were men (Degenhardt et al., 2018). 
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However, this gender gap has been narrowing, and countries with lower traditional gender role are 

associated with a smaller gender gap in SUD prevalence (Seedat et al., 2009). Women transition 

from first substance use to abuse faster than men (Becker et al., 2017). A similar effect of sex has 

been reported in rodents; females showed faster escalation and greater intake of cocaine than 

males, and they required lower doses to develop a preference for a spatial location associated with 

cocaine exposure (Becker & Koob, 2016).Women are also more likely to relapse than men, have 

shorter periods of abstinence, display greater withdraw symptoms  with parallel findings in rodents 

(Becker et al., 2017). Despite a clear impact of sex and gender on the trajectory of SUDs, both 

clinical and preclinical studies have extensively focused on males.  

3.2 Gender and Sex Differences in RL. 

 Gender and sex-differences have been reported in baseline decision-making. Men 

choose more cards from the advantageous deck than women on the first 100 trials of the IGT, but 

women reach the same level after an additional 40-60 trials on average (Van Den Bos et al., 2013). 

A similar pattern was reported in rats tested on the rodent IGT (Van Den Bos et al., 2012). This, 

however, does not indicate faster learning overall in males. In fact, female mice have been shown 

to acquire a probabilistic decision-making task faster than males and display alternative learning 

trajectories over time (Chen, Ebitz, et al., 2021). Furthermore, despite showing similar accuracy 

once the task is acquired, males and females employ different learning strategies, with males 

exhibiting greater exploration and reduced outcome integration Chen, Knep, et al., 2021). The 

evidence suggests not better learning overall in a specific sex, but rather sex differences in 

behavioral and learning strategies. 
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Research has shown sex-differences in animals’ sensitivity to positive and negative 

reinforcement. While female mice display similar speed of acquisition of responding for sucrose 

reinforcers as males, they are slower learn to avoid a foot shock (Kutlu et al., 2020). This research 

indicates there is lower negative reinforcement learning rates among females, but contrasting 

evidence has been demonstrated when animals have to weigh rewards over punishment. In a task 

in which animals have the choice between a food reinforcer presented concurrently with a foot 

shock (dubbed as a ‘riksy’ option) and a safer but smaller reinforcer, females display increased risk 

aversion. Female mice and rats are less likely than males to choose a reward associated with a risk 

of footshock (Islas-Preciado et al., 2020; Kutlu et al., 2020; Liley et al., 2019; Orsini et al., 2016) 

3.3 Sex Differences in SUD & Decision-Making. 

 The impact of sex on cocaine-induced decision-making is an understudied area, despite 

clear sex differences in cocaine administration behaviour and baseline decision-making. Among 

current cocaine users, women displayed greater deficits on the IGT than men (Van Der Plas et al., 

2009). Abstinence may, however, similarly impact males and females, as 14 days of abstinence 

from cocaine self-administration similarly increased risky decision-making in male and female 

rats. (Blaes et al., 2022). Individuals differences in decision-making at baseline differentially 

impacted future cocaine intake across sexes; risk aversion predicted future increase in cocaine self-

administration in females but not male rats (Orsini et al., 2020). Altogether, the current evidence 

points to potential impact of sex on mediating cocaine-induced decision-making deficits, but too 

little work has been conducted to draw clear conclusions. Furthermore, current work has primarily 

focused on sex-differences in risk-taking behaviour in tasks where reward is weighed against the 

possibility of punishment, but not in tasks where the negative outcome is an absence of reward. 
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4. Aims & Hypotheses 

Preventing relapse remains an outstanding issue in the treatment of cocaine use disorders. 

Chronic exposure to cocaine has been associated with impairments in flexible decision-making 

when working for natural reinforcers in both humans and animals (Bechard et al., 2018; Ersche et 

al., 2008) with specific deficits in positive and negative reinforcement learning (Groman et al., 

2020a; Groman et al., 2020b). However, no work until now has looked at how impairments can 

change with training throughout cocaine exposure. Cocaine users are constantly faced with 

everyday choices while using substances, and their reinforcement learning strategy may change 

with ongoing drug exposure during task training.  Another underexplored avenue of research is the 

impact of biological sex on cocaine-induced reinforcement learning deficits. Males and females 

use different decision-making strategy in baseline conditions (Kutlu et al., 2020), and behaviour is 

differentially impacted by cocaine exposure (Van Der Plas et al., 2009). Sex is hence a potential 

mediator for the impact of cocaine on decision- making. 

The experiments presented here aim to 1) characterize sex-differences in learning 

trajectories on a reversal learning paradigm and 2) identify the impact of chronic cocaine exposure 

on reinforcement learning in a sex and time dependent manner. To this end, wild-type C57BL/6J 

male and female were trained to perform a probabilistic reversal learning (PRL) task. 

Performances during task training are contrasted across sexes to identify sex-differences in 

learning. Following acquisition of the PRL task, mice were injected with 20mg/kg cocaine or saline 

for 14 consecutive days. Testing on the PRL was maintained throughout cocaine exposure and 

occurred 1h prior to the daily drug injections. Mice were then subjected to 14 days of forced 

abstinence from cocaine and tested for an additional week on the PRL task to identify potential 

long-term effect of cocaine on decision-making. 
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Methods 

Animals. 

All animals used in the present study were C57BL/6 wild-type mice (N=28, F=11, M=17, 

6-8 weeks of age), group housed in standard laboratory conditions with a reversed 12-hour 

light/dark cycle and an ad libitum diet. All experiments were conducted in accordance with the 

Canadian Council of Animal Care and the McGill Animal Care Committee. 

Apparatus. 

Mice were trained in sound attenuating chambers that had levers available on either side 

of a centrally located food receptacle (Med Associates). A houselight was located on the opposite 

side of the chamber. All behavioral data were collected using Med Associates software. 

Pre-Training. 

 The training for the behavioral task was divided into two phases: habituation and fixed 

ratio (FR) schedule of reinforcement. During habituation, all mice were first exposed to 10% 

sweet-condensed milk (SCM) in their home cage for three hours, one hour into their dark-light 

cycle, for three consecutive days. Mice were then habituated to the testing chambers for one 35-

minute session while a 10% SCM solution was freely available in the food receptacle. Licking in 

the food receptacle was paired with illumination of the food port. In the next phase of training, 

mice were again placed in the operant box and reward delivery was contingent on lever pressing 

on either of the two lever according to a fixed ratio (FR1) schedule of reinforcement. Both levers 

extended at the start of the trial and retracted for 3 seconds after a lever press or after 60s elapsed. 

Delivery of SCM was paired with illumination of the central food receptacle. All mice were trained 

for 2h hour daily until they made a lever press on at least 40% of trials within a session. Subsequent 

sessions were 35 minutes long, with an engagement criterion set to answering at least 65% of trials.  
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Deterministic Reversal Learning Task. 

Training sessions on the deterministic reversal learning (DRL) task were limited to one 

hour. Both levers were extended for 20 seconds maximum with a 3s ITI. The reinforcement 

probabilities of the two levers were set to 100% and 0%. A lever press on the non-reinforced lever 

was punished by the illumination of the house light for 3 seconds. Correct lever presses were 

reinforced by the illumination of the food port for 3s along with the delivery of 10% SCM. Lever 

reinforcement probabilities reversed after 5 consecutive presses on the reinforced lever.  

Probabilistic Reversal Learning Task 

 All mice were tested for 1h daily on a Probabilistic Reversal Learning (PRL) task. Two 

levers on each side of the food port extended at a start of each trial. The levers retracted for 3 

seconds following a press of either lever or after 20 seconds elapsed. The two levers had a 

probability of reinforcement of 80% and 20%. These probabilities reverse after 5 consecutive 

presses on the high probability lever. Reinforced lever presses triggered delivery 10% SCM and 

illumination of the food receptacle. Non-reinforced lever presses were punished by illumination 

of the house light for 3 seconds.  

Injection Protocol 

All mice were injected with saline at the end of each week of initial training to habituate 

them to injections. During the experiment, mice were administered with an intraperitoneal 

injection of either saline (N=10, F=6) or 20mg/kg cocaine hydrochloride (N=10, F=5) in a 10 

ml/kg injection volume dissolved in saline. Injections occurred daily for 14 days, 1 hour after 

testing on the PRL. Locomotor activity was recorded for 25 minutes post-injections. 

Tasks Variables. 
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Task variables included number of reversals completed, number of rewards earned, number 

of lever presses, reaction times (defined as time elapsed since the start of the trial and the first lever 

press), and reward collection latency (defined as time elapsed between lever press and first head-

entry in the central food port). Additionally, side bias was computed as 
|𝑃𝑟𝑒𝑠𝑠𝑙𝑒𝑓𝑡−𝑃𝑟𝑒𝑠𝑠𝑟𝑖𝑔ℎ𝑡|

𝑃𝑟𝑒𝑠𝑠𝑙𝑒𝑓𝑡+𝑟𝑖𝑔ℎ𝑡
 . Win-

stay and lose shift ratios were defined as the average probability of pressing the same lever twice 

given the previous trial outcome. 

Statistical Analyses of Sex-Differences in DRL. 

 All statistical analyses were conducted through custom python and R scripts. Data 

visualization and plotting were performed using the seaborn library in python (Waskom, 2021). To 

assess sex differences in learning over sessions, linear mixed-effects models were fit on session-

average data in R using the lme4 package (Bates et al., 2015), optimizing the restricted maximum 

likelihood. Equation 1 describes the model used to model variable Y of mouse i on session j with 

a random intercept 𝜇 for each mouse i and a residual error 𝜖𝑖,𝑗. 

𝑌𝑖,𝑗 = β0 + β1𝑆𝑒𝑥𝑖 + β2𝑆𝑒𝑠𝑠𝑖𝑜𝑛𝑗 + β3(𝑆𝑒𝑥𝑖  𝑥 𝑆𝑒𝑠𝑠𝑖𝑜𝑛𝑗) + μ𝑖 + ϵ𝑖,𝑗                       (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1)  

𝛽0, 𝛽1, 𝛽2, and 𝛽3 correspond, respectively, to the intercept, the differences in Y of males relative 

to females across sessions, the slope of change of Y over sessions across sexes, and the interaction 

of sex and session. The significance of coefficients was assessed using t-tests computed with 

Satterthwaite's method.  

 For trial-by-trial analyses of performance following reversals, the 4 trial sequences 

following reversals were extracted, ensuring they did not overlap with the 4 trials preceding 

reversals. Generalised-linear mixed effect models (GLMMs) were fit by maximum likelihood 

independently on each training session to predict reward (R) as a function of the number of trials 
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elapsed since reversal and sex, with random effects of 𝑢𝑘
(1)

 reversal and 𝑢𝑖
(2)

 mouse. Equation 2 

describes model formulation to compute the probability of earning a reward R at trial t for reversal 

k and mouse i. 

𝑃(𝑅𝑖𝑡𝑘 = 1) =
1

1 + exp (−(β0 + β1Sex𝑖 + β2trials𝑡 + β3(Sex𝑖 × trials𝑡) + 𝑢𝑘
(1)

+ 𝑢𝑖
(2)

))
  

(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2) 

 

Statistical Analyses of Cocaine Effects on PRL. 

All statistical analyses were conducted in custom python and R scripts. Sessions were 

binned into 4 time points: Baseline (the first seven sessions), Week 1 (the first seven sessions 

following drug injections), Week 2 (the next seven sessions following drug injections), and Post-

Abstinence (the 5 sessions following abstinence). Linear mixed-effect models were used to 

compare drug group, sex, time as well as their three-way interactions on task variables, with 

random effects of sessions and mouse. The behaviour of males and females were only graphed 

separately if a significant interaction with sex was detected. The data was otherwise combined to 

improve the statistical power of the analyses. 

Reinforcement Learning Modelling. 

The choice behaviour of mice in the PRL task across sessions was concatenated across 

time points and modelled with a double Q-learning model with forgetting (DQF). This model fit 

better than other reinforcement learning models, with lower Akaike Criterion’s Criteria (see 

Supplemental Material, Table 1 and Figure 1 and 2). Value-updating of each lever L at trial t is 
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described in Equation 3. Three learning rates were used: a positive learning rate ∝+, a negative 

learning rate ∝−, and a forgetting rate ∝𝑓, as described in equation 3.  

 

  

 𝑟𝑡 corresponds to the reward earned at trial t, 𝑎𝑡 corresponds to the action chosen at trial t. 

Actions were determined according to a softmax policy (Equation 4). The inverse temperature β 

controls the degree of exploration. 

 

 

Parameters were fit to the data via maximisation of the log likelihood. 

 

  

(Equation 3) 

(Equation 4) 
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Chapter 1: Sex-Difference in Learning. 

Background. 

Value-based decision making requires estimating the subjective values of available options 

and taking decisions accordingly. To navigate complex and changing environments, humans and 

animals alike need to identify relevant cues and update cue-outcome associations by integrating 

new evidence. This type of flexible decision-making is necessary to adapt to changes in cue-

outcome contingencies. Impaired decision-making has been associated with many psychiatric 

disorders such as substance use disorders, major-depressive disorders, and schizophrenia (Caceda 

et al., 2014). Despite clinical and pre-clinical work having demonstrated sex-difference in the 

expression of these pathologies (Bangasser et al., 2021; Becker et al., 2017), females are still 

underrepresented in the study of flexible decision-making, so results and conclusions may only be 

applicable to males. 

Rodent research has reported sex-differences in learning sensitivity from positive and 

negative outcomes. Females have been reported to be more motivated than males to self-administer 

both drug and non-drug rewards (Becker, 2008; Hu et al., 2004; Kutlu et al., 2020). Conversely, 

females are slower to learn to avoid shocks (Kutlu et al., 2020). While this indicates that females 

have enhanced and decreased sensitivity to positive and negative reinforcement, respectively, 

females have been demonstrated to weigh outcomes differently when faced with conflict. Female 

mice and rats are less likely than males to choose a larger reward associated with risk of foot shock 

over a safer, smaller reward (Islas-Preciado et al., 2020; Kutlu et al., 2020; Liley et al., 2019; Orsini 

et al., 2016), hence displaying increased risk-avoidance behaviour. Altogether, sex-differences in 

decision-making are a complex interaction of available choices, with greater sensitivity to reward 

and lower sensitivity to punishment when presented individually, but a preference for smaller, safer 

rewards over larger, riskier rewards when punishment and reward are presented concurrently. 
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These interactions between punishment and rewards raise the question of how males and 

females differ in decision-making in more ‘naturalistic’ settings, in which the punishment is not 

physical. In tasks where mice learn to associate visual cues with probabilistic delivery of rewards 

and wrong choices are punished by the absence of reward, female mice display faster task 

acquisition and are more likely to employ a systematic strategy over time. In contrast, males switch 

choices more often and are more likely to base their choices on the previous outcome. Females 

further display less explorative choices, faster integration of outcomes, and more adaptive 

adjustment of behaviour following previous trial outcomes (Chen, Ebitz, et al., 2021; Chen, Knep, 

et al., 2021) 

Aims. 

Prior work points to clear sex-differences in learning strategies in spite the absence of 

physical punishment. Here, we aim to investigate how male and female mice adapt their behaviour 

to changing contingencies in a reversal learning paradigm, in which the location of a reinforced 

lever reverses over time. Additionally, males and females in the aforementioned studies were food-

restricted to increase motivation and task engagement, which may make the absence of reward 

more akin to a physical punishment. Further, these prior results might be biased by the confound 

that females are more willing than males to decrease their daily water and food intake. In an 

experimental setting where rats were housed in an environment where their nest was safe but 

resources were only available by traveling through an area that randomly delivered shocks, female 

but not male rats decreased their meal size and arrested their weight gains (Pellman et al, 2017), 

which is indicative of different valuation of metabolic needs over punishments. 

In this current experiment, ad libitum fed male and female C57BL6/J mice were trained to 

perform a deterministic reversal learning task (DRL) for 10 sessions. By comparing the rate of 
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task acquisition and sensitivity to trial outcomes across sexes we demonstrate that females have 

faster learning rates and better performance following reversals. 
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Results 

1. Males and Females Acquire an Appetitive Response at a Similar Rate. 

Ad libitum fed wild-type male and female mice (N=27, F=11) were trained on a fixed ratio of 

reinforcement (FR1) schedule of reinforcement to acquire lever pressing behaviour. Trials started 

with the extension of two identical levers, which when pressed triggered the delivery of 10% 

sweet-condensed milk in the central food port, along with illumination of a cue light. The first 

three sessions were 2h long, and the following nine sessions lasted 30 minutes.  

Lever pressing behaviour was acquired at a similar rate in both sexes during both the 2h 

(Figure 1.A) and 30 minute sessions (Figure 1.B) (linear mixed-effect models, 2h sessions: main 

effect of Session: β=44.071 p<0.001; Sex: β=19.3843, p=0.598; Sex x Session interaction: β=-

12.024, p=30.784; 30 minutes sessions: main effect of Session: β=4.365, p<0.001; Sex: β=3.547, 

p=0.657; Sex x Session interaction: β=-1.509, p=0.0.90), with no sex-differences in side bias 

(Supplementary Figure 3). While the reaction time, defined as the latency between trial start and 

lever press, did not significantly differ between the sexes (Supplementary Figure 3), females 

displayed a faster decrease in their latencies to retrieve rewards following a lever press than males 
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during the 30 minutes sessions (30 minutes sessions: Session: β=-0.15177  , p<0.001; Sex: 

β=0.0475, p=0.875; Sex x Session: β=-0.099, p=0.003; post-hoc, females vs males t(2.966)=0.198, 

p=0.003). As reward delivery in the central food port is indicated by a 3s light cue immediately 

following a lever press, a faster latency to retrieve rewards among females may indicate higher 

certainty about visual cue-outcome association.  

2. Females Perform Better on a Reversal Learning Task. 

Following acquisition of lever pressing behaviour, all mice were trained on a reversal learning 

(RL) task for 10 sessions of 1 hour. During each session, one lever was randomly selected to be 

inactive. Lever presses on the inactive lever were punished by illumination of the house light for 

3 seconds. The reinforced and non-reinforced lever locations reversed following 5 consecutive 

presses on the active lever (Figure 2.A.) The location of the active lever was not cued in any way 

so the most relevant consideration for the decision of which lever to press was the outcome of 

previous trials. 

All mice learn to perform the task during training, with a similar increase between the sexes in 

both the number of reversals performed and number of rewards earned per session over time. While 

both males and females displayed similar learning rates, females performed better overall than 

males (Figure 2.B.; Reversals: fixed effect of Session, β=1.106, p<0.001; Sex: β =2.749, p=0. 099; 

Figure 1. Training Sessions of FR1. Lever presses similarly increased in both sexes over A, 2h 

long sessions (p<0.001), and B, 30 minutes sessions (p<0.001). No sex-differences were detected 

in either session types. C, The latency to retrieve rewards did not change over time or vary as a 

function of sex during the 2h session. D, Females showed a faster decrease in their latency to 

retrieve rewards over the 30min training sessions. (p=0.003) 
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no Sex x Session interaction β=-0.143, p=0.141; Figure 2.C; Rewards: fixed effect of Session, 

β=6.650 p<0.001, Sex: β=11.624, p=0.028; no Sex x Session interaction: β=-0.030, p=0.954). 

Higher rates of reward were not associated with increased engagement in the task, as rates of lever 

pressing similarly increased across sessions in both sexes (Figure 2.D; main effect of Session, 

β=4.853, p<0.001; no main effect of Sex, β=7.437. p=0.631, nor interaction: β=-0.768. p=0.458).  

 We next investigated whether males earned less rewards because they adapted poorly to 

contingency reversals. To analyze trial-by-trial changes in behaviour following reversals, 

generalized linear mixed effect models (GLMMs) were fit to predict the probability of earning 

rewards as a function of the number of trials passed following reversals as a function of sex (see 

Methods). During the first session of DRL, males and females displayed different performance 

Figure 2. Task performance and engagement over sessions. A. Design of the deterministic 

reversal learning task. B. The number of reversals increased over training (p<0.001), with 

females achieving more reversals on average than males (p=0.001). C. The number of rewards 

earned increased over training (p<0.001), with females earning more rewards on average than 

males (p=0.028). D. The number of lever presses increased over sessions (p=0.011), but no sex-

differences were detected (p=0.631) 
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trajectories following reversals. While females slightly increased their probability of earning 

rewards over trials, males showed the opposite patterns and performed more poorly over trials 

(Figure 3.A and B, GLMM, Trials, β=0.219, p=0.0492; Sex, β=1.132. p<0.001; Sex x Trial 

interaction, β=-0.3861. p=0.021, 𝑓emales vs males coefficients, z =2.299=p=0.021). However, by 

session two, both males and females showed similar learning curves following reversals, with 

increases in the probability of earning rewards over trials (Figure 3.A, Trials, β=0.350, p=0.001; 

Sex, β=0.533. p=0.233, Sex x Trials, β=-0.138, p=0.474). Mice continued to show increases in the 

probability of earning rewards over trials over the next few sessions, with no effect of sex. 

However, females showed steeper slope of adjustment by the last three sessions. with significantly 

faster adaptation to reversals than males (Figure 3.A and C, Session 10: Trials, β=0.767, p<0.001; 

Sex, β=0.187. p=0.550; Sex x Trials, β=-0.247, p=0.030, females vs males coefficients, z =2.1659, 

p=0.030). Therefore, males are initially worse than females to adapt to reversals but learn to adjust 

their behaviour with training. Females, however, display faster adjustment to contingency reversals 

over the last sessions. 
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3. Sex-Differences in Outcome Modulation of Behaviour. 

Females displayed better adjustment to changes in task contingencies than males. We next 

investigated whether an underlying reason might be differential sensitivities to previous trial 

outcomes between sexes.  Adaptive navigation of the RL task requires choice perseveration when 

the chosen lever is reinforced and a shift to the alternative lever when the chosen favored is not 

reinforced, which corresponds to a lower probability of pressing the same lever following lack of 

reinforcement (Lose-Stay) and a higher probability of pressing the same lever following reinforced 

trials (Win-Stay). Within the first three sessions, females had an initial higher win-stay ratio than 

males.  While win-stay behaviour increased over sessions in both sexes, males displayed a faster 

rate of increase (Figure 4A; linear mixed effect model; fixed effect of Session, β=0.014, p<0.001; 

Sex, β=0.048. p=0.013; Sex x Session interaction: β=-0.0037, p=0.024; post-hoc test, females vs 

males, t(241) =-2.277)=p=0.024). Females were additionally faster to retrieve rewards overall 

following a reinforced lever press (Figure 4D; Sex: β=-1.788, p=0.004; Session: β=-0.289, 

Figure 3. Sex-differences in Speed of Performance Adjustment Following Reversals.  

GLMMs were fit on each training session independently of whether the mouse earned a reward 

at that trial, as a function of sex and the number of trials following reversals . A. GLMM 

coefficient for the trial number, representing the slope of learning, in males and females across 

sessions. Males displayed slower learning rates during sessions 1, 8, 9 and 10. B. During the first 

session, males and females differentially adjust their behaviour (p=0.02). Males were less likely 

to earn a reward as trials increased, whereas females were increasingly more likely to earn a 

reward. C. In the final session of DRL, both sexes displayed an increased in performance 

following reversals, but there was a steeper slope among females (p<0.004). 
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p<0.001; no Sex x Session interaction, β=0.070. p=0.281) and were faster to press a lever following 

a reinforced trial (Figure 4C; Sex: β=-0.545, p=0.012; Session: β=-0.179 p<0.001, no Sex x 

Session interaction: β=0.023, p=0.245). Overall, female mice were better at adjusting their 

behaviour following positive reinforcement than males. They displayed more correct choices 

following reinforced trials, faster reaction times to the visual cue indicating reward delivery, and 

more adaptive integration of previous rewards when making subsequent choices. 

Following lack of reinforcement, females were able to accurately learn to shift responding to 

the other lever across sessions, while males continued to display perseverative behaviour. Lose-

Stay ratios decreased over time in females but increased in males (Figure 4B; Sex: β=0.011, 

p=0.484; Session: β=-0.003, p=0.169; Sex x Session: β=-0.004 p=0.017; post-hoc, females vs 

males coefficients, t(241) =-2.404)=p=0.017). The reaction time following non-reinforced trials 

was similar in both sexes and did not change over time (Sex: β=0.098 p=0.635; Session: β=-0.045, 

p=0.0733; Sex x Session: β=0.022 p=0.382).  

 

  

Figure 4. Sex-Differences in Outcome Modulation of Behaviour. A. Win-stay ratios increased 

at a faster rate in males compared to females (p=0.024) B. Lose-stay ratios increased over sessions 

among males but decreased among females (p=0.017). C.  Males were slower than females on 

average to press a lever following a reinforced trial (p=0.012) D. Males displayed slower reward 

collection latency on average (p=0.004). 
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 Conclusion 

 Wild-type male and female mice were trained to perform a deterministic reversal learning 

task (DRL) in which one lever is reinforced by the delivery of sweet-condensed milk and 

illumination of the food port while the other is punished by a cue light. Active and inactive lever 

locations reverse following 5 consecutive presses on the reinforced lever. While both sexes 

acquired the task at the same rate, females performed better overall. They earned more rewards 

per session and were faster at adjusting their behaviour following a reversal by the last session of 

training. No sex-differences in task engagement where detected. Higher performance in females 

was in part attributed to better integration of positive reinforcement. Females were faster to react 

to a cue predicting reward delivery and to make a subsequent decision following reward delivery. 

While females were able to develop a win-stay lose-shift strategy over time, males persisted in 

displaying maladaptive lose-stay behaviour. Overall, these results highlight sex-differences in 

learning to navigate a complex environment in the absence of food-restriction. Males and females 

displayed distinct development of learning strategies over time and different reactivity to reward 

delivery. 
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Chapter 2: Chronic Cocaine Exposure Impairs Decision-Making on a Probabilistic 

Reversal Learning Task in a Sex and Time-dependent Manner. 

Background.  

5,8 million cases of Cocaine Use Disorders (CUDs) were reported in 2016 (Degenhardt et 

al., 2018). Despite the development of behavioural-based treatments, relapse remains a challenge. 

The relapse rate among cocaine users following treatments is 60-70% (Bisaga et al., 2010). 

Impaired decision-making is a core feature of CUD. CUD patients display impaired sensitivity to 

the consequences of their choices, even when working for non-drug associated rewards (Balconi 

et al., 2014; Barry & Petry, 2008; Kjome et al., 2010; Nigro et al., 2021; Verdejo-Garcia et al., 

2007), with worse decision-making impairments predictive of higher relapse rate (Nejtek et al., 

2013; Schmitz et al., 2009; Verdejo-Garcia et al., 2014). Better characterization of the altered 

decision-making processes associated with chronic cocaine exposure is needed to develop more 

targeted behavioural treatments for CUD. 

 Computational psychiatry is a novel field aimed at using computational modeling to 

provide a mechanistic description of behaviour. Reinforcement Learning (RL) models have been 

instrumental in providing additional insight into the impaired processes in CUD. Clinical work has 

highlighted a decrease in both negative and positive learning rates in CUD patients compared to 

controls (Lim et al., 2021), with abstinence selectively remediating impaired positive learning rates 

(Wang et al., 2020). Rodent models of CUD have demonstrated that lower positive learning rates 

at baseline predict future increases in cocaine self-administration (Groman et al., 2020a), whereas 

lower negative learning rates were found to decrease following chronic cocaine exposure (Groman 

et al., 2020b).  
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 While the aforementioned work demonstrated a link between chronic cocaine exposure and 

altered processing of negative and positive outcomes, several outstanding questions remain. First, 

sex has not been investigated as a meaningful variable in mediating the impact of cocaine on 

reinforcement learning. Sex and gender differences have, however, been reported in the 

presentation of SUD (Becker, 2012) and baseline decision-making (Kutlu et al, 2020), highlighting 

the potential for sex-differences in cocaine-affected decision-making. Secondly, the evolution of 

deficits over the course of cocaine exposure has not yet been investigated. As individuals are 

continuously navigating the world throughout their cocaine consumption, it is crucial to understand 

precisely how daily exposure to substances interacts with everyday decisions. 

Aims and Hypotheses. 

 Decision-making of male and female C57BL/6J wild-type mice was assessed on a 

probabilistic reversal learning task throughout fourteen daily injections of cocaine or saline and 

following two weeks of forced abstinence. The overarching aim of this experiment is to 

characterize changes in learning from positive and negative reinforcement across sexes and 

cocaine administration. Based on previous literature, we expected learning from negative 

outcomes to decrease over time in a sex-dependent manner. 
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Results 

1. Mice Learn to Perform a Probabilistic Reversal Learning Task. 

C57BL/6J wild-type mice (N=28, F=11, 6-7 weeks old) were trained to perform a Probabilistic 

Reversal Learning (PRL) task. Initially, all mice acquired a lever pressing response on a Fixed 

Ratio 1 (FR1) schedule reinforced by 10% sweet-condensed milk. Task engagement increased over 

sessions (Figure 1.B; Linear Mixed-Effect Model (LMM), 𝛽𝑠𝑒𝑠𝑠𝑖𝑜𝑛 = 0.020, 𝑝 < 0.001), with an 

average response rate of 54% (SD=12%) by the last session. Following FR1 training, one lever 

was inactivated for Deterministic Reversal Learning (DRL) task training. The inactive and active 

lever locations reversed following 5 consecutive presses on the active lever. Responding increased 

throughout training (Figure 1.B; LMM, 𝛽𝑠𝑒𝑠𝑠𝑖𝑜𝑛 = 0.005, 𝑝 < 0.001; overall mean fraction of 

answered trials=73±33%)  as did the probability of pressing the reinforced lever (Figure 1.C; 

LMM, 𝛽𝑠𝑒𝑠𝑠𝑖𝑜𝑛 = 0.017, 𝑝 < 0.001, mean P(Correct Choice) on the last session=49±10%), 

indicating that mice learned to adapt their behaviour following reversals. However, females 

performed better than males on average (LMM, 𝛽𝑠𝑒𝑥 = 0.038, 𝑝 = 0.030). 
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Following DRL, decision-making was assessed using a PRL task in which 80% of presses on 

the “correct lever” were reinforced and 20% of presses on the “incorrect lever” were reinforced. 

Similar to the DRL task, probabilities reversed following 5 consecutive presses on the correct lever. 

Mice showed high-task engagement over the last 7 training sessions (Figure 1C; mean fraction of 

answered trials=80±8%, mean number of lever presses=323±83). A subset of mice displayed 

below chance-level choice accuracy (N=6, F=1; Figure 2.A and B). Learners (i.e., mice that 

pressed the correct lever above chance-levels) were kept for further analyses (N=22, F=10; average 

P(correct choice) =0.57±0.04). Learners adaptively adjusted behaviour based on the outcome of 

previous trials and had a higher probability of repeating their choice following rewarded trials, 

with no effect of sex (Figure 2C; two-way ANOVA, main effect of previous outcome: 

F(1,52)=53.748, p<0.001; Sex: F(1, 52)=1.731, p=0.194; Sex x Outcome: F(1,52): 3.244, 

p=0.077). Conversely, non-learners displayed perseverative behaviour regardless of trial outcome 

(Figure 2D; t(5)=-0.35, p=0.741; not enough females to test for sex-differences). While further 

Figure 1. A. Training Protocol. B. Task engagement increased over training sessions. C. The 

probability of pressing the reinforced lever increased over training sessions. 
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characterization of the behaviour of non-learners could help understand individual differences in 

learning; the aim of the present experiment is to identify changes in decision-making following 

chronic cocaine exposure. Non-learners were hence excluded from further analyses to focus on the 

population of mice that learnt to perform the task and in which changes in decision-making could 

be observed.  

2. Chronic cocaine exposure impairs decision-making 

To characterize changes in decision-making throughout chronic cocaine exposure, mice were 

administered either 20 mg/kg i.p. injections of cocaine (N=10,F=6) or saline (N=10, F=5) for 14 

daily sessions (Figure 3.A). Injections were administered one hour after testing on the PRL, such 

Figure 2. Baseline performances on the PRL task. A. Average probability of making a correct 

choice on the PRL task. A subset of mice (N=6) performed below chance-level. B. Probability 

of making a correct choice during baseline sessions of the PRL task for learners and non-learners. 

C. Learners adaptively adjusted choice behavior based on previous trial outcomes. D. Non-

learners displayed perseverative behaviour irrespective of previous trial outcomes. 
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that decision-making was assessed 23 hours after each injection to avoid the confounding influence 

of the acute effects of cocaine. Following two weeks of injections, all mice underwent a two-week 

period of forced abstinence during which both injections and PRL testing stopped. Decision-

making was then assessed for one additional week following abstinence to characterize the long-

term impacts of chronic cocaine exposure. Cocaine injections acutely increased locomotor activity 

over 25 minutes following injections in a sex and time dependent manner. Both males and females 

showed increased locomotion following cocaine injections, with an enhanced effect of cocaine in 

females compared to males during the second week of injection only (Figure 3.B and C, LMM, 

Drug x Sex x Week: F(1, 329.05)=18.717, p<0.001; post hoc tests, week 1, cocaine vs saline, 

t(24.7)=-5517, p<0.001; week 2, cocaine vs saline, t(24.6)=-7546 , p<0.001; week 2, cocaine 

females vs cocaine males, t(24.6)=-7458, p<0.001). 

We next assessed the impact of cocaine injections on the navigation of the PRL task. Cocaine 

injections had no impact on the number of reversals achieved and the total number of rewards 

earned (see Supplemental Figure 5).  However, these measures are confounded by fluctuation in 

task engagement. While the probability of pressing the lever did not differ between drug group, it 

did fluctuate over time (Figure 4.C; Drug x Sex x Time interaction: F(3, 409.87)=3.142, p=0.025; 

all between drug group post-hoc tests p>0.05). To assess decision-making, we hence computed 

choice accuracy as the average probability of making a correct choice at each trial. Cocaine 

injections impaired decision-making in both sexes across all time points (Figure 4.A; LMM, Drug 

Figure 3. A. Experimental Protocol B. The distance moved immediately following cocaine 

injections increased during the first week of injections. C. Females showed greater cocaine-

induced locomotion compared to males over the second week of injection. 
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x Time: F(3, 447)=0.432, p<0.001; week 1: t(23.1)=2.289, p=0.031; week 2: t(25.2)=2.682, 

p=0.012; post-abstinence: t(27.6)=2.764, p<0.001). Males were more accurate than females during 

the second week of injections, irrespective of what was injected, highlighting sex-differences (Sex 

x Time: F(3, 447)=4.819,p=0.003, week 2: t(25.2)=2.43, p=0.042). The decrease in accuracy did 

not correlate with the locomotor effects of cocaine (see Supplemental Figure 5).  

3. Chronic Cocaine Selectively Impairs Positive and Negative Reinforcement Learning 

We next investigated whether decision-making deficits arose from specific impairments in 

adjusting behaviour following positive or negative reinforcement, as reflected in the Win-Stay and 

Lose-Stay ratios, respectively. Cocaine decreased the Win-Stay ratio among males only during the 

second week of injections (Figure 5A and B, LMM, Sex x Time x Drug: F(3, 44.29)=2.9699, 

p=0.032, t(20)=0.101, p=0.045) with a trend towards significance at abstinence (t(21.1)=2.005, 

p=0.058). Conversely, the Lose-Stay ratio increased following during the first week of cocaine 

injection with no significant effect of sex (Figure 5C, LMM, Time x Drug: F(3, 465.01)=4.5691, 

Figure 4. A. Cocaine decreased choice accuracy on the PRL across all time points. B.  Task 

engagement fluctuated over time with no difference between drug conditions. 
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p=0.004, t(20.6)=-0.067, p=0.029) Cocaine injections hence impacted choice behavior in a time 

and sex-dependent manner.   

To characterize whether deficits in adjusting choice based on previous trial outcome could be 

attributed to impaired integration of recent outcome history, rather than the previous trial only, 

choice data was fit using a double-Q reinforcement learning model. Sessions from each of the time 

points were concatenated and modeled independently. Outcome integration was modeled using 

two learning rates, one for positive outcomes (α+) and one for negative outcomes (α-) (see 

Figure 5. A. Cocaine had no effect on the probability of repeating actions following positive 

reinforcement in females. B.  Cocaine-injected male mice were more likely to switch choice 

following positive reinforcement than saline mice over the second week of injection. C. Cocaine 

transiently increased the likelihood of repeating action despite lack of reinforcement during the 

first week of injection with no effect of sex. 
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Methods). No significant difference between drugs, sex, or time point were detected for the 

negative learning rate (Figure 6.B; LMM, Drug x Sex x Time: F(3,48) = 0.824, p=0.487). 

However, the positive learning rate decreased in cocaine mice compared to saline at abstinence, 

irrespective of sex (Figure 6.A; LMM, Drug x Time: F(3,48)=3.271, p=0.029; t(41.7) = 2.302, 

p=0.039). No significant group differences were detected in the forgetting rate or policy parameters 

(see Supplemental Figure 6). 

 

4. Lower Lose-Stay Ratio Predicts Greater Cocaine-Induced Impairments in Males. 

We next asked whether certain decision-making phenotypes made mice more susceptible to 

cocaine-induced impairments. Baseline task variables on the PRL task for cocaine-injected male 

and female mice were correlated with the magnitude of change in choice accuracy at each injection 

time point. Higher probability of making a correct choice at baseline predicted greater impairments 

during the first week of injections for females (Figure 7.A, Pearson coefficient=-0.915, p=0.029) 

but not males (Pearson coefficient=0.095, p=0.879). Additionally, a lower Lose-Stay ratio at 

Figure 6. A. Cocaine decreased learning rate for positive outcome following abstinence with no 

impact of sex B.  No significant drug nor sex differences were detected in learning rate for 

negative outcomes. 
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baseline predicted worse impairments following abstinence in males (Figure 7.B, Pearson 

coefficient=0.896, p=0.039) but not females (Pearson coefficient=0.167, p=0.723). 

 

Conclusion 

C57BL/6J wild-type mice (N=28, F=11, 6-7 weeks old) were injected with cocaine or 

saline daily for fourteen sessions. Decision-making was assessed before, during, and after cocaine 

exposure using a PRL task. Cocaine impaired decision-making in both male and female mice 

during the first week of injections, with effects persisting across two weeks of abstinence. Male, 

but not female, mice showed a specific decrease in P(Stay|Win) following the second week of 

cocaine injections, while both sexes exhibited a transient increase in P(Stay|Lose) during the first 

week. Reinforcement learning (RL) modeling revealed decreased learning rates from positive 

outcomes in cocaine-treated vs. saline-treated mice after abstinence, regardless of sex. This 

research demonstrates the direct impact of chronic cocaine exposure on flexible decision-making, 

leading to a lasting reduction in choice accuracy following injections. Decreased sensitivity to 

Figure 7. A. Higher choice accuracy at baseline predicts greater impairments during the first week 

of cocaine injections among females but not males.  B.  Lower lose-stay ratio at baseline predicts 

greater impairments follow abstinence from cocaine injections among males but not females.   
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positive outcomes was observed in males during the second week of injections and in both sexes 

after abstinence. Conversely, cocaine transiently increased perseveration.  
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1. Sex-Differences in Decision-Making. 

C57BL6J wild-type mice were trained on a deterministic reversal learning (DRL) task for 10 

sessions to compare learning trajectories and decision-making strategies in ad libitum fed male 

and female mice. While both sexes acquired the task at the same rate, females displayed better task 

performance than males and adapted faster to changes in contingencies. Females were more likely 

to persevere with rewarded choices, had faster reward collection latencies, and were faster to press 

the lever again following reward delivery, indicating higher sensitivity to positive reinforcement. 

No sex-differences were detected in choice behavior or reaction times following non-reinforced 

trials. Males and females showed different learning trajectories over time. Across sessions, females 

decreased their likelihood of persevering with non-reinforced levers, whereas males did not. 

Conversely, males displayed faster increases in the likelihood of choosing the same lever following 

reinforced trials, despite an overall lower rate than females. These results highlight sex-differences 

in decision-making strategies, with females showing higher sensitivity to positive reinforcement 

and better adaptive responses to negative outcomes over time. 

1.1 Females Perform Better than Males on a Reversal Learning Task. 

 In the DRL task, females earned more rewards than males and showed better adjustment 

to reversals, even in the first session, which is indicative of better behavioural flexibility. In 

contrast, a previous study found that female mice displayed similar performance to males when 

reward probabilities were deterministic in a two-armed bandit task, with increases in performance 

only observed when rewards deliveries were rendered probabilistic (Chen, Ebitz, et al., 2021). A 

crucial difference in the design of that task was the presence of cues to indicate the location of the 

high probability option, whereas the levers in our task were identical. This difference suggests that 

sex differences in decision-making may only arise when there is uncertainty in choice outcomes, 

whether from probabilistic reward delivery or uncued choices and reversals. Relatedly, females 
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are better at learning to avoid shock when it is delivered in a probabilistic but not deterministic 

manner (Chowdhury et al., 2019), and they prefer smaller, safer rewards over larger ones that come 

with the risk of  footshock, highlighting sex-differences in resolving uncertainty and conflict 

(Orsini et al., 2022). 

 Why are females better at making decisions in uncertain environments? Our results 

highlight a differential integration of outcomes. Males' reaction times were not influenced by 

previous trial outcomes, and males showed a lower initial rate of win-stay behavior than females. 

Additionally, males did not decrease their lose-stay behavior over training sessions. Conversely, 

females adaptively adjusted choice behaviour depending on previous trial outcomes, showed faster 

reward collection latencies, and were faster to reengage in the task after reward delivery. These 

behavioral results mirror what has been observed in reinforcement learning models fit to the 

behavior of mice on a two-armed restless bandit task, which highlight lower learning rates in males 

(Chen, Knep, et al., 2021). Furthermore, the higher win-stay behavior in females suggests 

increased sensitivity to positive reinforcement. Likewise, women show better accuracy when 

learning from positive but not negative feedback (Evans & Hampson, 2015). Faster reward 

collection latency among female mice arose during FR1 training. Since a light cue indicated the 

delivery of reward, this sex-difference could reflect differences in Pavlovian rather than 

instrumental learning. Supporting this idea, when head-fixed mice were trained on a Pavlovian 

task in which audiovisual cues predicted reward delivery, females were faster than males to retrieve 

rewards (Lefner et al., 2022). 

1.2 Gonadal-Hormones and Decision-Making. 

 

Previous work has found sex differences in decision making, such as increased risk-avoidance 

in females (Islas-Preciado et al., 2020; Liley et al., 2019; Orsini et al., 2016). We found that female 
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mice were better than males in adjusting to contingency reversals and learning from previous trial 

outcomes. Levels of gonadal hormones can act as a potential mediator of such sex-differences in 

decision-making. Estrogens and progesterone are the main female gonadal hormones. Their 

respective levels fluctuate throughout the estrus cycle, the rodent equivalent of the menstrual cycle, 

and the highest levels are seen during the proestrus and estrus phases (Smith et al., 1975). 

Conversely, testosterone levels in males primarily fluctuate within a day, instead of the 96 hour-

long estrus cycle in females; levels are highest in the morning and decline throughout the day 

(Heywood, 1980). Importantly, all of these hormones – progesterone, estrogen and testosterone – 

can be synthesized locally in the brain and are present in both sexes, albeit at different 

concentrations (Orsini et al., 2022). 

Can estradiol play a role in faster integration of outcomes and increased reversal learning? 

While natural fluctuations of the estrus cycle have not been associated with changes in decision-

making (Georgiou et al., 2018; Orsini et al., 2016; Van Den Bos et al., 2012), estradiol treatment 

following ovariectomy (OVX) in female rats and mice decreased risk-taking (Orsini et al., 2021) 

and improved working and spatial memory (J. Daniel, 2004; J. M. Daniel et al., 2006), reversal 

learning (Arad & Weiner, 2012), and renewal of a conditioned response following extinction 

(Anderson & Petrovich, 2015). In males, estradiol treatment following orchiectomy (ORX) 

similarly decreases risk-taking (Orsini et al., 2021). While our data does not address the potential 

impact of hormone fluctuations on female learning, since we did not track the estrus cycle, higher 

performance among females relative to males may be linked to overall higher estradiol levels. 

 Conversely, testosterone has been reported to increase rats’ aversion to uncertainty. 

Testosterone treatment in intact males decreased preference for large, low probability rewards and 

biased choices toward smaller, more certain rewards (Wallin et al., 2015; Wallin-Miller et al., 
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2018). However, when a guaranteed large reward was associated with a probability of foot shock, 

testosterone treatment increased choice for the riskier option (Cooper et al., 2014). ORX decreased 

risky choice on a similar task (Orsini et al., 2021).  It is possible that testosterone may decrease 

sensitivity to physical punishment while increasing aversion to uncertainty.  We found decreased 

adaptation to reversal in males, possibly because the higher testosterone levels in males promoted 

choice for a ‘safer’ option that previously led to reward delivery and an aversion to adapting 

behaviour towards a less certain option. 

1.3 Sex-Differences in the Neurobiological Substrate of Decision-Making. 

Decision-making requires the interaction of multiple brain regions across the 

mesocorticolimbic system, including the prefrontal cortex (PFC) and the nucleus accumbens 

(NAC), which are both densely innervated by dopaminergic (DA) projections from the ventral 

tegmental area (VTA) (Orsini et al., 2022). VTA DA activity putatively encodes a reward 

prediction error (RPE) to drive reinforcement learning (Schultz et al., 1993). VTA DA 

hyperactivity impairs reversal learning and increases risk-taking in a probabilistic discounting task 

(Verharen et al., 2018). Gonadal hormones have been reported to regulate VTA DA neuron activity, 

with female mice showing increased basal activity of DA neurons in the ventral tegmental area 

(VTA) during the estrous phase (Calipari et al., 2017). DA regulation may hence be key to 

understanding sex-differences in decision-making. The following section provides a brief 

overview of the involvement of regions downstream of the VTA in decision-making, specifically 

the NAC and PFC, in light of reports of sex-differences in these regions. 

1.3.1. Nucleus Accumbens. 

We found faster integration of outcomes and higher sensitivity to positive reinforcement among 

females. Value-updating (or outcome integration) has been hypothesized to be mediated by post-
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synaptic targets of DA in the NAC. The NAC has conventionally been divided into two main 

dopamine targets: D1- and D2-receptor-expressing medium spiny neurons (D1 and D2 MSNs). D1 

and D2 MSNs display distinct physiological and cellular properties and have different projection 

targets (Gerfen & Surmeier, 2011; Tepper et al., 2010). The D1 receptor has a low affinity to 

dopamine and thus may only be activated by phasic DA release (Marcellino et al., 2012). In 

contrast, D2 receptors have a high affinity to dopamine, and tonic DA levels are sufficient to 

activate them (Bariselli et al., 2019) This difference has inspired theories in which D1 and D2 

MSNs are assigned dedicated and distinct functions, namely modulating positive and negative 

learning rates, respectively (Frank et al., 2004; Romero Pinto & Uchida, 2023). 

Both systemic injections and NAC microinfusions of D2 receptor agonists impair reversal 

learning (Alsiö et al., 2019; Boulougouris et al., 2009; Haluk & Floresco, 2009) and decrease risk-

taking when a large reward is associated with the risk of footshock (Mitchell et al., 2014; Simon 

et al., 2011). Inhibition of D2 MSNs in the NAC similarly impairs reversal learning (Macpherson 

et al., 2022).  Optogenetic stimulation of these neurons during deliberation periods decreases risk-

taking (Zalocusky et al., 2016), whereas their inhibition increases it (Truckenbrod et al., 2023). 

Hence, modulation of D2 receptor activity and D2 MSN activity both impair reversal learning and 

risk-taking. D2 receptor and MSN activity have been hypothesized to regulate learning from 

negative outcomes. Individuals with lower D2 receptor density display reduced learning from 

negative outcomes (Cox et al., 2015), and D2 receptor agonists decreased negative but not positive 

learning rates in mice (Alsiö et al., 2019). Furthermore, calcium imagining of D2 MSNs in the 

NAC revealed that these neurons encoded for previous losses on a decision-making task and biased 

future choices (Zalocusky et al., 2016). Sex-differences in decision-making could hence arise from 

neurobiological differences in NAC D2 MSN activity. These neurons express estradiol receptors, 
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and estradiol treatments augment D2 receptor binding (Orsini et al., 2022; Yoest et al., 2018). 

Notably, females display increased D2 receptor density in the striatum compared to males (Hasbi 

et al., 2020; Orendain-Jaime et al., 2016).Testosterone levels also regulate D2 MSN activity, but 

testosterone treatments decrease D2 receptor density in the NAC (Orsini et al., 2022). While 

testosterone treatments decrease choice for larger but probabilistic rewards, a D2 receptor agonist 

reversed the effect, highlighting a potential mechanism by which testosterone impacts decision-

making through D2 MSN activity (Wallin-Miller et al., 2018). 

Conversely, D1 receptor density in the striatum correlates with learning from positive 

outcomes in healthy individuals (Cox et al., 2015), and polymorphisms in the DARPP32 gene, 

which have been linked to D1 MSN function, predict learning from positive outcomes (Frank et 

al., 2007). While infusion of either a D1 receptor antagonist or agonist in the NAC does not impact 

reversal learning, a D1 antagonist impaired set-shifting (i.e., the ability to switch decision-making 

strategy (Haluk & Floresco, 2009). Sex-differences have been reported in D1 receptor density in 

the NAC, with higher D1 receptor expression in male rats compared to females (Andersen et al., 

1997; Hasbi et al., 2020). 

1.3.2. Prefrontal Cortex. 

Patients with PFC lesions display deficits on the IGT (Bechara et al., 1994; Fellows, 2004). 

Distinct PFC subregions have been reported to mediate diverse aspects of decision-making. The 

rodent PFC can be decomposed into medial orbitofrontal cortex (mOFC), lateral orbitofrontal 

cortex (lOFC), infralimbic cortex (IL), and prelimbic cortex (PL). Contrasting results have been 

reported on the involvement of two OFC subdivisions in decision-making. Inactivation of the 

medial OFC (mOFC) and lateral OFC (lOFC) in male rats increased and decreased risk-taking, 

respectively, across studies in which the risky-option was defined as a delivery of larger but 
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probabilistic reward (Stopper et al., 2014), a delayed reward (Mar et al., 2011), or the risk of being 

physically punished (Orsini et al., 2015). Similarly, mOFC lesions improved adjustment to 

contingency reversals, while lOFC lesions impaired it (Mar et al., 2011). With respect to the IL 

and PL, combined inactivation of these regions caused deficits on a rodent gambling task (Zeeb et 

al., 2015). The PL has been specifically implicated in behavioural flexibility in dynamic 

environments. PL inactivation only increased risk-taking when the probability of risk increased 

over the session (i.e., an increasing probability of outcome omission or footshock over trials) 

(Orsini et al., 2018; St. Onge & Floresco, 2010). Overall, research points to distinct roles of PFC 

subregions in mediating decision-making. In addition, cells expressing different types of receptors 

contribute differently to decision-making. Infusion of a D1 receptor antagonist into either the PL 

or the mOFC decreases probabilistic risk-taking, whereas a D2 receptor antagonist increases it 

(Jenni et al., 2021; St. Onge et al., 2011). Similarly, a D1 antagonist impaired performance on a 

probabilistic reversal learning, while a D2 antagonist improved it (Jenni et al., 2021), pointing to 

a role in behavioural flexibility. Further cell-type classifications could explain the different 

contributions of the distinct anatomical subregions of the PFC. For instance, cell types with similar 

transcriptomic profiles in the mouse PFC permitted higher accuracies in decoding future decisions 

than did cells classified according to  projection target (Lui et al., 2021). The aforementioned work 

highlights the involvement of PFC regions in weighing outcomes to guide decisions. A distinct 

conceptual approach to studying the role of the PFC in decision-making is based on the theory that 

PFC encodes task state. Reinforcement learning (RL) theory posits that agents take decisions by 

computing the values of an abstract state. In simple task structures, a state can be a visual cue 

indicating the location of a reinforced lever. However, a state can be more complex, such as an 

abstract location in space. Efficient representation of the task structure is crucial to learning a new 
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task (Wilson & Niv, 2012). Works in humans and monkeys have reported encoding of task state in 

neuronal activity in the OFC (Schuck et al., 2016; Wilson et al., 2014) and dLPFC (Bartolo & 

Averbeck, 2020). 

Critically, all the aforementioned works was conducted in male subjects, despite evidence that 

gonadal hormones regulate DA neurotransmission in the PFC. Female rats show higher basal 

mPFC DA levels with higher estradiol levels (Dazzi et al., 2007). OVX decreases mPFC DA levels 

(Kokras et al., 2018), and estradiol injections following OVX both increases DA levels and 

upregulates DA receptors (Jacome et al., 2010; Sárvári et al., 2014). Testosterone similarly 

modulates PFC activity and DA transmission. Androgen receptors (AR) are expressed on VTA 

dopamine neurons that project to the mPFC as well as on mPFC glutamate neurons that project to 

the VTA (Aubele & Kritzer, 2012; Kritzer & Creutz, 2008), and there is greater AR expression in 

VTA-PFC neurons in males compared to females (Kritzer & Creutz, 2008). In humans, functional 

magnetic resonance imaging (fMRI) revealed increased activity in the OFC during anticipation of 

reward in a decision-making task that was modulated bythe phase of the menstrual cycle (Bayer 

et al., 2013; Dreher et al., 2007) 

1.4. Considerations for Including Sex in Decision-Making Research. 

Our results demonstrate clear sex-differences in the acquisition of reversal learning as well as 

behavioural differences following positive and negative outcomes. Other mechanisms beyond 

gonadal hormones may mediate sex differences in value-based decision-making For instance, 

genetically modified mice made to express ovaries or testes with both XX and XY genotypes have 

uncovered differences between XX and XY genotypes, regardless of gonadal status, in motivation 

(Seu et al., 2014), habit formation (Barker et al., 2010; Quinn et al., 2007) and performance on the 
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PRL task (Aarde et al., 2021). Sex-differences may also arise from differential environmental 

interactions (McCarthy & Arnold, 2011).  

Despite the 2016 NIH mandate for the consideration of sex as a biological variable and reports 

of sex-differences in multiple disorders such as substance use disorders (Becker et al., 2017), 

research still shows a clear bias toward male samples (Nunamaker & Turner, 2023). Future 

research will have to include male and female samples and properly analyze and test for the 

presence of sex-differences. 

2. Chronic Cocaine Exposure Induces Reinforcement Learning Deficits. 

With daily injections of 20 mg/kg cocaine, we found that male and female wild-type mice 

displayed impairments in probabilistic reversal learning, with deficits persisting across two weeks 

of forced abstinence. Decision-making deficits were accompanied by a transient increase in lose-

stay probability during the first week of injection. Male but not female mice showed a decrease in 

win-stay behavior during the second week of injections. RL modeling further revealed decreased 

positive learning rates following abstinence in both sexes.  

2.1. Cocaine Impacts the Sensitivity to Positive and Negative Outcomes in a Time Dependent 

Manner. 

Previous work has reported increased lose-stay behaviour in male rats following cocaine self-

administration (Groman et al., 2020a; Zhukovsky et al., 2019). We not only extend these findings 

to females, but further show that deficits are transient and can be ameliorated through continuous 

training on the PRL task. Increased lose-stay behavior reflects perseverative behaviour despite lack 

of reinforcement and has been associated with a decreased sensitivity to negative outcomes. In 

contrast to impaired lose-stay behaviour, we do not report a decrease in the negative learning rate 

parameter. However, RL modeling assumes that animals use the history of reinforcement to 
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progressively update action-values. Conversely, the lose-stay measure only utilizes the outcome 

of the previous trial to guide the next decision. It is possible that we did not detect changes in 

negative learning rate because animals relied on the immediate previous negative outcome to guide 

their decisions. In fact, a subset of mice had negative learning rate values close to 1, indicative of 

immediate updating of values. The discrepancies between learning rates and lose-stay behavior 

may additionally be due to their non-linear relationship. Simulations of behavior using RL 

modeling have shown a higher lose-stay ratio at both low and high learning rate values, with the 

lowest ratios observed at intermediate learning rates (Iyer et al., 2020). Therefore, the increase in 

lose-stay observed during the first week of cocaine injections could correspond to both high and 

low learning rates, making it difficult to detect significant differences in learning rates. However, 

in our experiment, we did not observe a non-linear relationship between the lose-stay ratio and 

negative learning rates. During the first week of injections, the lose-stay ratio and negative learning 

rate were negatively correlated (see Supplementary Figure 7), indicating that a higher lose-stay 

ratio reflected lower negative outcome integration. 

 While the decreased outcome sensitivity following cocaine injections mirrors findings from 

humans showing decreased loss avoidance in humans (Lim et al., 2021), the transient nature of it 

is novel. As the effect disappeared during the second week of injections, we cannot attribute it to 

an abstinence effect. It is possible that the sensitivity to negative outcomes normalizes with further 

exposure to cocaine or with further training on the task. Interestingly, one study in humans reported 

that cocaine users remain worse than controls at avoiding shocks despite extensive training (Ersche 

et al., 2008). These different results may relate to differences in learning from a lack of 

reinforcement vs explicit physical punishment. 
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During the second week of injections, lose-stay behaviour normalized in both sexes, but the 

win-stay ratio decreased within males only. Decreased win-stay had been reported to both predict 

future cocaine escalation in rats (Groman et al., 2020a) and to change following cocaine self-

administration (Groman et al., 2020b). Our findings support a selective decrease in win-stay 

arising as a consequence of cocaine injections.  

2.2. Behavioural Predictors of RL deficits. 

Our experiment highlights that certain behavioral phenotypes at baseline predict a greater 

decrease in the probability of earning a reward following cocaine injections, and this effect is sex 

dependent. Among males, a lower lose-stay ratio at baseline predicted a greater decrease in the 

probability of reward delivery following abstinence. In contrast, previous work has shown that 

lower integration of positive, but not negative, outcomes predicts future escalation in cocaine self-

administration in male rats (Groman et al., 2020b). A possible explanation for these discrepancies 

is that in our experiment, cocaine administration is controlled, so we measure the susceptibility to 

developing reinforcement learning (RL) deficits for a given cocaine dose, whereas Groman et al. 

(2020b) measure the susceptibility to escalating use. Thus, while lower positive outcome 

integration predicts greater escalation in cocaine use, we show that lower negative outcome 

integration predicts greater RL deficits with chronic cocaine exposure. On the other hand, in 

females, a higher probability of reward delivery at baseline predicted a greater decrease after a 

week of injections. Although the exact measures differ, better navigation of the task for both 

sexes—either by being more likely to earn rewards or by being less perseverative following 

losses—predicted greater future deficits. One interpretation is that to become worse at the task, 

you first need to have mastered it. Mice with higher choice accuracy have more room to decline, 

whereas for those already performing poorly, the decrease may be negligible. 
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2.3. Changes in Dopaminergic Signaling Might Underlie RL Deficits. 

As reviewed in section 1.3, dopamine is a key neuromodulator in mediating decision-

making, and changes in dopaminergic signaling due to substance exposure may underlie the 

decrease in flexible decision-making reported here with chronic cocaine injections. Substances of 

abuse modulate DA signaling in the NAC. Acute exposure to drugs of abuse leads to increased 

extracellular DA levels (Imperato & Di Chiara, 1985). Interestingly, chronic intake of cocaine leads 

to long-term neural adaptation in DA signaling and dampens dopaminergic tone. Stimulant users 

show blunted DA release in response to natural rewards (Volkow et al., 2007), with abstinence 

remediating that effect and increasing neural responses to positive prediction errors (Wang et al., 

2019). Cocaine further disrupts the balance in activity between D1 and D2 neurons in the NAC. 

Stimulant abuse is associated with a specific downregulation of D2 receptors in the striatum 

(Everitt et al., 2008; Nader & Czoty, 2005; Volkow et al., 2001). At a molecular level, however, 

D1 neurons in the shell region of the NAC showed decreased intrinsic excitability and increased 

synaptic input following chronic cocaine injections, with no change in D2 neurons (Kim et al., 

2011). This disruption of the balance of D1 and D2 neurons in the striatum following chronic 

cocaine injection may underlie cocaine-induced decision-making deficits. Downregulation of D2 

receptors and resulting increases in D2 neuron activity may contribute to the enhancement in 

negative learning rate among stimulant users, whereas the reported decrease in D1 neuron 

excitability may dampen positive learning rates. Manipulation of D2 receptor activity in patients 

with SUDs supports this theory. A D2 agonist but not antagonist decreased punishment-driven 

learning among patients with SUDs, alleviating their enhanced sensitivity to negative 

reinforcement (Kanen et al., 2019). 
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2.4.Beyond a D1/D2 Dichotomy? 

While some support has been found for the D1/D2 theory of positive/negative 

reinforcement learning, this framework might be an incomplete view of the NAC. Contrasting 

findings have been found for the role of NAC D1 MSNs in mediating substance use. NAC D1 

MSN activity can induce relapse or extinction depending on their projection target (Gibson et al., 

2018), and D1 MSN stimulation can promote both reward and aversion depending on the 

stimulation parameters (Soares-Cunha et al., 2020). Moreover, a molecularly defined subtype of 

D1 MSN suppresses cocaine self-administration instead of promoting it (Zhao et al., 2022). Similar 

challenges arise with the consideration of D2 MSNs as decreasing substance-induced behaviour. 

D2 receptor agonists and antagonists both decrease avoidance behaviour in patient with SUDs, 

despite eliciting opposite physiological effects (Lim et al., 2021). Furthermore, the D1/D2 

dichotomy ignores the spatial heterogeneity of the NAC. The core and shell divisions of the NAC 

have distinct molecular features (Brimblecombe & Cragg, 2017). MSNs in similar subregions 

project to different targets (Kupchik et al., 2015) and have different neural functions (Al-Hasani et 

al., 2015). Redefining cell subtypes to go beyond the D1/D2 dichotomy might help to gain a better 

understanding of the neurobiological substrate of cocaine induced impairments. Indeed, 

transcriptomic profiling after acute cocaine administration in rats showed recruitment of distinct 

MSNs subpopulations (Savell et al., 2020).  

3. Sex Modulates the Relationship Between Cocaine and Behaviour 

3.1. Sex-Differences in Cocaine-Induced Reinforcement Learning Deficits. 

While cocaine transiently decreased lose-stay behavior and, more enduringly, overall choice 

accuracy similarly in both sexes in our experiment, males but not females showed a long-term 

decrease in win-stay. We also found higher sensitivity to positive reinforcement learning among 
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females in drug-naïve decision-making, similar to research in humans (Evans & Hampson, 2015), 

which raises the possibility that females may be more resistant to reductions in positive 

reinforcement. Sex-differences in the impact of cocaine administration on the dopaminergic 

system might underlie this effect. While 5 days of cocaine injections shifted the balance of NAC 

shell D1 and D2 neuron excitability toward higher D2 excitability in both sexes, this effects was 

underlied by a decrease in D1 neuron excitability in males and an increase in D2 neuron excitability 

in females, with greater effects seen in estrus compared to diestrus (Chapp et al., 2024). 

3.2. Sex-Differences in the Locomotor Effects of Cocaine. 

Acute injections of 20 mg/kg cocaine increased locomotor activity in both male and female 

mice over two weeks of injections. However, increases in locomotion were enhanced in female 

mice over the second week of injections compared to males. Increases in locomotor activity 

following stimulant exposure are enhanced by repeated administration, a behavioural phenomenon 

referred to as locomotor sensitization (Liu et al., 2018). The development of locomotor 

sensitization has been used to highlight the presence of long-term neural adaptation with repeated 

substance exposure, most prominently in the dopaminergic system (Liu et al., 2018). Interestingly, 

female rats have been reported to display increased locomotor sensitization compared to males 

(Becker et al., 2016), an effect paralleled with increased spine density in the NAC among females 

(Wissman et al., 2011). As such, enhancement in the locomotor effects of cocaine may arise from 

sex dependent neural adaptations. 
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4. Conclusion. 

Chronic cocaine use is associated with poor cognitive flexibility and impairments in 

reinforcement learning (RL). While sex-differences in learning and decision-making have been 

reported previously, its impact on cocaine-induced RL deficits remain poorly understood. Here, 

we first compared the learning strategies of male and female mice throughout the acquisition of a 

deterministic reversal learning task, and then assessed the impact of chronic cocaine exposure on 

the navigation of a probabilistic reversal learning task. We report sex-differences in learning. 

Female mice earned more rewards than males overall and displayed better integration of positive 

reinforcement. Additionally, while females were able to develop a win-stay lose-shift strategy over 

time, males persisted in displaying maladaptive lose-stay behaviour. Chronic cocaine exposure 

impaired decision-making in both sexes by decreasing the probability of making a correct choice 

on a probabilistic reversal learning task. Positive evidence integration, measured by the win-stay 

ratio, decreased during the second week of injection in males only. Positive learning rates were 

decreased following forced abstinence in both sexes. On the other hand, both sexes displayed a 

transient decrease in the sensitivity to negative outcomes during the first week of injections, 

reflected in a decrease in the lose-stay ratio but not negative learning rate. Our experiments extend 

previous research on cocaine effect on decision-making to both sexes. More research on the impact 

of sex-characteristics on substance use is needed to develop treatments for SUDs adapted to each 

individual. 
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Supplementary Materials 

Methods: Reinforcement Learning Modeling. 

 Model Comparisons. 10 variants of reinforcement learning models were fit to choice data 

of each mouse separately. Supplementary Table 1 describes the parameters used and their 

interpretation. The models were compared using the Akaike Information Criteria (AIC) weights. 

Double reinforcement learning with gradual forgetting was found to fit data best on average for 

both males and females (Sup. Figure 1A). A subset of mice shows better fit using single learning 

rate parameter (Sup. Figure 1B), in which case the positive and negative learning rates were set to 

the same value for parameter comparisons. Similarly, if mice did not show additional side bias, the 

side bias parameter was set to 0.  

Parameter Recovery. Parameters estimations were performed via minimization of the 

negative log likelihood of the data. To validate the parameter recovery method, we generated 1000 

choice data from known, randomly generated parameters and plotted recovered over true 

parameters (Sup. Figure 1C). 

 Model Validation. To assess the model with best fit accurately described choice data, we 

used the recovered parameter of each mouse to simulate performance on the PRL task. We then 

compared choice output from the RL generated data and from mouse data (Sup. Figure 2B). 

Supplementary Table 1. Parameter descriptions of all RL models fit on choice data. 
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Supplementary Figure 1. Model Comparison and Parameter Recovery. A. Average AIC 

weight values across males and females for all 10 models compared. B. Distribution of model 

with best fit per mouse for males (blue) and females (pink). C. Parameter recovery performed on 

double reinforcement learning with forgetting over 1000 iterations. 

Supplementary Figure 2. Model Validation A. Example choice from mouse data and model 

generated data. B. Probability of left choice and of earning a reward for mouse data and model 

data generated with recovered parameter. No significant differences were detected between mouse 

data and model-generated data.  
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Chapter 1: Sex-Differences in Learning. 

  

 

 

 

 

 

 

 

 

 

 

 

  

Supplementary Figure 3. Sex-Differences during FR1 Training. While mice displayed a 

preference for a lever during training, no sex-difference in side-bias were detected during A, 2h 

sessions and B, 30-minute sessions. The reaction time did not differ between sexes across C, 2h 

sessions and D, 30-minute sessions. 
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Chapter 2: Chronic Cocaine Exposure and Reinforcement Learning. 

 

 

 

 

 

 

 

 

 

** 

Supplementary Figure 4. Drug Differences in Other PRL Measures A. No drug significant 

drug differences were detected in the number of reversals achieved per session, despite a trend 

to significance for week 2 (Drug x Time interaction; F(3, 414.19)=5.863, p<0.001; week 2 

cocaine vs saline, t(29.6)=1.922, p=0.064). B. Cocaine increased the number of lever presses 

needed to reach the reversal criteria during week 2 only in both sexes (Drug x Time interaction; 

F(3, 415.35)=3.464, p=0.016; week 2 cocaine vs saline, t(47.2)=-2.15, p=0.036). C. The 

number of rewards earned per session fluctuated over time with no effect of drug nor sex (Time 

main effect, F(3,30.39)=14.18, p<0.001). D. The total number of correct choices per session 

fluctuated over time with no effect of drug nor sex (Time main effect, F(3, 29.92)=9.969, 

p<0.001).  
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Supplementary Figure 5. Correlation Between Decision-Making Changes and Locomotor 

Effects of Cocaine Injections. No significant correlations were detected between average change 

in choice accuracy from baseline and the average distance moved during A, Week 1 of injections 

in males (Pearson coefficient=-0.22, p=0.73) and females (Pearson coefficient=-0.70, p=0.19) and 

B, Week 2 (males, Pearson coefficient=-0.25, p=0.68; females, Pearson coefficient=-0.16, 

p=0.78). 
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Supplementary Figure 6. Cocaine Effects on RL parameters. No significant effect of time, sex 

nor drug were detected in A, forgetting rate parameter, B, Side bias and C. Inverse temperature. 

Supplementary Figure 7. Linear correlation between negative learning rate values Lose-

Stay ratio. The lose-stay ratio and negative learning rate displayed a significant negative 

correlation (Pearson correlation coefficient=-0.78; p<0.001) 
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