

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88976-908-7
DOI 10.3389/978-2-88976-908-7

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





UNRAVELING VULNERABILITY FACTORS IN ADDICTION DRUG USE AND POTENTIAL TREATMENTS

Topic Editors: 

Cristina Núñez, University of Murcia, Spain

M. Victoria Milanés, University of Murcia, Spain 

Sandra Montagud Romero, University of Zaragoza, Spain

Jorge Montesinos, Margarita Salas Center for Biological Research, Spanish National Research Council (CSIC), Spain 

Citation: Núñez, C., Milanés, M. V., Romero, S. M., Montesinos, J., eds. (2022). Unraveling Vulnerability Factors in Addiction Drug Use and Potential Treatments. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88976-908-7





Table of Contents




Editorial: Unraveling Vulnerability Factors in Addiction Drug Use and Potential Treatments

Jorge Montesinos, Sandra Montagud-Romero and Cristina Núñez

Enhancement of Oxytocin in the Medial Prefrontal Cortex Reverses Behavioral Deficits Induced by Repeated Ketamine Administration in Mice

Weili Zhu, Zengbo Ding, Zhihui Zhang, Xiao Wu, Xiaoya Liu, Ya Zhang, Suxia Li, Liping Zhou, Geng Tian and Jing Qin

The Effect of Dehydroepiandrosterone Treatment on Neurogenesis, Astrogliosis and Long-Term Cocaine-Seeking Behavior in a Cocaine Self-Administration Model in Rats

Hadas Ahdoot-Levi, Ofri Croitoru, Tzofnat Bareli, Einav Sudai, Hilla Peér-Nissan, Avi Jacob, Iris Gispan, Rachel Maayan, Abraham Weizman and Gal Yadid

Examining Sex Differences in Conditioned Place Preference or Aversion to Methamphetamine in Adolescent and Adult Mice

Ellen R. Cullity, Alexandre A. Guerin, Christina J. Perry and Jee Hyun Kim

α-Conotoxin TxIB Inhibits Development of Morphine-Induced Conditioned Place Preference in Mice via Blocking α6β2* Nicotinic Acetylcholine Receptors

Xiaodan Li, Jian Xiong, Baojian Zhang, Dongting Zhangsun and Sulan Luo

Reviewing the Role of the Endocannabinoid System in the Pathophysiology of Depression

Ines Gallego-Landin, Alba García-Baos, Adriana Castro-Zavala and Olga Valverde

An Overview of Appetite-Regulatory Peptides in Addiction Processes; From Bench to Bed Side

Olesya T. Shevchouk, Maximilian Tufvesson-Alm and Elisabet Jerlhag

Complex Interactions Between Sex and Stress on Heroin Seeking

Jordan S. Carter, Angela M. Kearns and Carmela M. Reichel

Artificial Intelligence Identified Resilient and Vulnerable Female Rats After Traumatic Stress and Ethanol Exposure: Investigation of Neuropeptide Y Pathway Regulation

Ray R. Denny, Krista L. Connelly, Marco G. Ghilotti, Joseph J. Meissler, Daohai Yu, Toby K. Eisenstein and Ellen M. Unterwald

Epigenetic and Genetic Factors Associated With Opioid Use Disorder: Are These Relevant to African American Populations

Christopher A. Blackwood and Jean Lud Cadet

Drug Use in Night Owls May Increase the Risk for Mental Health Problems

Jeevan Fernando, Jan Stochl and Karen D. Ersche

Identification of the Risk Genes Associated With Vulnerability to Addiction: Major Findings From Transgenic Animals

Chloe J. Jordan and Zheng-Xiong Xi

Behavioral Profiles of Adolescent Alcohol-Preferring/Non-preferring (P/NP) and High/Low Alcohol-Drinking (HAD/LAD) Rats Are Dependent on Line but Not Sex

Stina Lundberg, Erika Roman and Richard L. Bell

The Src-Kinase Fyn is Required for Cocaine-Associated Memory Through Regulation of Tau

Hongchun Li, Xinglong Zhou, Rong Chen, Yuzhou Xiao and Tao Zhou

Dissociation Between Incubation of Cocaine Craving and Anxiety-Related Behaviors After Continuous and Intermittent Access Self-Administration

Celine Nicolas, Trinity I. Russell, Yavin Shaham and Satoshi Ikemoto

Detecting Small Vessel Pathology in Cocaine Use Disorder

Marco Öchsner, Elijah Mak and Karen D. Ersche

The Effect of Chronic Alcohol on Cognitive Decline: Do Variations in Methodology Impact Study Outcome? An Overview of Research From the Past 5 Years

Annai J. Charlton and Christina J. Perry

Brief Maternal Separation Inoculates Against the Effects of Social Stress on Depression-Like Behavior and Cocaine Reward in Mice

C. Calpe-López, M. A. Martínez-Caballero, M. P. García-Pardo and M. A. Aguilar

Gender Differences in the Psychosocial Determinants Underlying the Onset and Maintenance of Alcohol Use Disorder

Andrea M. Maxwell, Katherine Harrison, Eric Rawls and Anna Zilverstand

Sex- and Dose-Dependent Differences in the Development of an Addiction-Like Phenotype Following Extended-Access Fentanyl Self-Administration

Eleanor Blair Towers, Ben Setaro and Wendy J. Lynch












	
	TYPE Editorial
PUBLISHED 29 July 2022
DOI 10.3389/fnins.2022.958492






Editorial: Unraveling vulnerability factors in addiction drug use and potential treatments

Jorge Montesinos1*†, Sandra Montagud-Romero2*† and Cristina Núñez3,4*†


1Department of Cellular and Molecular Biology, Centro de Investigaciones Biológicas Margarita Salas (CIB-CSIC), Madrid, Spain

2Department of Psychobiology, Facultad de Psicología, Universitat de València, Valencia, Spain

3Group of Cellular and Molecular Pharmacology, Department of Pharmacology, University of Murcia, Murcia, Spain

4Instituto Murciano de Investigación Biosanitaria (IMIB) - Arrixaca, Murcia, Spain

[image: image2]

OPEN ACCESS

Edited and reviewed by:
Nicholas M. Barnes, University of Birmingham, United Kingdom

*CORRESPONDENCE
 Jorge Montesinos, jorge.montesinos@cib.csic.es
 Sandra Montagud-Romero, sandra.montagud@uv.es
 Cristina Núñez, crisnp@um.es

†These authors have contributed equally to this work

SPECIALTY SECTION
 This article was submitted to Neuropharmacology, a section of the journal Frontiers in Neuroscience

RECEIVED 31 May 2022
 ACCEPTED 13 June 2022
 PUBLISHED 29 July 2022.

CITATION
 Montesinos J, Montagud-Romero S and Núñez C (2022) Editorial: Unraveling vulnerability factors in addiction drug use and potential treatments. Front. Neurosci. 16:958492. doi: 10.3389/fnins.2022.958492

COPYRIGHT
 © 2022 Montesinos, Montagud-Romero and Núñez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



KEYWORDS
  substance use disorder (SUD), SUD risk factors, therapeutic approaches against SUD, SUD genetics and epigenetics, animal models for SUD



Editorial on the Research Topic
 Unraveling vulnerability factors in addiction drug use and potential treatments




Addiction is defined as a gradual mental disorder that progresses from social use into a compulsion to take the drug, which results in frequent relapses (Anderson and Hearing, 2019). This progression has been demonstrated to be a consequence of a variety of risk factors, including genetic, epigenetic, sociological, and developmental elements (Anderson and Hearing, 2019). These vulnerabilities are associated with drug-induced neuroadaptations in several brain neurocircuitries, some of them common for all kinds of addictive substances and population while others are drug- or even individual-specific (Everitt and Robbins, 2016). Therefore, only a low percentage of the population that ever uses drugs develop the illness (Everitt and Robbins, 2016). In addition, the relapses in drug intake are recurrent, even after long periods (years) of abstinence, and may be prompted by acute exposure to the drug, drug-associated contexts and cues, stress, the experience of withdrawal symptoms, or exposure to withdrawal-associated cues (Dong et al., 2017). Despite being a main challenge for addiction treatment, the therapeutic approaches along the years have not allowed to diminish the rate of relapses in drug use, that has remained invariable for more than four decades (Dong et al., 2017). Moreover, addiction is not only an increasingly important health problem worldwide with very high socioeconomic impact, but also the use of addictive substances is a vulnerability component for the development of other brain and peripheric illnesses (Klein et al., 2019; Lappin and Sara, 2019; Lowe et al., 2019). Ergo, this Research Topic was aimed to uncover the mechanisms that underlie the progression of the addictive disorder as well as the factors that increase the vulnerability to use addictive drugs in all the stages of this condition in order to contribute to the development of effective pharmacological, psychological, and/or environmental strategies to prevent drug intake and relapses. Some of the studies included in this collection describe how genetics, epigenetics, and sex participate in the development of Substances Use Disorder (SUD). Other articles in this special topic report the influence of lifestyle on a person's vulnerability to use drugs and on the likelihood of relapses, as well as how addictive substances might increase the risk for central and peripheric health problems. Finally, some other studies in this Research Topic provide new inputs in potential therapeutic targets and treatments for SUD.

Genetic and epigenetic factors are known to be relevant in the development of SUDs (Garcia-Perez et al., 2013, 2015; Cadet, 2016; Hamilton and Nestler, 2019). Jordan and Xi reviewed the functional role and relevance of candidate risk genes for the development of SUDs, focusing on the dopamine and glutamate systems and compare available findings between animal models and human reports. For alcohol use disorders (AUDs) genetic risk is around 50%, thus reflecting the importance of a family history of AUD as a risk factor. Therefore, Lundberg et al. examined the heritability of a vulnerability to develop AUDs by comparing the behavioral profiles of several high- vs. low-alcohol consuming selectively bred rat lines and found no common behavioral profile among the high- or the low-alcohol consuming rat lines. Translating this statement into a human population perspective, Blackwood and Cadet provided a short review summarizing relevant genetic and epigenetic factors that contribute to opioid use disorder, with an emphasis on μ-opioid receptor gene. The authors highlight the importance of comprehensive studies comparing individual and group racial differences in order to assess the full behavioral complexity of the spectrum of SUDs.

Gender/sex is an important risk factor for the onset, physical dependence and, likelihood of relapse in drug use. Studies assessing the sex-specific effects and vulnerabilities for SUDs are pivotal in the advancement of the field. In this line, using a fentanyl self-administration rat model of opioid use disorder, Towers et al. reported that female rats self-administered more and showed a higher relapse vulnerability when compared to males, while Cullity et al. examined the sex differences in methamphetamine-conditioned place preference (CPP) in adolescent and adult mice and suggested that the female resistance to form an aversion toward methamphetamine could contribute to the fact that females tend to use methamphetamine at higher rates than males.

Adding to this complexity, the gender differences of the relevance of psychosocial determinants in the onset of AUD was explored by Maxwell et al. When combining the available literature with a machine learning approach, the authors found that social support decreased the levels of negative emotionality, thus protecting against AUD symptom severity in women, while such an effect was not found in men. Indeed, when taking into account both gender and psychological vulnerabilities such as stress or anxiety disorders, complex interactions arise. Employing male and female rats to model the effects of post-traumatic stress disorder-like cues on heroin addiction-like outcomes, Carter et al. found that female rats self-administered more heroin while the reinstatement of drug-seeking behaviors by stress cues was greater in males when compared to females. Moreover, lofexidine, the only FDA-approved non-opioid medication for opioid withdrawal, showed sex-specific impacts on heroin-seeking behaviors following stress in their study. Alcohol use has also been related to cognitive deficits although there is a considerable variability in the animal models used. For that reason, Charlton and Perry reviewed and summarized a variety of factors that may influence the intensity of cognitive decline associated with alcohol consumption such as animal sex (mainly analyzed in males), but also age, doses administered, and time, among others.

Another interesting point analyzed in this Research Topic is the association between addiction and mental health. In this society, there is a high prevalence of co-occurrence of SUD and depression. During the COVID-19 pandemic period (a critical stressful event worldwide) an increase of anxiety and depressive symptoms was observed. The population who reported specific signs to those mental problems augmented cannabis consumption (Bartel et al., 2020) and also other drug use (Roberts et al., 2021). The revision by Gallego-Landin et al. summed up current works concerning the role of the endocannabinoid system regulation in a person's vulnerability to develop depression. Accordingly, stress has negative effects in the organism regardless of the stage in which it is experienced, however the response to stress is not homogeneous, so resilience is an interesting aspect to be studied. Calpe-López et al. proposed, in animal models, that a brief experience of stress in the early life stages increases resilience, attenuating the depression-like behaviors and drug use in stressed animals during later life stages. Moreover, Denny et al. demonstrated, with an artificial intelligence algorithm, individual differences in ethanol consumption (resilience vs. vulnerable) in response to traumatic stress exposure as a consequence of these phenotypes and propose that they might be dependent on modifications in the neuropeptide Y pathway in several amydgalar nuclei.

In addition, anxious symptomatology (related also with mood disorders) is also associated with drug use and there are several aspects (genetics, environment, stress) that can impact this connection. A curious piece of data is how chronotype is linked with psychiatric disorders, with the evening-type individuals suffering more mental health problems (Kivelä et al., 2018). Following that idea, Fernando et al. found that the patterns of daily activity were associated with anxiety levels, with those who presented as late chronotypes presenting with a higher risk for developing the disorder as a consequence of more drugs use, thus offering really interesting new therapeutic approaches to tackle this problem. Furthermore, when a continuous drug consumption is ceased, individuals suffer from withdrawal syndrome, which results in increased anxiety levels, as has been established by Nicolas et al. after intermittent or continuous access to a specific drug (cocaine). Nonetheless, this enhanced anxiety seems unconnected with the incubation of cocaine craving.

Addiction is not only related to mental disorders, but it is also linked with other risks like neurological, cardiovascular, respiratory, and digestive complications. Specifically, cocaine users presented higher risk to develop strokes as a possible consequence of the small vessel pathology developed because of the abused drug when compared with non-users (Shoamanesh et al., 2016). In this Research Topic, Öchsner et al. proposed the analysis of the small vessel diagnostic, which is extremely challenging to detect and measure, by combining fluid-attenuated inversion recovery (FLAIR) scans together with the conventional magnetic resonance technique.

Several therapeutic approaches have been proposed to treat SUDs in their different stages. Some of them are aimed to revert the effects of drugs of abuse, as in the Zhu et al. study, which reported the efficacy of central administration of oxytocin in the medial prefrontal cortex (mPFC) of mice to restore the social avoidance and cognitive impairment following chronic ketamine exposure. Oxytocin infusion in the mPCF was also able to revert, on the one hand, the high levels of inflammatory cytokines evoked by 10-days administration of ketamine to basal and, on the other hand, the ketamine-induced activation of immune markers such as neutrophils and monocytes. Other hormones and peptides have also been suggested to mediate in the effects of drug abuse and to be potential therapeutic targets for SUDs treatment. On this matter, Shevchouk et al. reviewed up-to-date physiological aspects of anorexigenic hormones, such as glucagon-like peptide-1 (GLP-1) and amylin, and orexigenic peptides like ghrelin, all of them best known for their role in appetite regulation, providing evidence that appetite-regulatory peptides modulate reward and addiction processes and deserve to be investigated as potential treatment targets for addiction.

An added interest may have the treatments that mitigate the reinforcing effects of opioids given that, despite being the most effective analgesic drugs in clinical practice, the addictive potential of opioids limits their therapeutic application. Li et al. reported on the essential role of α6β2-containing nicotinic acetylcholine receptors (α6β2* nAChRs; * designated other subunits) in the mesolimbic dopaminergic neurons for the rewarding effects of morphine. Authors also reported that the central administration of a new antagonist with the highest affinity for α6β2* nAChRs, α-conotoxin TxIB, blocked the acquisition and expression of morphine-induced CPP in mice (as it previously did with the rewarding effects of nicotine, cocaine, and ethanol) without alterations in learning, memory, locomotor activity, and anxiety-like behaviors, and without rewarding effects itself, thus uncovering a new potential target and a drug that might be useful to prevent the abuse of opioids triggered by their clinical use.

Cocaine consumption has gradually increased lately and, in addition, the number of patients seeking treatment for the first time for cocaine use disorders has augmented over the past years in Europe (WHO, 2019). Hence, new strategies aimed to avoid relapses in cocaine-seeking and taking behaviors are vital. One of the triggering factors of these relapses is the retrieval of context memories associated with the drug (Dong et al., 2017). Therefore, it is acknowledged that the study of the underpinning neurobiological mechanisms of drug memory formation will likely help in the development of treatments for relapse prevention (García-Pérez et al., 2016, 2017; Valero et al., 2018). In this regard, Li et al. found that Fyn activity in the hippocampus, through Tau regulation, is essential for the formation of cocaine-associated memory, which in turn is critical for the regulation of cocaine-seeking behavior mediated by cocaine-associated contexts, thus suggesting that Fyn represents a promising therapeutic target for weakening cocaine-related memory and for treating cocaine addiction. Additionally, Ahdoot-Levi et al. published in this collection that dehydroepiandrosterone (DHEA), a neurosteroid that affects brain cell morphology, differentiation, neurotransmission and memory, and reduced drug-seeking behavior in an animal model of cocaine self-administration, has an immediate effect on hippocampal astrocytes density and activation and a continuous beneficial impact on neurogenesis and tissue organization. So, this study emphasizes the requited concert between astrocytes and neurons in the rehabilitation from addiction behavior and propose DHEA as a treatment for correction of brain damage induced by exposure to and abstinence from cocaine.

From what is stated above, it is easy to deduce the relevance of understanding the molecular mechanisms underlying the effects of abused drugs and the risk factors that increase the vulnerability to addiction in order to tailor personal anti-relapse strategies.
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Ketamine is a popular recreational substance of abuse that induces persistent behavioral deficits. Although disrupted oxytocinergic systems have been considered to modulate vulnerability to developing drugs of abuse, the involvement of central oxytocin in behavioral abnormalities caused by chronic ketamine has remained largely unknown. Herein, we aimed to investigate the potential role of oxytocin in the medial prefrontal cortex (mPFC) in social avoidance and cognitive impairment resulting from repeated ketamine administration in mice. We found that ketamine injection (5 mg/kg, i.p.) for 10 days followed by a 6-day withdrawal period induced behavioral disturbances in social interaction and cognitive performance, as well as reduced oxytocin levels both at the periphery and in the mPFC. Repeated ketamine exposure also inhibited mPFC neuronal activity as measured by a decrease in c-fos-positive cells. Furthermore, direct microinjection of oxytocin into the mPFC reversed the social avoidance and cognitive impairment following chronic ketamine exposure. In addition, oxytocin administration normalized ketamine-induced inflammatory cytokines including TNF-α, IL-6, and IL-1β levels. Moreover, the activation of immune markers such as neutrophils and monocytes, by ketamine was restored in oxytocin-treated mice. Finally, the reversal effects of oxytocin on behavioral performance were blocked by pre-infusion of the oxytocin receptor antagonist atosiban into the mPFC. These results demonstrate that enhancing oxytocin signaling in the mPFC is a potential pathway to reverse social avoidance and cognitive impairment caused by ketamine, partly through inhibition of inflammatory stimulation.

Keywords: oxytocin, ketamine, medial prefrontal cortex, social avoidance, cognitive impairment, inflammatory mediators, immune markers


INTRODUCTION

Ketamine abuse has become a global issue, although it was originally developed as a dissociative anesthetic for medical purposes. For the past two decades, ketamine has been a popular recreational substance of abuse due to its hallucinogenic and addictive properties, leading to major risks and challenges to public health worldwide (Sassano-Higgins et al., 2016). However, the mental and psychological profiles of ketamine, particularly the neurocognition potentials, are quite underestimated relative to those of traditional drugs. Hence, it is important to be able to evaluate the neurobiological processes that are relevant to ketamine exposure-encoded behavioral phenotypes, including social avoidance and cognitive deficits, which are associated with an increased risk of drug relapse. Therefore, we must clarify whether neuropeptide signaling pathways and neuronal activity in specific brain regions are involved in the behavioral and cognitive changes caused by ketamine.

Mounting evidence has indicated that the neuropeptide oxytocin modulates vulnerability to developing drugs of abuse (Bowen and Neumann, 2017), suggesting the possibility of targeting oxytocin signaling for the treatment of drug dependence (McGregor and Bowen, 2012). Ketamine abusers showed significantly decreased blood levels of oxytocin compared with healthy controls, without restoration even after 2 weeks of abstinence (Huang et al., 2018). Previous studies have shown that oxytocin is associated with neurobehavioral processes, including social recognition and cognitive performance (Popik et al., 1992; Feifel et al., 2016). Social avoidance, as seen in decreased contacts and time with partners in the social interaction, and impaired cognitive function are characteristic behavioral changes induced by ketamine (Lipska and Weinberger, 2000; Gama et al., 2012). However, the social interaction is a protective factor to prevent drug relapse with increased social support and positive coping against drug effects in several rodent models (Venniro et al., 2018; Sampedro-Piquero et al., 2019). Moreover, addictive drug abuse and withdrawal also caused impairments in the social interaction behavior through the enhancement of ketamine's rewarding effects and deficits in social recognition (Liao et al., 2018), suggesting that behavioral changes might partially explain the increased risk of relapse in drug abusers. Meanwhile, social avoidance and cognitive deficits are observed in drug dependence and relapse (Albein-Urios et al., 2019). Therefore, disturbed oxytocin may participate in the pathophysiology of ketamine-induced neurobehavioral phenotypes.

It has been shown that ketamine-induced cognitive dysfunction is associated with increased levels of inflammatory cytokines, such as TNF-α (Sedky and Magdy, 2021). In addition, the counts of immune cell neutrophils and monocytes, as well as the neutrophil–lymphocyte ratio (NLR), reliable inflammatory biomarkers for systemic inflammatory response (Gibson et al., 2007; Azab et al., 2011), were found increased in ketamine and psychiatric disorders with a core symptom of impaired social behaviors (Aydin Sunbul et al., 2017; Kayhan et al., 2017; Kido et al., 2019). These findings suggest that novel pharmacotherapies targeting neuroinflammatory processes may result in improvements in behavioral dysfunctions induced by addictive drugs. Based on these previous studies, we aimed to investigate the potential role of oxytocin in the medial prefrontal cortex (mPFC) in the social avoidance and cognitive impairment resulting from repeated ketamine administration in mice and the possible involvement of inflammatory stimulation. We chose the mPFC because of its critical role in both inflammatory response (Costa-Pinto et al., 2005; Tonelli et al., 2009) and social behaviors, as well as its rich expression of oxytocin receptors in rodents (Smeltzer et al., 2006; Li et al., 2016).



MATERIALS AND METHODS


Animals

Male C57Bl/6 (6–8 weeks old) mice were obtained from the Peking University Experimental Animal Center. The mice were group housed under a standard facility with a constant temperature (23 ± 2°C) and humidity (50 ± 5%) and maintained on a 12 h/12 h light/dark cycle (7 a.m. light on; 7 p.m. light off) with ad libitum food and water access. All of the procedures were performed with the approval from the Animal Experimentation Ethics Committee of Peking University and in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Approval No.: LA2018314 and Approval time: October 26, 2018). All of the behavioral tests, drug administrations, and tissue collections were performed during the active phase of the animals.



Ketamine Treatment and Withdrawal Procedure

Ketamine (provided by the Drug Intelligence and Forensic Center, Ministry of Public Security, purity >99%) was dissolved in fresh, sterile 0.9% saline before the experiment and then diluted to the required volume. The procedure for chronic ketamine administration and withdrawal was based on a previous study (Jacobskind et al., 2018). Ketamine was administered intraperitoneally (i.p.) in a volume of 0.2 ml/10 g bodyweight once daily for 10 days in mice, and the dose of 5 mg/kg was referred to a previous publication (Kumbol et al., 2018) and our pilot study. Control animals received 0.9% saline with the same injection volume as that in the ketamine group. After a 10-day ketamine administration, the mice were exposed to a withdrawal period of 6 days. On day 17, the open field and social interaction tests were performed; on day 18, the NORT was conducted, respectively.



Locomotor Activity Test

To exclude the possible effect of ketamine on the overall locomotion that may affect the social interaction data, we conducted locomotor activity using an activity-monitoring system in the apparatus (42 × 42 × 42 cm) 1 day after a 6-day withdrawal period of ketamine on day 17. Each mouse was placed in the center of the open field and monitored for 5 min, during which the total distance (cm) traveled was recorded by a video camera to evaluate locomotor activity.



Social Interaction Test

Social interaction test was performed on the next day after 6-day withdrawal of ketamine following previously established protocols (Zhang et al., 2016). Briefly, during the social interaction test, C57Bl/6 mice were placed in an open field equipment (42 × 42 × 42 cm) with a small empty Plexiglas cage (3 × 6 × 25 cm) placed on the middle of one wall. In this time that the animal spent in the area around this cage in which there was no partner, C57Bl/6 mouse was measured over 2.5 min. After a 1-min interval, a C57Bl/6 mouse was introduced into the Plexiglas cage full of small holes, and the procedure was repeated. The time (seconds) the mice spent in the interaction zone with a C57Bl/6 mouse (with partner) or without a C57Bl/6 mouse (no partner) was recorded. The social interaction ratio = time in the interaction zone with a mouse (with partner)/time in the interaction zone without a mouse (no partner).



Novel Object Recognition Test

The novel object recognition test (NORT) was used to assess the nature of mice to explore novel or unfamiliar objects and differentiate them from those that they were already familiar with (Ennaceur and Delacour, 1987). A day before the training session, the mice were allowed to explore an open-field arena (42 × 42 × 42 cm) without objects for 5 min 1 day before the training session. The next day, two identical objects were placed in opposite and symmetrical corners of the arena. The mice were then placed in the center of the arena with their backs to the objects for 5 min (training session) and, thereafter, returned to their home cages. After 1 h, one of the familiar objects (a yellow cylinder) was replaced with a different one (a green cube); the mice were returned into the arena again and were allowed to explore the objects for 5 min (testing session), in which the time that the mice spent with both objects was recorded. Data were presented as recognition ratio = time (seconds) spent with the novel object ÷ (time spent with the novel object + time spent with the familiar object) (Wang et al., 2007).



Enzyme-Linked Immunosorbent Assays for Oxytocin in Blood and the Medial Prefrontal Cortex

To measure the plasma oxytocin levels, blood was collected from the inferior vena cava of each mouse and centrifuged (4,000 rpm, 15 min, 4°C) to obtain plasma. Oxytocin levels were determined using an enzyme-linked immunosorbent assay (ELISA) kit (Product Number: ADI-900-153A, Enzo Life Sciences, Inc., New York, NY, USA) following the instructions of the manufacturer. The plasma sample of each mouse was assayed in duplicate, and the mean of the two values was used for analysis. The intra- and inter-assay precisions were 11 and 16%, respectively. The detection range of the oxytocin assay was 15.6–1,000 pg/ml.

For the assessment of oxytocin levels in the mPFC using ELISA, the mouse brains were quickly extracted, frozen in −60°C N-hexane, and transferred to a −80°C freezer. Using a freezing cryostat (−20°C, Reichert-Jung 2800 Frigocut E), bilateral tissue punches (8 gauge) of the mPFC were taken from 1-mm-thick coronal sections approximately 1.70 mm from the bregma, following stereotaxic coordinates. The tissue punches were diluted with the assay buffer in the ELISA kit and homogenized using a high-throughput tissue homogenizer (Smith and Wang, 2014). The tissue homogenate was centrifuged for 15 min at 4°C and 13,000 × g, and the supernatant was collected. The brain tissue extraction oxytocin concentrations were measured using the oxytocin ELISA kit, following the instructions of the manufacturer. The total oxytocin content of each sample was normalized by the tissue weight. The plate was read at an optical density of 405 nm using a microplate reader, and the data were calculated from a four-parameter logistic curve fit using ELISA Clac software.



c-fos Immunohistochemistry

On the next day after the behavioral test, the mice were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and were transcardially perfused with PBS followed by 4% paraformaldehyde. Immunofluorescence procedure was performed as previously described (Xue et al., 2014). The mouse brains were removed and immediately postfixed for 6 h. Fixed brain tissues were placed in 15–20–30% gradient sucrose solution in phosphate buffer saline (PBS). After the dehydration of the sucrose, the brain tissues were rapidly frozen in −65°C N-hexane. The brains were then sectioned coronally with a microtome into 15-μm-thick sections. All of the sections were incubated for 60 min at 37°C in a blocking solution (3% bovine serum albumin and 0.2% Triton X-100 in PBS, pH 7.4). The sections were incubated for 18–24 h at 4°C with monoclonal primary mouse-antibody c-fos (1:1,000; ab208942, Abcam, USA) in the blocking solution. All sections were washed three times in PBS, stained with goat anti-mouse IgG H&L secondary antibody (1:500; Alexa Fluor® 488, ab150117, Abcam, USA), and incubated for 2–4 h. The cell counts on either side of the specific mPFC region were averaged and taken as the positive immunoreactive cell count for each mouse. The number of fluorescent-labeled cells was measured using a fluorescence microscope (Olympus) with an image-analysis program (MetaMorph, version 4.65). For c-fos analysis, ×10 bilateral images were acquired and were manually quantified as those with intensities higher than the background in the mPFC. Data were expressed as the average number of c-fos+ cells per mm2 of each section. All quantifications and analyses were completed by an experimenter who was blinded to the treatment conditions.



Stereotactic Surgery and Intra-Medial Prefrontal Cortex Microinjection

Mice were anesthetized by sodium pentobarbital (Merck KGaA, Darmstadt, Germany, Batch No. 921019, 60 mg/kg, i.p.,) before guide cannulae (OD 0.41 mm × ID 0.25 mm) were implanted into their brains using the following stereotaxic coordinates for mPFC: anterior/posterior, +1.75 mm; medial/lateral, ±0.75 mm; dorsal/ventral, −2.65 mm at a 15° angle (Zhang et al., 2016). After surgery, the general health conditions of all mice were monitored, and they were allowed a 7-day recovery period before ketamine treatment. Mice were intracranially microinjected with either oxytocin (Biorbyt, orb71832, 5 ng/μl) or its vehicle (saline) using 10-μl Hamilton syringes (Hamilton, Reno, NV, USA) that were connected via polyethylene-50 tubing (OD 0.61 × ID 0.28) to injectors (OD 0.21 × ID 0.11, RWD Lifescience, Shenzhen, China) extending 0.8 mm beyond the tip of the cannula. A total volume of 0.2 μl oxytocin was infused into the mPFC over 5 min, and the injection syringe was left in place for an additional 5 min to allow for diffusion. For intra-mPFC infusion, oxytocin or its vehicle (saline) was infused once daily for 6 days during the ketamine withdrawal period at a dose of 1 ng/side/mouse referring to a previous report (Kovacs and Marko, 1993). To explore the antagonism of oxytocin receptors, atosiban (MCE, 2.5 ng/μl) or its vehicle (artificial cerebrospinal fluid, 145 mM NaCl, 2.8 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2, 5.4 mM D-glucose, pH = 7.4) was infused into the mPFC 30 min before daily oxytocin treatment, and a total volume of 0.2 μl was infused into the mPFC over 5 min. Data from mice with incorrect placements (8 out of 78 mice) assessed using Nissl staining of the bilateral injection cannula were excluded from the statistical analysis.



Measurements of Cytokines TNF-α, IL-6, and IL-1β Levels in Plasma and the Medial Prefrontal Cortex

For cytokine measurements, plasma was collected using the same procedure as for oxytocin measurement. The tissues of mPFC were weighed and homogenized in PBS by centrifugation for 5 min at 5,000 × g at 4°C, and the supernatant was collected. The levels of cytokines (TNF-α, IL-6, and IL-1β) in the plasma and mPFC extracts were analyzed using commercially available ELISA kits, according to the instructions of the manufacturer. The ELISA Kit of mouse TNF-α (MM-0132M2), mouse IL-6 (MM-0163M2), and mouse IL-1β (MM-0040M2) were purchased from Jiangsu Meimian Biological Technology Co. Ltd (Jiangsu, China).



Measurements of Neutrophil, Monocyte, and Lymphocyte Counts

Mice were anesthetized with chloral hydrate (5.0%), and 1-ml syringes were immersed in EDTA-2Na before blood collection. Blood was collected from the inferior vena cava using 1-ml syringes and immediately transferred to the EDTA-2K anticoagulant tubes (IDEXX Vet CollectTM). The blood samples were analyzed using a fully automatic hematology analyzer (IDEXX procyte DXTM) within 6 h after blood collection (Ahmad et al., 2019). The neutrophil to lymphocyte ratio (NLR) and monocyte to lymphocyte ratio (MLR) were calculated as the ratio of the blood neutrophil or monocyte to lymphocyte counts, respectively.



Statistical Analysis

Statistical analysis was performed using the Prism software (GraphPad 8, San Diego, CA, USA). Data are presented in the figures as mean ± SEM. Differences between the two groups were assessed using two-tailed t-tests. Differences among three or more groups were assessed using one-way ANOVA with Tukey's multiple comparisons test. Significant differences are indicated in the figures by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




RESULTS


The Behavioral Deficits Induced by Repeated Ketamine Administration Is Associated With Impaired Oxytocin Function

To test the effect of exposure to ketamine on the social behavior and cognitive function, we used social interaction and NORT after a consecutive 10-day ketamine treatment followed by a 6-day withdrawal period (Figure 1A). Mice that received ketamine injection exhibited a significant reduction in social interaction compared with saline-treated mice; this was shown as a reduction in both time in the social interaction zone (p < 0.0001, Figures 1B,C) and social interaction ratio (p < 0.001, Figure 1D) without alterations in locomotor activity (Figure 1E), suggesting that repeated ketamine administration and withdrawal-induced social avoidance in mice. In the NORT, ketamine-treated mice showed a significantly decreased recognition ratio compared with mice in the saline group (p < 0.001, Figures 1F,G). These findings reveal that ketamine-treated mice exhibit behavioral deficits, including social avoidance and cognitive impairment. We further found that exposure to ketamine after withdrawal induced a robust decrease in oxytocin levels in both the plasma (p < 0.0001, Figure 2A) and the mPFC (p < 0.0001, Figure 2B). Since the normal physiological activity of the mPFC is involved in the development of the social and cognitive processes, we next measured the neuronal activity of the mPFC. Data analyses from the immunohistochemistry assay of c-fos staining in the mPFC showed that c-fos-positive cells in the ketamine-injected group were higher than those in the saline group (p < 0.001, Figures 2C,D). These results indicate that the behavioral deficits induced by repeated ketamine administration might be associated with a decrease in oxytocin signaling and neuronal activity in the mPFC.
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FIGURE 1. The behavioral deficits induced by repeated ketamine administration. (A) Experimental timeline of ketamine treatment and behavioral protocol. (B) The graphical scheme of arena for social interaction test. (C) The time spent in the social interaction zone. (D) The social interaction ratio measured in social interaction test. (E) Total distance traveled during the 5- min open field test. (F) The diagram for novel object recognition test. (G) The recognition ratio measured in the novel object recognition test. Data are presented as mean ± SEM ***p < 0.001, ****p < 0.0001, compared with saline group. n = 8–9 per group.
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FIGURE 2. Impaired oxytocin function is associated with the behavioral deficits induced by repeated ketamine administration. (A) The levels of plasma oxytocin, and (B) the levels of medial prefrontal cortex (mPFC) oxytocin measured by enzyme-linked immunosorbent assay (ELISA). ****p < 0.0001, compared with saline group. n = 8–9 per group. (C) The representative photographs of the c-fos-positive cell staining with immunohistochemistry and coronal brain sections in the mPFC. Scale bars indicate 0.5 mm (left images) and 100 μm (right images). (D) The number of fluorescent-labeled c-fos+ cells for each of the quantified regions (four to six images per mouse, standardized to 1 mm2). Data are presented as mean ± SEM. ***p < 0.001, ****p < 0.0001 compared with saline group. n = 6 per group.




Microinjection of Oxytocin Into Medial Prefrontal Cortex Reverses the Behavioral Deficits Induced by Repeated Ketamine Administration

We next examined the effects of oxytocin enhancement in the mPFC on the behavioral deficits induced by repeated ketamine administration. Stereotactic surgery was performed for intra-mPFC microinjection in both ketamine- and saline-treated mice. The mice were then subjected to a 10-day ketamine injection and 6-day withdrawal. Oxytocin (1 ng per side) or its vehicle was microinfused into the mPFC during withdrawal period once daily for 6 days before the social interaction and NORT (Figure 3A). The results showed that administering ketamine induced social avoidance as measured by the social interaction time [F(2, 26) = 8.67, p < 0.0001, Figures 3B,C] and reduced interaction ratio [F(2, 26) = 3.93, p < 0.05, Figure 3D], and impaired cognition compared with the saline group [F(2, 26) = 12.24, p < 0.0001, Figure 3E]. However, mPFC infusions of oxytocin increased the social interaction time [F(2, 26) = 5.33, p < 0.01, Figure 3C] and social interaction ratio [F(2, 26) = 3.59, p < 0.05, Figure 3D]. A similar effect was found after the infusion of oxytocin in the mPFC in the NORT, in which the recognition ratio exhibited in the ketamine treatment group was significantly increased by oxytocin infusion [F(2, 26) = 10.51, p < 0.0001, Figure 3E]. Our data are consistent with previous reports that central administration of oxytocin enhanced certain social behaviors and cognitive capacities (Meyer-Lindenberg et al., 2011). These results indicate that oxytocin in the mPFC mediates the development and reversal of social avoidance and cognitive impairment induced by ketamine.
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FIGURE 3. Microinjection of oxytocin into mPFC reverses the behavioral deficits induced by repeated ketamine administration. (A) Experimental timeline for ketamine treatment, oxytocin microinjection, and behavioral protocol. (B) The indicative photograph of the injection sites of coronal brain sections and representative cannula placements in the mPFC. (C) The time spent in the social interaction zone and (D) the social interaction ratio measured in social interaction test. (E) The recognition ratio measured in the novel object recognition test. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 compared with saline or ketamine-vehicle group. n = 9–10 per group. OT, oxytocin.




Medial Prefrontal Cortex Oxytocin Normalizes Ketamine-Induced Increase in TNF-α, IL-6, and IL-1β Levels

We next investigated the potential pathway underlying the beneficial effects of oxytocin on the reversal of social behaviors. Previous studies have shown that the inflammation is involved in the psychosocial behaviors during the drug withdrawal period, with increased levels of TNF-α, IL-6, and IL-1β (Hu et al., 2016). Additionally, the anti-inflammatory effects of oxytocin are linked to its social interactions by decreasing the inflammatory cytokines TNF-α, IL-6, and IL-1β in both rodents and humans (McQuaid et al., 2014). We attempted to provide direct evidence that intra-mPFC oxytocin regulates the inflammatory process that occurs in ketamine-induced behavioral deficits. To achieve this goal, the mice were treated with ketamine for 10 days and exposed to a 6-day withdrawal period, during which the mice were microinjected with oxytocin or its vehicle in the mPFC. On day 17, both blood samples and mPFC brain tissues from mice were collected for ELISA measurements of TNF-α, IL-6, and IL-1β levels. We found that chronic ketamine treatment significantly increased TNF-α [F(2, 26) = 7.64, p < 0.0001, Figure 4A], IL-6 [F(2, 26) = 5.33, p < 0.01, Figure 4B], and IL-1β [F(2, 26) = 10.12, p < 0.0001, Figure 4C] at the periphery, and intra-mPFC oxytocin blocked these activated cytokines of TNF-α [F(2, 26) = 6.57, p < 0.001, Figure 4A], IL-6 [F(2, 26) = 4.13, p < 0.05, Figure 4B], and IL-1β [F(2, 26) = 5.84, p < 0.001, Figure 4C]. Consistently, the levels of TNF-α [F(2, 26) = 4.84, p < 0.01, Figure 4D], IL-6 [F(2, 26) = 9.97, p < 0.0001, Figure 4E], and IL-1β [F(2, 26) = 7.24, p < 0.0001, Figure 4F] in the mPFC were also increased by chronic ketamine, whereas intra-mPFC oxytocin reduced TNF-α [F(2, 26) = 4.03, p < 0.05, Figure 4D], IL-6 [F(2, 26) = 6.45, p < 0.001, Figure 4E], and IL-1β levels [F(2, 26) = 4.92, p < 0.01, Figure 4F]. These results indicated that both circulating and mPFC pro-inflammatory cytokine levels were elevated in ketamine-treated mice. Infusion of oxytocin in the mPFC during the withdrawal period significantly decreased TNF-α [F(2, 26) = 4.03, p < 0.05, Figure 4D], IL-6 [F(2, 26) = 6.45, p < 0.001, Figure 4E], and IL-1β [F(2, 26) = 4.92, p < 0.01, Figure 4F] levels not only in the plasma but also in the mPFC (Figures 4D–F), suggesting an attenuated effect of oxytocin on increased inflammatory factors in mice with ketamine withdrawal.
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FIGURE 4. mPFC oxytocin normalizes ketamine-induced cytokines increase in TNF-α, IL-6, and IL-1β levels. (A) The levels of TNF-α, (B) IL-6, and (C) IL-1β in the plasma. (D) The levels of TNF-α, (E) IL-6, and (F) IL-1β in the mPFC measured by ELISA Kit. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with saline or ketamine-vehicle group. n = 9–10 per group. OT, oxytocin.




Medial Prefrontal Cortex Oxytocin Regulates the Blood Immune Markers in Ketamine-Treated Mice

Since it has been evidenced that there is a significant relationship between immune markers and cognitive symptoms or drug abuse (Guzel et al., 2018; Fourrier et al., 2020), we determined the parameters related to the immune system such as neutrophils, lymphocytes, monocytes, NLR (the calculated ratio of the blood neutrophil to lymphocyte count), and MLR (calculated by dividing the monocyte count by the lymphocyte count) (Figure 5A). We found that the neutrophils [F(2, 22) = 11.40, p < 0.0001, Figure 5B] and monocyte counts [F(2, 22) = 9.68, p < 0.0001, Figure 5D] increased with chronic ketamine administration, whereas the upregulation of neutrophils [F(2, 22) = 8.40, p < 0.0001, Figure 5B] and monocytes [F(2, 22) = 7.95, p < 0.0001, Figure 5D] significantly reduced by intra-mPFC oxytocin treatment. Neither ketamine nor oxytocin showed alterations in the lymphocyte count (p > 0.05, Figure 5C). In addition, higher values of NLR [F(2, 22) = 7.74, p < 0.0001] and MLR [F(2, 22) = 6.30, p < 0.0001] were observed in the ketamine group than in the saline group, but oxytocin infusion decreased the NLR [F(2, 22) = 6.02, p < 0.001, Figure 5E] and MLR [F(2, 22) = 5.64, p < 0.01, Figure 5F]. Our results raised the possibility that there may be a potential relationship between the protective effects of oxytocin on behavioral deficits and the restoration of blood immune biomarkers in mice chronically treated with ketamine.
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FIGURE 5. mPFC oxytocin regulates the blood immune markers in ketamine-treated mice. (A) The representative images from hematology analyzer showing neutrophils, lymphocytes, and monocytes. (B) The count of blood neutrophils, (C) lymphocytes, (D) monocytes, (E) NLR, and (F) MLR. Data are presented as mean ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with saline or ketamine-vehicle group. n = 8–9 per group. NLR, the neutrophil to lymphocyte ratio; MLR, the monocyte to lymphocyte ratio; OT, oxytocin.




Oxytocin Receptor Antagonist Blocks the Reversal Effects of Oxytocin on Behavioral Impairments in Ketamine-Treated Mice

We next examined the role of oxytocin in the mPFC in the behavioral impairment of ketamine withdrawal by the infusion of an oxytocin antagonist atosiban into the mPFC after a 10-day ketamine injection and 6-day abstinence (Figure 6A). Pretreatment with atosiban 30 min before each oxytocin infusion in the mPFC showed a trend of attenuation of the social interaction behavior, which was improved by oxytocin in ketamine-treated mice, although there was no significant difference between groups (Figure 6B). Statistical analyses revealed significant effects of oxytocin [F(3, 37) = 4.52, p < 0.05, Figure 6C] and atosiban [F(3, 37) = 4.07, p < 0.05, Figure 6C] on the social interaction ratio. Oxytocin significantly increased the social interaction impaired by chronic ketamine administration, whereas atosiban microinfusion in the mPFC in oxytocin-treated mice reversed the increase in the social interaction ratio. Finally, in the NORT, the recognition ratio reduced by chronic ketamine administration was increased by intra-mPFC oxytocin [F(3, 37) = 6.88, p < 0.0001, Figure 6D]; however, this increased recognition ratio was hindered by pre-infusion of atosiban into the mPFC [F(3, 37) = 4.06, p < 0.05, Figure 6D]. Altogether, these results indicate that the enhanced function of oxytocin in the mPFC was associated with improvement of social interaction and cognitive performance in ketamine-treated mice, and antagonism of oxytocin receptors by atosiban in the mPFC blocked the beneficial effects of oxytocin.
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FIGURE 6. Oxytocin receptor antagonist blocks the reversal effects of oxytocin on behavioral impairments in ketamine-treated mice. (A) Experimental timeline for ketamine treatment, oxytocin, or oxytocin receptor antagonist atosiban microinjection, and behavioral protocol. (B) The time spent in the social interaction zone, and (C) the social interaction ratio measured in the social interaction test. (D) The recognition ratio measured in the novel object recognition test. Data are presented as mean ± SEM *p < 0.05, ***p <0.001, ****p < 0.0001, compared with saline, ketamine-vehicle, or ketamine-OT group. n = 9–11 per group. OT, oxytocin.





DISCUSSION

The results of the present study showed that repeated ketamine administration (5 mg/kg, i.p.) for 10 days and withdrawal for 6 days induced behavioral deficits in both social interaction and cognitive performance as well as reduced oxytocin levels in the mPFC. Furthermore, direct microinjection of oxytocin into the mPFC reversed the social avoidance and cognitive impairment, whereas pre-infusion of the oxytocin receptor antagonist atosiban blocked the reversal effects of oxytocin. Repeated ketamine exposure also inhibited mPFC neuronal activity as measured by a decrease in c-fos-positive cells. In addition, oxytocin administration normalized ketamine-induced inflammatory cytokines including TNF-α, IL-6, and IL-1β levels both at the periphery and in the mPFC. Finally, the activation of immune markers such as neutrophils and monocytes by ketamine was restored in oxytocin-treated mice. Taken together, these results demonstrate that enhancing oxytocin signaling in the mPFC is a potential pathway to reverse social avoidance and cognitive impairment via normalization of inflammatory mediators as well as immune markers and may represent a promising therapeutic strategy for treating ketamine-induced behavioral disturbances (Figure 7).
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FIGURE 7. Putative framework of oxytocin on the social avoidance and cognitive dysfunctions induced by chronic ketamine exposure and withdrawal according to experimental findings. Chronic ketamine exposure decreases oxytocin activity, which impairs mPFC function. Chronic mPFC dysfunction in vulnerable animals increases low-grade inflammation (shown by elevated inflammatory cytokines TNF-α, IL-6 <, and IL-1β) and altered immune markers (increased neutrophils, monocyte, NLR, and MLR), producing social avoidance and cognitive impairment. Supplementary oxytocin protects mPFC and inflammatory processes from damage by ketamine to reverse behavioral deficits.


Oxytocin, synthesized in the magnocellular neurons situated in the supraoptic and paraventricular nuclei of the hypothalamus and processed to the pituitary, has been shown to increase social interaction and improve cognitive performance in mental disorders characterized by social impairments (MacDonald et al., 2013; Teng et al., 2013; Havranek et al., 2015). Given that previous studies prescribed a negative relationship between oxytocin levels and ketamine treatment (Huang et al., 2018), there is a potential for introducing oxytocin as a therapeutic candidate to restore impaired functions in social and cognitive behaviors. As expected, we found from the present study that the plasma oxytocin was significantly decreased by repeated ketamine administration and withdrawal, suggesting that there might be a direct association between the oxytocin system and ketamine-induced social disorders. It is also noteworthy that reduced central oxytocin levels were observed in the mPFC, which is thought to play an essential role in cognition and social behavior (Ferguson and Gao, 2018; Jung et al., 2021). Dysfunction of the mPFC may be responsible for impairments in social interaction and cognitive performance in several studies (Ferguson and Gao, 2018). Importantly, whether the social interaction deficits caused by ketamine could be restored by oxytocin is determined by the pattern of administration. For example, systematic oxytocin did not ameliorate social deficits, contrary to studies in which this deficit was restored by intracerebroventricular oxytocin administration (Havranek et al., 2015). In the present study, we aimed to investigate whether a specific infusion of oxytocin in the mPFC has a positive effect on the social and cognitive functions in mice with ketamine withdrawal. Our results showed that ketamine treatment was associated with a significant decrease in social interactions and cognitive deficits, which is consistent with previous studies (Silvestre et al., 1997). In addition to reduced oxytocin levels in the mPFC, we further found that the neuronal activity in the mPFC was also inhibited by ketamine relative to mice in the control group, suggesting that the improvement of mPFC activity as well as oxytocin function in the mPFC may be necessary for reversal of these social deficits induced by ketamine. We found here that oxytocin microinfused in the mPFC during the withdrawal period reversed the social avoidance and cognitive impairment induced by ketamine. Although the mPFC activity after oxytocin administration has not been investigated in this study, it is noteworthy that the normal function of the mPFC contributes to the neuronal pathways underlying social and cognitive function; hence, we found a potential association between mPFC oxytocin and behavioral improvements. However, it is still necessary to further determine the molecular regulators in this link.

Stressful situation performance is considered to be responsible for the ketamine abstinence-induced impairment in social interaction and cognitive performance due to the increased stress hormones that can increase the risk of the development of substance abuse and relapse (Huang et al., 2020). The regulatory role of oxytocin in behavioral responses to stress has also been investigated. For example, both peripheral blood and central levels of oxytocin were elevated by various stressful procedures, whereas administration of oxytocin restored these changes by reducing stress adrenocorticotropic hormone and corticosteroid concentrations (Wotjak et al., 1998; Windle et al., 2004). Regarding the link between oxytocin function and stress systems, numerous studies support the hypothesis that oxytocin is generally associated with an active response to stress by inhibiting the hyperactivity of the hypothalamic–pituitary–adrenal (HPA) axis (Kormos and Gaszner, 2013), leading to the mitigation of the negative effects of stress on social and cognitive functions. In addition, stress-induced reinstatement of addictive methamphetamine increased inflammatory cytokines in the prefrontal cortex, leading to changes in neurotransmission, thus, triggering reinstatement of methamphetamine (Karimi-Haghighi et al., 2020). Moreover, the increased pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) were found in addictive psychostimulants including ketamine, methamphetamine, and alcohol (Airapetov et al., 2019; Li et al., 2020; Sedky and Magdy, 2021), suggesting that changes in peripheral markers of inflammation are generally associated with drug abuse. These data raised the possibility that oxytocin participates in social and cognitive functions through interactions with inflammatory processes, and reduction in inflammatory cytokines may play an important role in the reversal effect of oxytocin on ketamine-induced behavioral dysfunctions. Of note, pro-inflammatory cytokines including IL-6 and IL-1β altered the oxytocin receptor expression in tissues (Baribeau and Anagnostou, 2015), suggesting that reducing inflammatory activity in early abstinence could change social and cognitive deficiencies. Therefore, attenuation of the pro-inflammatory effects of addictive drug administration may have implications on the treatment of drug abuse. In the present study, we found that both circulating and mPFC pro-inflammatory cytokine levels were elevated in ketamine-treated mice, whereas infusion of oxytocin in the mPFC during the withdrawal stage significantly decreased TNF-α, IL-6, and IL-1β levels. These results suggest a protective effect of oxytocin on increased inflammatory factors in mice with ketamine withdrawal.

Together with increased levels of pro-inflammatory cytokines (i.e., TNF-α, IL-1β, and IL-6), ketamine caused redox dysregulations, such as elevated production of reactive oxygen species (ROS) in the prefrontal cortex of adult mice (Bove et al., 2020). It has also been shown that redox dysregulation is significantly implicated in the development of cognitive and social dysfunctions in rodents (Genius et al., 2013). Moreover, oxidative alterations could prevent cognitive and social behavioral deficits induced by ketamine administration in mice (Phensy et al., 2017; Ben-Azu et al., 2018). Hence, ketamine-induced neuroinflammation and consequent ROS release may play a substantial role in the pathophysiology of the behavioral deficits. Further investigations targeting the inhibition of inflammatory pathways and enhancement of antioxidant defense could be helpful in preventing the neurobehavioral abnormalities caused by ketamine.

Regarding the association of immune markers and social interaction, a recent study showed that repeated social defeat stress increased neutrophils and monocytes in the blood, and this increase may contribute to the development of social avoidance (Ishikawa et al., 2021). Additionally, NLR and MLR were significantly associated with cognitive performance in patients with major depressive disorder (Fourrier et al., 2020). However, the role of immune markers particularly neutrophils, lymphocytes, monocytes, NLR, and MLR in social interaction, and cognitive performance improved by oxytocin remains unclear. We found that the neutrophils and monocyte counts as well as NLR and MLR were increased by chronic ketamine injection, and intra-mPFC oxytocin treatment significantly reduced these immune markers. Our results indicate that there is a potential relationship between the protective effects of oxytocin on social and cognitive deficits and the restoration of blood immune biomarkers in mice chronically treated with ketamine. Although several studies have summarized the potential treatment of oxytocin for social deficits and cognitive dysfunction (Meyer-Lindenberg et al., 2011; Baribeau and Anagnostou, 2014), the specific effects of oxytocin on inflammatory processes and the immune system have not been fully identified. Furthermore, investigations are needed to determine whether anti-inflammatory agents can increase oxytocin levels reduced by chronic ketamine treatment to provide a direct evidence supporting the link between inflammation and the social behavior network regulated by oxytocin.

Oxytocin distribution is consistent with the expression pattern of its receptors, which are G protein-coupled receptors that bind to oxytocin, expressed in several regions of the rodent brain, including the mPFC (Shapiro and Insel, 1992; Donovan et al., 2018). The mPFC is known to play a crucial role in both social interaction and cognitive function in a wide range of domains such as social support, positive communication, executive control, learning, and memory. Accordingly, the specific receptor-binding activity is determined by different oxytocin concentrations; the local oxytocin concentrations in the brain are keys for the oxytocin receptor activation and subsequent stimulation of intracellular signaling pathways (Abramova et al., 2020). In the present study, we found that specific antagonism of oxytocin receptors in the mPFC blocked the reversal effects of oxytocin on the social interaction and cognitive performance. Our results further demonstrate that mPFC inactivation of oxytocin signaling pathway by an oxytocin receptor antagonist is critically involved in the behavioral deficits induced by ketamine. The positive effects of oxytocin on behavioral changes are associated with its regulation of neural correlates of the prefrontal cortex, nucleus accumbens, and ventral tegmental area and modulation of the sensitivity to social stimuli with a shared input from oxytocin receptors (Baribeau and Anagnostou, 2015). Moreover, oxytocin was found to enhance the activity in areas including the frontal cortex, nucleus accumbens, and amygdala during social tasks (Gordon et al., 2013). However, it is important to note that the synthetic oxytocin receptor antagonists used in animal studies may not equally affect human physiology; this could be interpreted by the significant genetic variation in the receptor structure across different species (Baribeau and Anagnostou, 2015).



CONCLUSION

In conclusion, our results indicate that enhancement of oxytocin in the mPFC has beneficial effects on social avoidance and cognitive deficits induced by chronic ketamine treatment, and withdrawal may be mediated through the regulation of inflammatory cytokines and immune markers. These findings provide a potential strategy for targeting mPFC oxytocin signaling for the prevention of drug withdrawal associated with social and cognitive dysfunctions.
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Cocaine addiction is an acquired behavioral state developed in vulnerable individuals after cocaine exposure. It is characterized by compulsive drug-seeking and high vulnerability to relapse even after prolonged abstinence, associated with decreased neurogenesis in the hippocampus. This addictive state is hypothesized to be a form of “memory disease” in which the drug exploits the physiological neuroplasticity mechanisms that mediate regular learning and memory processes. Therefore, a major focus of the field has been to identify the cocaine-induced neuroadaptations occurring in the usurped brain’s reward circuit. The neurosteroid dehydroepiandrosterone (DHEA) affects brain cell morphology, differentiation, neurotransmission, and memory. It also reduces drug-seeking behavior in an animal model of cocaine self-administration. Here, we examined the long-lasting effects of DHEA treatment on the attenuation of cocaine-seeking behavior. We also examined its short- and long-term influence on hippocampal cells architecture (neurons and astrocytes). Using a behavioral examination, immunohistochemical staining, and diffusion tensor imaging, we found an immediate effect on tissue density and activation of astrocytes, which has a continuous beneficial effect on neurogenesis and tissue organization. This research emphasizes the requites concert between astrocytes and neurons in the rehabilitation from addiction behavior. Thus, DHEA may serve as a treatment that corrects brain damage following exposure to and abstinence from cocaine.
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INTRODUCTION

Drug addiction is a complex disease involving mind and body, defined as the compulsion to consume a drug while losing control over the amount consumed (Everitt et al., 2001). Cocaine usage disorder is characterized by a high propensity for repeated drug use and addictive substance relapse, which can occur during short periods of withdrawal or even following years of successful abstinence (Rounsaville et al., 1991; Ciccarone, 2011). Therefore, the two main challenges associated with treating cocaine dependence are treatment retention and relapse (Penberthy et al., 2010).

The neuroadaptations following cocaine administration have been studied extensively to determine the consequences of cocaine abuse and potential addiction treatment targets. Merging reports emphasize the importance of both the glutamatergic signaling-pathway and the learning and memory circuit for switching from substance use- to substance abuse-behavior (Doyle et al., 2014). Substance-related memories, the shift to addiction (Meyers et al., 2006) and relapse, transpire in the hippocampus (among other brain regions), a part of the mesolimbic system (Shen et al., 2006; Hernández-Rabaza et al., 2008). Hippocampal neurogenesis is at the core of hippocampal plasticity: the newly formed neurons in the dentate gyrus (DG) integrate into the existing neural network and contribute to hippocampal function. Ample evidence shows neurogenesis reduction in response to various addictive drugs, such as cocaine (Sudai et al., 2011), alcohol (Herrera et al., 2003), opiates (Teuchert-Noodt et al., 2000), and amphetamines (Eisch et al., 2000; Domínguez-Escribà et al., 2006; Eisch and Harburg, 2006). Also, preventing neurogenesis prior to drug exposure increases susceptibility to drug-seeking behavior (Noonan et al., 2010).

Dehydroepiandrosterone is a neuroprotective steroid that modulates neuronal function, stimulates neurogenesis in the hippocampus of rats, promotes survival of newly formed neurons, and prevents corticosterone-induced suppression (Karishma and Herbert, 2002). DHEA and its sulfate ester, DHEA-S, represent the most abundant steroid hormones in the body. In humans, levels of DHEA and DHEA-S are altered during addiction to substances of abuse (Buydens-Branchey et al., 2002). Specifically, significantly lower levels of DHEA-S were observed in abusers that relapsed (Shoptaw et al., 2004). In a clinical trial conducted in a therapeutic center where addicts consumed add-on DHEA (100 mg/day) or placebo daily for at least 30 days during their routine treatment, DHEA raised the probability to successful remission from drug usage (Ohana et al., 2016). Controlled experimental studies using animal models confirmed the clinical observations (Doron et al., 2006; Maayan et al., 2006; Yadid Gal et al., 2010) regarding the effect of DHEA on drug-seeking behaviors at different phases of the self-administration model: acquisition, maintenance, and reinstatement in the short-term (immediately after treatment during the extinction phase). In addition, it has been shown that DHEA treatment does not disrupt general operant behavior by testing its effect on sucrose intake (Doron et al., 2006).

This study aimed to examine post-DHEA treatment’s long-term (one month) effect on drug-seeking behavior and neurogenesis in rats. We used diffusion tensor imaging (DTI), a non-invasive method, to evaluate longitudinal changes of hippocampus tissue in a month-long period of DHEA treatment during withdrawal from repeated cocaine self-administration. We examined proliferation in the short-term and then neurogenesis concurrently with the DHEA effect on drug-seeking behavior one month post-treatment.

Since preliminary data of DTI showed dynamic changes in tissue density during abstinence and after DHEA treatment, which were inversely proportional with proliferation and neurogenesis changes, we further sought factors other than the neurogenesis that could affect the DTI results. Although most literature on substance use disorder concentrates on the intactness and function of neurons, emerging evidence indicates astroglia as a key element in neuropathology (Verkhratsky et al., 2016). Astrocytes play a critical role in neuromodulation, neuroprotection, axon guidance control during development, and homeostasis preservation in the CNS (Kimelberg and Norenberg, 1989). Also, astrocytes regulate glutamatergic synaptic plasticity by controlling the extracellular glutamate concentration via coordinated uptake and release, hence contributing to learning and memory (Scofield and Kalivas, 2014).

Interestingly, DHEA was shown to have neuroactive effects on astroglial function in different experimental models (Arbo et al., 2016). Moreover, DHEA is a stimulant of anti-inflammatory processes in astrocytes (Buyanova et al., 2017).

Therefore, in the current study, we extended our examination of the effects of DHEA treatment also to astrocytes and related it to neurogenesis.



MATERIALS AND METHODS


Subjects

Total 176 Male Sprague–Dawley rats (250–280 g) were used. Rats were purchased from Envigo Inc., were maintained (in pairs) on a 12–12 h light-dark cycle (lights off at 07:00 AM) with free access to food and water. All experimental procedures were approved by the Animal Care and Use Committee of Bar Ilan University and performed in accordance with the guidelines of the National Institute of Health.



Cocaine Self-Administration

Rats were trained to self-administer cocaine (National Institute on Drug Abuse, Baltimore, MD, United States) for 16 days under an FR-1 schedule of reinforcement. 5 days after catheterization, rats were transferred to operant conditioning chambers (Med-Associates, Inc.; St. Albans, VT) for one hour daily during their dark cycle. Each self-administration chamber (30⋅25⋅22 cm) had two levers, active and inactive, located 9 cm above the chamber’s floor. The self-administration chambers and the computer interface were built locally and controlled by a computer program written by Steve Cabilio (Concordia University, Montreal, PQ, Canada).

An active lever press generated a cocaine infusion (1.5 mg/kg, 0.13 ml, 20 s/infusion; cocaine was obtained from the National Institutes of Drug Abuse, North Bethesda, MD) through the IV catheter, which was connected to an infusion pump. Throughout cocaine infusion intervals, a light located above the active lever was lit for 20 s. During the 20-s intervals, active lever presses were recorded, but no additional cocaine reinforcement was provided. Presses on the inactive lever did not activate the infusion pump and light. The number of active lever responses, infusions, and inactive lever responses was recorded. Rats were returned to their home cages at the end of the daily session.



Cocaine Extinction and Reinstatement to Cocaine

Rats subjected to DHEA (COC-DHEA group) or vehicle (COC-SAL group) injections were placed daily in the operant chamber for one hour without receiving cocaine in response to active lever pressing, until lever-pressing behavior resembled extinguished values. When the rats’ pressing on the active lever decreased by less than 80% deviation from the first day of extinction, it was assumed to be non-reinforced by cocaine. The control groups were trained to self-administer saline, subjected to DHEA (SAL-DHEA group) or vehicle (SAL-SAL group) during extinction. For the next 28 days, rats were not exposed to cocaine or operant chambers. After a total of 36 days since their last exposure to cocaine, rats received a priming injection of cocaine (10 mg/kg, i.p.) before placement in the self-administration chambers (operant chamber). Active lever responses, reinforcements, and inactive lever responses were recorded.



Dehydroepiandrosterone Administration

Dehydroepiandrosterone (Sigma Chemicals; St Louis, MO) was dissolved in 0.3 ml of dimethylsulfoxide (DMSO) and then diluted to 1 mg/ml of saline (final DMSO concentration was 1%). Rats were injected i.p. with DHEA (2 mg/kg) or vehicle (saline containing 1% of DMSO) 90 min prior to exposure to the operant chamber. Based on previous research showing that cocaine addicts that had a twofold increase in plasma DHEA-S levels compared to other addicts were less prone to relapse and based on prior evaluation of the effect of DHEA injections on DHEA-S plasma levels in rats, we found that the optimal DHEA dose to achieve a twofold increase in DHEA-S plasma levels was 2 mg/kg in cocaine self-administrating rats (Everitt et al., 2001).



BrdU Administration

Rats were housed under standard conditions and injected i.p. with BrdU (Sigma-Aldrich; 50 mg per kg body weight) 3 injections at 4-h intervals for one day after reaching stable maintenance levels. They continued to live in this environment for 24 h or 28 days after the last injection. Then, they were euthanized and perfused transcranial, first with PBS and then with 4% paraformaldehyde.



Tissue Preparations

Phosphate buffer (PBS) perfusion was performed to the left ventricle in the rat heart until the blood washed out through the right atrium, then 4% paraformaldehyde was injected in the same manner for brain fixation. Brains were removed, post-fixed overnight, and equilibrated in phosphate-buffered 30% sucrose. Free-floating, 40-μm-thick coronal hippocampal sections were collected on a freezing cryostat and stored at 4°C before immunohistochemistry.



Immunohistochemistry

For BrdU staining of rat specimens, tissue sections were washed with PBS, incubated in 2N HCl at 37°C for 30 min, and then blocked for one h with blocking solution (PBS containing 20% normal horse serum and 0.5% Triton X-100). The tissue sections were stained overnight with specified combinations of the following primary antibodies: rat anti-BrdU (1:200; Oxford Biotechnology, Kidlington, Oxfordshire, United Kingdom) and mouse anti-NeuN (1:200; Chemicon, Temecula, CA). Secondary antibodies used for both rat tissues were Cy-3-conjugated donkey anti-rat (1:200; Jackson ImmunoResearch, West Grove, PA) and Cy-2 donkey anti-mouse (1:200; Jackson ImmunoResearch, West Grove, PA).

Astrocytes were immunohistochemically stained for S100β. Tissue sections were rinsed in PBSx1 + 0.1% triton and then blocked in 20% normal horse serum + 0.1% triton + PBSx1. s100β antibody (1: 7,500; 16H24L21, Invitrogen) with PBSx1 + 2% normal horse serum + 0.1% triton solution. The slices were stored at 4°C overnight. The second (fluorescent) 488 alexa antibody (green) was introduced at a ratio of 1: 1000 (A11034, Invitrogen) in PBSx1 + 0.1% triton solution for one hour. Slices were washed again and stained with fluorescent nucleus by DAPI (1: 10,000; F6057, Sigma) in PBSx1 + 0.1% triton solution for 10 min.

For microscopic analysis, we used a fluorescent microscope (40× magnifications). Neurogenesis in the dentate gyrus was evaluated by counting the cells that were double-labeled with BrdU and NeuN. We counted the number of labeled cells in nine coronal sections (360 μm apart) per rat brain, stained them, and mounted them on coded slides. To obtain an estimate of the total number of labeled cells per dentate gyrus, we multiplied the total number of cells counted in the selected coronal sections from each brain by the volume index (the ratio between the volume of the dentate gyrus and the total combined volume of the selected sections).

For astrocyte analysis, we used a Leica SP8 confocal microscope; excitation wavelengths: 488 nm, 405 nm, using a white-light laser. A 3D image of the ventral and dorsal dentate gyrus was performed; Scale bar is 50 μm. All raw images were analyzed using Leica’s analysis software.



Intravenous Catheterization

The rats were implanted with intravenous Silastic catheters (Dow Corning, Midland, MI) into the right jugular vein (Ciccarone, 2011). The catheter was secured to the vein with silk sutures and was passed subcutaneously to the top of the skull, where it exited into a connector (a modified 22-gage cannula; Plastics One, Roanoke, VA) mounted to the skull with MX-80 screws (Small Parts, Inc., Miami Lakes, FL) and dental cement (Yates and Bird, Chicago, IL). Catheter patency was tested daily by injecting sterile saline.



Diffusion Tensor Imaging

Diffusion-tensor imaging (DTI) is a technique in which diffusion is measured in a series of different spatial directions. The shape and orientation of the diffusion tensor are determined at each pixel.

MRI was performed at Tel-Aviv University using a 7T MRI scanner (Bruker, Karlsruhe, Germany) with a 30-cm bore and a gradient strength of up to 400 mT/m. The MRI protocol included diffusion tensor imaging (DTI) acquisition with a diffusion-weighted (DW) spin-echo echo-planar-imaging (EPI) pulse sequence with the following parameters: TR/TE = 4000/25 ms, Δ/δ = 10/4.5 ms, four EPI segments, and 15 non-collinear gradient directions with a single b-value shell at 1000 s/mm2; and one image with a b-value of 0 s/mm2 (referred to as b0). Geometrical parameters were: 20 slices, each 0.48 mm thick (brain volume) and with in-plane resolution of 0.2 × 0.2 mm2 (matrix size 128 × 128; FOV 25.6 mm2). The imaging protocol was repeated three times for signal averaging and compensated for acquisition in which significant head motion was observed. Each DTI acquisition lasted 4.5 min, and the entire MRI protocol lasted about 20 min.



MRI Image Analysis

Image analysis included DTI analysis of the DW-EPI images to produce the fractional anisotropy (FA), apparent diffusion coefficient (ADC), and radial and axial diffusivity indexed maps (RD). DTI enables quantifying the motional anisotropy of water molecules and can provide images with high contrast toward the white matter. Lower FA values may indicate lower tissue directionality and organization or reduced axonal and myelin density. Higher ADC values may indicate reduced tissue density and integrity.

The DTI analysis was implemented in Matlab (©Mathworks, United States) using in-house software (Schnable et al., 2009). For statistical comparisons between rats, each rat brain volume was normalized with a template rat atlas allowing voxel-based statistics. All image transformations and statistical analyses described below were carried out using SPM2 software (Wellcome Trust Centre for Neuroimaging, London, United Kingdom). Each rat data set was normalized to the template images (registered to a digitized version of Paxinos Rat Brain Atlas (Nie et al., 2013). The normalization procedure included four steps. (a) All b0 images initially underwent bias correction. (b) The b0 image for each rat was co-registered with the b0 template (using a 6-parameter rigid-body transformation). The co-registration parameters were then applied to the different DTI indexed maps (FA, ADC, and radial and axial diffusivities). (c) The registered FA maps were normalized to the FA template (having a spatial resolution of 0.066 × 0.066 × 0.48 mm3) using a 12-parameter affine non-linear transformation and 0.2 mm smoothing (which was used only for the parameter estimation procedure and not smoothing of the output image). The normalization parameters were then applied on all DTI indexed maps, including the FA, ADC, and radial and axial diffusivities. (d) The normalized indexed maps were smoothed with a 0.3-mm Gaussian kernel.



Statistical Analysis

For the behavioral data (cocaine self-administration, extinction, and reinstatement test), we applied one-, two-, or three-way ANOVA with or without repeated measures, followed by Bonferroni’s multiple comparisons test. The histological data (cell proliferation and survival) were analyzed by one-way ANOVA, followed by Bonferroni’s multiple comparisons test. DTI data were analyzed by one-way ANOVA with or without repeated measures, followed by Bonferroni’s multiple comparisons test, or a two-tailed Student’s unpaired t-test was used as appropriate. Data are presented as mean ± SEM. Results were considered significantly different if P < 0.05.




RESULTS


Dehydroepiandrosterone Effect on Long-Term Reinstatement

To examine long-term effects of DHEA treatment, we trained rats daily for one hour of cocaine self-administration until reaching constant drug consumption levels (Figure 1A). After reaching maintenance, the rats underwent an extinction phase: they were treated with DHEA (COC-DHEA group) or saline (COC-SAL group) and placed in the operant chamber for one hour a day without cocaine reinforcement. For the reinstatement test (36 days since last exposure to cocaine), we gave rats a priming injection of cocaine (10 mg/kg, i.p.), then put them in the operant chamber and measured their number of active lever-presses. The control group SAL-DHEA was trained with saline vehicles throughout maintenance and treated with DHEA throughout extinction. The SAL-SAL group was treated with saline vehicles during the whole procedure. Results show that the COC-SAL group pressed significantly more on the active lever than the COC-DHEA group from the first day of DHEA treatment (Ext1 Figure 1A), indicating higher craving for the drug. In the reinstatement test, the DHEA treatment shows a long-term effect, with significantly less active lever presses for the COC-DHEA group than the COC-SAL group (Figure 1B).
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FIGURE 1. Self-administration and reinstatement test. (A) Effect of DHEA on cocaine-seeking during extinction. Rats (n = 32) were trained for cocaine self-administration (SA), days 1–16. A three-way ANOVA with repeated measures (drug × treatment × days) revealed a significant three-way interaction [F(24,627) = 2.057, p < 0.01]. This was followed up by a two-way ANOVA on the data from Ext1, which also revealed a significant interaction [F(24,260) = 2.024]. A significant number of active lever-presses on the first day of extinction in the COC-SAL group (n = 8) compared to the COC-DHEA group (n = 8). SAL-SAL (n = 8) and SAL-DHEA (n = 8) groups did not demonstrate any change in active lever presses at Ext 1 (post hoc *Bonferroni test, p < 0.05). (B) Reinstatement test: number of active lever-presses for 1 h, one month after the end of the extinction phase. COC-SAL and COC-DHEA groups were injected with cocaine (10 mg/kg. i.p.) and put in the operant chambers. The SAL-SAL group received a saline injection. There was a significant effect [F(3,28) = 11.82, p < 0.0001] of DHEA treatment during drug extinction on drug-seeking behavior in the reinstatement test (*Bonferroni tests, p < 0.05).




The Effect of Dehydroepiandrosterone Treatment on Proliferation and Neurogenesis

Previous research in our lab found that high doses of cocaine (1.5 mg/kg) self-administration reduce proliferation (newly formed cells) and neurogenesis (newly formed cells that mature to neurons) (Rounsaville et al., 1991). Since DHEA showed a significant effect on the behavioral aspect, we decided to examine whether treatment with DHEA can alter the proliferation and neurogenesis decrease—a process that indicates the long-term effect of treatment. We conducted the experiment according to the flow chart in Figure 2A. For proliferation examination, brains were excised 24 h after the BrdU injection. For neurogenesis measurements, brains were excised after 28 days.
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FIGURE 2. The effect of chronic DHEA treatment on hippocampal proliferation and neurogenesis of cocaine self-administrated rats. (A) Flow chart of proliferation and neurogenesis experiment procedures. 0–16 days: self-administration training of cocaine or saline. 17–24 days: extinction phase and DHEA or Saline treatment. 24 h or 28 days after BrdU injection, brains were excised for proliferation or neurogenesis measurements. (B) Proliferation quantification: BrdU positive cells in the dorsal DG (n = 7–10). (C) Neurogenesis quantification: newly generated neurons NeuN and BrdU positive (n = 10 per group). One-way ANOVA of the number of newly formed cells [proliferation; F(2,21) = 23.91, p < 0.0001] and mature neurons [neurogenesis; F(2,27) = 16.82, p < 0.0001] revealed a significant main effect. A post hoc Bonferroni test showed significance between COC-DHEA vs. COC-SAL groups, and SAL-SAL vs. COC-SAL groups (**** p < 0.0001, *** p < 0.001 Bonferroni’s multiple comparison test). Diversely, COC-DHEA vs. SAL-SAL groups, showed no significant main effect. (D) Representative micrographs of newly generated neurons: NeuN (green) and BrdU (red) positive in the dorsal DG, 40× magnification.


Significantly more newly formed cells (cells positive for BrdU Figure 2B) and neurons (cells positive for BrdU and NeuN Figures 2C,D) were found in the dentate gyrus of the COC-DHEA than of the COC-SAL rats. No difference was found between the COC-DHEA and SAL-SAL groups, indicating a normalization of proliferation and neurogenesis after DHEA treatment. Noteworthy, DHEA administration at this dosage does not affect newly formed cells or neurons in the dentate gyrus of naïve rats (Supplementary Figure 1B).



The Effect of Dehydroepiandrosterone Treatment on Diffusion Tensor Imaging Parameters

For the benefit of clinical use, we asked if the above changes in proliferation and neurogenesis are evident using a non-invasive method—DTI. This method provides a broader picture of the brain’s physiological alterations, including tissue density and organization (Alexander et al., 2007). We conducted another self-administration study, repeating the same schedule as in the previous experiments. Then, rats were MRI scanned for DTI acquisition according to a schedule consistent with the measurement of proliferation and neurogenesis (DTI1 and DTI2; Figure 3A).
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FIGURE 3. Effect of DHEA treatment on average diffusion in dentate gyrus area after cocaine self-administration. (A) Flow chart of DTI experimental procedures: rats were trained to self-administer cocaine or saline for 16 days. After rats achieved stable maintenance, they were treated with DHEA or saline during 8 days of extinction. 48 h later, a part of the rats was DTI scanned, corresponding to proliferation measurement (DTI1). A second group underwent the DTI scan after 28 days, corresponding to neurogenesis measurement (DTI2). (B) An illustrative image of the comparison between ADC values in COC-SAL vs. SAL-SAL brains. Red stain indicates a decrease in ADC value; blue indicates an increase in ADC value. (C,D) Quantification of the average diffusion in the tissue, ADC parameter, in the DTI1 and DTI2 measurement points. DTI1’s one-way ANOVA [F(2,24) = 6.849, p < 0.001] revealed a significant effect between COC-SAL and SAL-SAL groups (n = 8–9, **p < 0.01, Bonferroni’s multiple comparison test). No significant effect was revealed between the three groups in the DTI2 point.


The results show a significant effect of DHEA treatment on tissue directionality and organization in the DTI2 FA parameter (Supplementary Figure 2B) between the COC-SAL and COC-DHEA groups). In the DTI1 ADC parameter, one-way ANOVA revealed significantly higher diffusion in the SAL-SAL group vs. the COC-SAL group (Figure 3C) indicating lower tissue density. No significant main effect was found between the SAL-SAL and COC-DHEA groups.

This result creates a paradox. On the one hand, the DTI scan demonstrated an increase in tissue density in the DG in the COC-SAL group, i.e., more cells, suggesting an increase in neurogenesis. On the other hand, our cell number measurement in the previous experiments showed fewer cells, suggesting a decrease in neurogenesis. To understand these contradicting suggestions of the findings, we focused on a significant factor that affects tissue density: astrocytes. Astrocytes have been implicated in the pathophysiology of a number of neuropathological conditions, as they regulate the extracellular space volume and modulate synaptic plasticity. Hence, we investigated the effect of cocaine administration and DHEA treatment on astrocytes in the DG.



The Effect of Dehydroepiandrosterone Treatment on Astrocyte Cells

Since astrocytes, the most abundant glial cells in the brain, tend to swell following withdrawal from repeated cocaine administration (Bowers and Kalivas, 2003), we evaluated the total expression of S100β protein, a mature astrocyte marker (Raponi et al., 2007), in the DG in correspondence to the DTI1 scan. The results show a significant increase in S100β expression after repeated cocaine administration, comparing the SAL-SAL and COC-SAL groups. Notably, DHEA treatment has a beneficial effect in reducing S100β expression, comparing COC-DHEA and COC-SAL groups (Figures 4A,B). Interestingly, we also found differences in the ADC parameter in the ventral DG (Figure 3B), which is responsible for emotional memory. We investigated this area, too, since emotional memory is associated with addiction (Goldfarb and Sinha, 2018). One-way ANOVA revealed a significant difference between the COC-DHEA and COC-SAL groups in S100β expression in the ventral DG (Figure 4C). Remarkably, the beneficial effect of DHEA treatment in reducing S100β expression is shown in spacial (DG) and emotional (ventral DG) memory areas, both connected with addiction.
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FIGURE 4. The effect of DHEA treatment on dentate gyrus astrocytes. (A) Representative dorsal dentate gyrus images taken under a confocal microscope. Slices were immunohistochemically stained for s100β protein (green) and DAPI (blue). (B,C) Quantification of S100β expression in the dorsal and ventral dentate gyrus. One-way ANOVA of S100β expression in all three groups revealed a significant effect between COC-DHEA vs. COC-SAL (*p < 0.05) and SAL-SAL vs. COC-SAL (****p < 0.0001) groups in the dorsal dentate gyrus [F(2,13) = 19.99; p < 0.001] and between COC-DHEA vs. COC-SAL (*p < 0.05) and SAL-SAL vs. COC-SAL (**p < 0.01) groups in the ventral dentate gyrus [F(2,15) = 9.780; p < 0.01] (n = 5–6, * Bonferroni’s multiple comparison test).





DISCUSSION

This study aimed to examine the long-term beneficial effect of DHEA treatment on cocaine addiction. Our previous studies demonstrated that DHEA treatment significantly reduces cocaine-seeking behavior. Our current findings shows that this effect endures at least a month after treatment and is due/through normalizing the neurogenesis levels in the dorsal DG. We also show that neurogenesis was correlated with the DTI FA parameter, which determines the axons’ integration and organization (Friedrich et al., 2020). The FA parameter showed a correction in the axon integration in the long-term (a month) after DHEA treatment. The isotropies (FA) declined with time due to the interruption of astrocytes to the axon’s integrity (Toy and Namgung, 2013).

The ADC parameter, which examines the average diffusion (Harkins et al., 2009), showed an increase in tissue density, in the dorsal DG, following withdrawal from repeated cocaine administration in the short term despite the immediate decrease in the number of cells measured in the proliferation. We note that our explanation of low density, presented by ADC parameter, relates to astrocytes since they are the main factor in the brain parenchyma affecting the extracellular space. However, other factors may also be involved in this interruption (Cunningham et al., 2019).

Since DTI is not invasive, these measures can be translated to the clinics for a mirror evaluation of the rehabilitation progress.

We demonstrated, by evaluation of S100β protein expression, a mature astrocyte marker that is highly expressed in protoplasmic astrocytes in rodents, that the increase in the tissue density results, apparently, from increased astrocyte cell volume caused by the drug withdrawal effect (Scofield et al., 2016) rather than from cell proliferation and neurogenesis. The DHEA treatment reduced S100β protein expression, e.g., astrocyte cell volume in the short term, and allowed newborn neurons maturation (neurogenesis) and connectivity (DTI FA parameter).

At the beginning of drug abstinence, metabolic distress affects the astrocytes’ morphology and activity, resulting in reactive astrogliosis that can eliminate neuronal axonal growth (Neal and Richardson, 2018) and impair the neurogenesis process. DHEA is a neuroactive steroid with neuroprotective effects demonstrated in various experimental models regarding astrocytes and neurons. Furthermore, DHEA applies neuroprotective actions through the modulation of water balance by decreasing primary water channel expression, reactive astrogliosis, and several astrocyte functions, including glutamate regulation (Arbo et al., 2016). There is evidence that DHEA increases the production of neurotrophins, such as BDNF and nerve growth factor (NGF) (Rahmani et al., 2013), and neurogenesis in the dentate gyrus of mice with damaged neurogenesis in the subgranular zone (Moriguchi et al., 2013). Our findings are in line with these studies, and further show that DHEA treatment operates on both levels: astrocytes stabilization and neurogenesis.

The current study results emphasize that DHEA proves its effectiveness via onset of the neurogenesis progress. Accordingly, DHEA affects the intactness of the neurogenesis process by moderating astroglial reactivity, which is a prerequisite to complete neurogenesis connectivity. Therefore, we suggest that DHEA bi-level effects are associated with drug extinction (washout, detoxification). This agrees with Becker’s theory, according to which newly formed neurons support adaption to changed environmental circumstances, and as such, the flexibility of new neurons to merge into new properties is raised by the microenvironment (Becker, 2005). Otherwise, damaged neurogenesis may lead to impaired adaptation, which is essential to rehabilitation from drug addiction.

To conclude, DHEA can rescue brain damage following exposure to substance intake. Such may serve as a treatment that corrects integrity during abstinence from the substance and not just a relief from withdrawal symptoms as drug replacement treatments offer (Tomkins and Sellers, 2001). Elucidating the propagation of the immediate response of astrocytes at stressful drug abstinence may help understand the development of addiction diseases. Therapies designed to improve astrocyte function after exposure to substances of abuse may represent a unique strategy for the protecting neurogenesis and enhancing brain recovery by defining a specific window of opportunity for intervention to improve rehabilitation.
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Adolescence marks a particularly vulnerable period to developing substance use disorders. Human and rodent studies suggest that hypersensitivity to reward may contribute towards such vulnerability when adolescents are exposed to casual drug use. Methamphetamine is a popular illicit substance used by male and female youths. However, age- and sex-specific research in methamphetamine is scarce. The present study therefore aimed to examine potential sex differences in methamphetamine-conditioned place preference in adolescent and adult mice. Mice (n = 16–24/group) were conditioned to methamphetamine (0.1 mg/kg). We observed that regardless of age, females were more hyperactive compared to males. Individually normalized score against baseline preference indicated that on average, adolescents formed stronger preference compared to adults in both sexes. This suggests that adolescents are more sensitive to the rewarding effects of methamphetamine compared to adults. Surprisingly, individual data showed that some mice formed a conditioned place aversion instead of preference, with females less likely to form an aversion compared to males. These results suggest that adolescents may be hypersensitive to methamphetamine’s rewarding effects. In addition, female resistance to the aversive effects of methamphetamine may relate to the sex-specific findings in humans, including quicker transition to regular methamphetamine use observed in females compared to males.
Keywords: adolescence, methamphetamine, conditioned place preference, conditioned place aversion, sex differences
INTRODUCTION
Methamphetamine is the most widely used illicit substance globally other than cannabis (United Nations Office on Drugs and Crime, 2017a). Youth use is particularly high (Degenhardt et al., 2016; United Nations Office on Drugs and Crime, 2017b; Australian Institute of Health and Welfare, 2020), which is a significant public and social health concern. A major factor in transition from casual to compulsive substance use is the early age of onset of drug use (Anthony and Petronis, 1995). Despite this, research on methamphetamine use in adolescence has lagged behind that of older ages and other substances (Luikinga et al., 2018). Especially lacking is information on how the biological sex may affect methamphetamine-related behaviors in adolescence. Unlike other illicit substances, prevalence of methamphetamine use is often similar in males and females across different countries (Compton et al., 2007; Courtney and Ray, 2014; Australian Institute of Health and Welfare, 2017; Papamihali et al., 2021). In addition, females transition more rapidly from initial to problematic methamphetamine use and are more sensitive to its acute subjective and behavioral effects compared to males (Brecht et al., 2004; Mayo et al., 2019).
Human and rodent studies suggest that hypersensitivity to reward contributes towards susceptibility to develop substance use disorder when exposed to casual drug use in adolescence (Zakharova et al., 2009; van Duijvenvoorde et al., 2016; Marshall et al., 2017). Conditioned place preference (CPP) is a widely used rodent paradigm that evaluates whether a substance is experienced as rewarding. Typically, in CPP, rodents learn to associate a distinct environment (context) with a drug experience. This is achieved by repeatedly pairing drug administration with one distinct chamber while another distinct chamber is paired with vehicle or saline. On test day, animals are given unrestricted access to both chambers without any drug administration. If the rodent spends more time in the drug-paired compared to the saline-paired chamber, it suggests that the rodent prefers to spend time where the drug was given because the drug experience was rewarding. CPP thus is used as a direct measure of a drug's rewarding properties. Comparable CPP between adolescent and adult rats has been reported with 0.125–2 mg/kg methamphetamine, although only males were examined (Zakharova et al., 2009; Kim et al., 2013). Observations in adults indicate male and female rats are equally sensitive to forming a CPP to 0.1 mg/kg methamphetamine (Schindler et al., 2002), while female mice form more CPP to 1 mg/kg methamphetamine compared to males (Chen et al., 2003). Notably, none of those previous studies examined adolescents and adults of both sexes. Further, individual rodent CPP score was not conveyed to assess the likelihood of each age or sex forming a place preference. A recent study examined adolescent and adult mice of both sexes in methamphetamine-induced CPP (Cullity et al., 2021). It demonstrated that 3 mg/kg of methamphetamine is not more rewarding or less aversive in adolescents compared to adult mice, and that female mice are less likely than males to form CPP or conditioned place aversion (CPA) at this dose. That study used the highest dose reported for a methamphetamine-induced CPP study in mice to study potential age and sex differences in the aversive properties of methamphetamine (Cullity et al., 2021). Whether adolescents, especially females, show hypersensitivity to methamphetamine's rewarding effects measured by CPP to a low dose of methamphetamine is yet unknown.
The aim of this study is to examine potential age and sex differences in CPP to 0.1 mg/kg methamphetamine in mice. We also investigated methamphetamine-induced locomotion and conditioned hyperactivity. Methamphetamine injected at 0.1 mg/kg was chosen because it is the lowest dose shown to produce CPP in adult rodents (Schindler et al., 2002). Consistent with the model of adolescent hypersensitivity to reward (Spear, 2000; Casey et al., 2008; Steinberg et al., 2009; Zakharova et al., 2009; Friemel et al., 2010; Steinberg, 2010; Doremus-Fitzwater and Spear, 2016; van Duijvenvoorde et al., 2016; Marshall et al., 2017), we hypothesized that more adolescent mice would form a preference to this low dose of methamphetamine than adult mice. Based on Schindler et al. (2002), sex differences in adults are not expected for CPP, but females may be more sensitive to methamphetamine-induced hyperlocomotion (Schindler et al., 2002). In humans, females transition more rapidly from initial to problematic methamphetamine use (Brecht et al., 2004; Mayo et al., 2019); therefore, adolescent female mice may show the most CPP.
MATERIALS AND METHODS
Animals
A total of 166 mice bred at The Florey Institute of Neuroscience and Mental Health were used in this study. The methods of this study are largely identical to a previous study (Cullity et al., 2021), except that a new set of naïve mice were used to acquire CPP with a ×30 lower dose of methamphetamine. Mice were originally generated by the Gene Expression Nervous System Atlas (GENSAT) program at the Rockefeller University, NY, United States (Gong et al., 2003), and bred on an Outbred Arc:Arc(S) Swiss background. On day 1 of experimentation, mice were either postnatal day (P) 49 ± 2 [referred to as adolescent throughout this paper; see Cullity et al. (2021)] or P70 ± 4 (referred to as adult throughout this paper). In open-top cages (34 cm × 16 cm ×16 cm), mice were housed with three to five littermates in same-sex groups and were maintained on a 12 h light/dark cycle (lights on at 07:00) at 22 ± 1.5°C. Water and food (standard chow: Barastoc, VIC, Australia) were available ad libitum. All procedures were approved by the Animal Care and Ethics Committee at the Florey Institute of Neuroscience and Mental Health in accordance with The Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (NHMRC, 2013). Our study was sufficiently powered, with the initial target group size (total N = 144) calculated using G*Power (Faul et al., 2007): type 1 and 2 error rate = 0.05, small to medium effect size (Cohen’s f = 0.2), and repeated-measures design with 8 groups (2 ages × 2 sexes × 2 drugs due to saline only control).
Methamphetamine
Methamphetamine (Sigma-Aldrich Australia Pty Ltd., NSW, Australia) was dissolved in 0.9% saline and intraperitoneally (i.p.) injected at 0.1 mg/kg per injection. This dose was chosen as it is the lowest dose previously shown to produce CPP in adult rodents (Schindler et al., 2002). All methamphetamine or saline injections were at 10 ml/kg volume.
Conditioned Place Preference
The CPP protocol of this study followed a previous study (Cullity et al., 2021). Briefly, the experimental apparatus (Lafayette Instruments, IN, United States) comprised two main compartments with differences in visual (wall patterns) and tactile (floor texture) cues, separated by a neutral compartment. The light intensity settings were set at 30 (80 lux) within the conditioning compartments and 90 (380 lux) in the central compartment. Horizontal optic sensor beams and apparatus software (Motor MonitorTM, Kinder Scientific, United States) recorded the distance travelled and the time spent in each compartment.
The CPP protocol and timeline are as described previously (Faul et al., 2007; Cullity et al., 2021) (Figure 1). In brief, mice were placed in the central compartment and allowed free access to all three compartments on day 1 afternoon (Baseline). On days 2–5 mornings (08:30–11:30), mice were i.p. injected with saline and were immediately confined within one of the compartments. On days 2–5 afternoons (12:00–15:00), mice received either an i.p. injection of methamphetamine (0.1 mg/kg) or saline and were immediately confined into the other compartment (Conditioning). We used an unbiased CPP protocol. That is, the afternoon compartment (in which control mice receive saline and CPP mice receive methamphetamine) was randomly allocated without an expectation of CPP or CPA. The other compartment served as the morning saline chamber control. Chamber allocation was counterbalanced across every condition. The test occurred on day 6 afternoon, with mice given free access to all three compartments without any injection. Each session occurred at the same time each day for a given mouse and was 30 min long.
[image: Figure 1]FIGURE 1 | Experimental timeline. Sample size for saline groups: adolescent male n = 23; adolescent female: n = 18; adult male: n = 24; adult female n = 18 and for methamphetamine groups: adolescent male n = 22; adolescent female: n = 20; adult male: n = 21; adult female n = 20.
CPP scores were calculated as reported previously (preference % = time in afternoon chamber/total time in both chambers x 100) (Cullity et al., 2021). Normalized preference score was also calculated as a CPP score percentage change from baseline to test [i.e., CPP % change = (preference % at Test—preference % at Baseline)/preference % at Baseline].
Locomotor data were also collected throughout each CPP session. Notably, the sample size for locomotor data does not match that of the CPP preference data because the CPP apparatus technically failed and stopped recording locomotion at random times for some sessions for different mice. For any mouse affected, the locomotor data were entirely removed because repeated-measures analyses require data from all sessions. The final sample sizes for locomotion analyses for saline groups were as follows: adolescent male n = 23, adolescent female: n = 16; adult male: n = 22; adult female n = 16 and for methamphetamine groups were as follows: adolescent male n = 17, adolescent female: n = 20; adult male: n = 20; adult female n = 19.
Data Analyses
Statistical analyses were performed in SPSS Statistics 23 (IBM Corp., NY, United States), which showed that the present data were normally distributed. Chi-square test of independence analyzed CPP/CPA proportion data. The rest of the behavioral data were first analyzed with overall ANOVA with all the factors included to minimize type 1 error (McHugh, 2011). Between-subjects factors were as follows: Age (adolescents vs. adults), Sex (male vs. female), and Group (saline vs. methamphetamine in the afternoon sessions). Within-subjects factors were as follows: Day (baseline, conditioning days 1, 2, 3, and 4, or test), Time [locomotion at morning session (when all mice received saline) vs. afternoon session (when mice received either saline or methamphetamine, depending on their Group)], and Chamber [speed in morning chamber (saline-paired) vs. afternoon chamber (saline- or methamphetamine-paired)]. It should be noted that within-subjects factors depended on the measurements of interest for target outcomes analyzed in the results. Specifically, Time was only used to assess distance travelled for locomotor activity analyses during conditioning, while Chamber was only used to compare the speed in the two chambers at test.
Only significant interactions were followed up with post hoc ANOVAs (McHugh, 2011). Specifically, when Time (morning vs. afternoon session) significantly interacted with all other factors, we did post hoc ANOVAs examining interacting factors separated by the morning and afternoon sessions. When Group was involved in most of the interactions, the interacting factors were assessed with post hoc ANOVAs per Group. When Day was involved in more significant interactions than Group, post hoc ANOVAs examined the interacting factors separately for each Day. Alpha level (statistical significance) was determined at p ≤ 0.05, except for multiple group comparisons that were Bonferroni adjusted. Non-significant effects with p ≤ 0.1 were specified.
RESULTS
Locomotor Activity
A five-way repeated measures ANOVA of the distance travelled during each conditioning session revealed significant effects of Day [F(3,435) = 43.0; p < 0.0001], Sex [F(1,145) = 13.7; p < 0.0001] and Group [F(1,145) = 8.5; p = 0.004] (Figure 2). There was also a significant Time × Day × Sex × Age interaction [F(3,435) = 3.4; p = 0.017] [no other four- or five-way interactions were observed (smallest p = 0.16)]. Post hoc ANOVAs per Time were conducted as described in the methods to investigate the distance travelled in the morning sessions (saline) separately from the afternoon sessions (saline or methamphetamine), which are described below.
[image: Figure 2]FIGURE 2 | Total distance travelled (±SEM) in the morning and afternoon sessions following an injection of saline or methamphetamine (meth; 0.1 mg/kg) over 4 consecutive days (n = 16–23 per group). Note that all mice received saline in the morning sessions. Effect of Sex: (#) p < 0.05. Effect of Group: (˄) p < 0.05.
A four-way repeated measures ANOVA of the morning Time locomotion showed significant effects of Day [F(3,435) = 79.6; p < 0.0001] and Sex [F(1,145) = 9.9; p = 0.002], and significant interactions of Day × Age [F(3, 435) = 6.0; p = 0.001] and Day × Sex × Age [F(3,435) = 3.9; p = 0.009]. No other effects/interactions were detected (smallest p = 0.060, Day × Sex × Group). To understand this Day × Sex × Age interaction, we analyzed Sex and Age group effects in each Day (Bonferroni adjusted p < 0.013 of significance, 0.05/4 to account for four multiple comparisons). This showed that females moved more than males on days 2 and 3 {effect of Sex in the second [F(1,149) = 12.4; p = 0.001] and third [F(1,149) = 12.8; p < 0.0001] day}, suggesting that females habituated to morning saline injections slower than males. By the fourth morning saline injection they travelled a distance similar to males. No effects of Age passed Bonferroni corrections for any day in the morning session. No Sex × Age interaction was detected in any morning session (smallest p = 0.14).
A similar analysis of the afternoon Time locomotion yielded significant effects of Sex [F(1,145) = 13.7; p < 0.0001] and Group [F(1,145) = 11.6; p = 0.001], indicating that females moved more than males overall, and methamphetamine groups moved more than saline groups overall. There was also a significant effect of Day [F(3,435) = 4.7; p = 0.003] and a significant Day × Age interaction [F(3,435) = 4.1; p = 0.007]. No other effects/interactions were observed (smallest p = 0.10, Day × Group). We analyzed Age effects in each Day to understand the Day × Age interaction (Bonferroni adjusted p < 0.013 of significance, 0.05/4 to account for four multiple comparisons), which revealed no significant Age effects on any Day (smallest p = 0.10, Day 4).
Conditioned Hyperactivity
A four-way repeated measures ANOVA of the speed (cm/s) at test in the morning vs. afternoon chambers as a measure of conditioned hyperactivity revealed a significant effect of Sex [F(1,158) = 9.8; p = 0.002] (Figure 3). No other effects/interactions were observed (smallest p = 0.051, Chamber). These results suggest that saline or 0.1 mg/kg methamphetamine injections do not cause conditioned hyperactivity and females move faster than males overall in mice.
[image: Figure 3]FIGURE 3 | Individual speed (cm/s) in the morning and afternoon chambers at test in saline-treated and methamphetamine (meth)-treated mice (n = 18–24 per group) as a measure of conditioned hyperactivity. Effect of Sex: (#) p < 0.05.
Conditioned Place Preference
A four-way repeated measures ANOVA across baseline and test % preference for the afternoon chamber showed a significant Day × Group interaction [F(1,158) = 12.9; p < 0.0001] (Figure 4A). No other effects/interactions were observed (smallest p = 0.098, Day × Age × Group). When the effect of Day was assessed as post hoc ANOVA in each Group to understand this Day × Group interaction, Day had no effect (p = 0.12) in saline groups. In the methamphetamine groups, however, there was a significant effect of Day [F(1,82) = 11.4; p = 0.001]. This suggests that at the group level, mice treated with 0.1 mg/kg methamphetamine formed CPP after 4 days of conditioning, independently of Age and Sex.
[image: Figure 4]FIGURE 4 | (A) Conditioned place preference (CPP) % formed by saline-treated and methamphetamine (meth)-treated mice at baseline and test (n = 18–24 per group). Percent preference was calculated by dividing time spent in the afternoon chamber by the combined time spent in both chambers. Columns show mean (±SEM). Effect of Day only in meth group: (&) p < 0.05. (B) CPP % change at test normalized to baseline in meth-treated mice only [i.e., CPP % change = (% at test–% at baseline)/% at baseline]. Effect of Age: (*) p < 0.05. (C) Based on normalized CPP % change, proportion of mice that formed a preference (CPP % change > 10%), remained neutral (CPP % change between 10% and −10%), and formed an aversion (CPP % change < −10%) to the meth (0.1 mg/kg)-paired chamber at test. Effect of Sex: (#) p < 0.05.
Individually normalized CPP % change from baseline to test was analyzed in the methamphetamine groups only (Figure 4B), based on the evidence that saline groups did not form CPP (Figure 4A). Two-way ANOVA revealed a significant effect of Age [F(1,79) = 7.4; p = 0.008], with adolescents showing a greater change than adults. No effect of Sex [F(1,79) = 1.1; p = 0.30] nor Age × Sex interaction [F(1,790 = 0.7; p = 0.39] were detected. Taken together, adolescents appear to form a stronger preference to 0.1 mg/kg methamphetamine than adults in male and female mice.
Importantly, normalized data show a clear evidence of CPA, albeit only in a few mice (Figure 4B). Therefore, we compared groups on the proportion of methamphetamine-treated mice that formed a preference (defined as change in preference >10%), remained neutral (defined as change in preference between 10% and −10%), and formed an aversion (defined as change in preference < −10%) to the methamphetamine-paired chamber. These numbers are based on previously published studies that frequently report 10% change for CPP and CPA [see Cullity et al. (2021) for more detail]. Chi-square test of independence showed a significant effect of Sex [χ2(2) = 8.2; p = 0.016] but no effect of Age [χ2(2) = 3.5; p = 0.20]. Inspection of data shows that this result is driven by fewer females forming an aversion compared to males (Figure 4C).
DISCUSSION
We investigated age and sex differences in CPP and locomotor activity to 0.1 mg/kg methamphetamine in mice. As a group, mice developed CPP for the methamphetamine-paired chamber after 4 days independently of age or sex. However, baseline-normalized scores indicated that adolescents formed a stronger preference compared to adult mice, and females were less likely to form CPA compared to males. Females also habituated to saline injections more slowly than males. While mice moved more after an injection of 0.1 mg/kg methamphetamine compared to saline, this dose did not produce conditioned hyperactivity.
Adolescents Form Stronger Preference to 0.1 mg/kg Methamphetamine Than Adults
In the present study, adolescents formed a stronger preference compared to adult mice when normalized changes in CPP were analyzed (Figure 4B). We previously reported no differences in normalized preference when mice were conditioned to a high dose (3 mg/kg) of methamphetamine (Cullity et al., 2021). Together, these results strongly suggest that adolescent mice are hypersensitive to the rewarding properties of low (e.g., 0.1 mg/kg) but not high (e.g., 3 mg/kg) dose methamphetamine, as detected by CPP. Using different doses of the same drug to examine potential CPP and CPA is helpful to assess rewarding and aversive effects of a drug (Tzschentke, 2014). Importantly, the present study's 0.1 mg/kg dose of methamphetamine produced a higher CPP in adolescents compared to adolescents in the previous study using 3 mg/kg (Cullity et al., 2021). Opposite results are observed for adults, with 0.1 mg/kg inducing lower CPP than 3 mg/kg (Cullity et al., 2021). These findings indicate that the dose–reward response curve may be left-shifted in adolescents compared to adults for methamphetamine. In contrast, the proportion of mice that show CPA does not appear to be different between the two different doses used in the present study and a previous study (Cullity et al., 2021). Based on these observations that dose changes affected CPP but not CPA, we propose that at least for methamphetamine, feelings of reward and aversion are separate and unrelated processes. This differs from nicotine, which appears to increasingly induce CPA with dose increase suggesting that the same rewarding process becomes aversive with dose escalation (Le Foll and Goldberg, 2005).
Hypersensitivity to rewarding effects of 0.1 mg/kg methamphetamine observed in adolescents does not appear to generalize to reinforcing effects of methamphetamine tested by self-administration studies. For example, adolescents do not self-administer more methamphetamine than adults in typical 2 h daily sessions (at 0.03 or 0.05 mg/kg/infusions) (Anker et al., 2012; Luikinga et al., 2019), although adolescents do self-administer more than adults when given access to methamphetamine for an extended period of time (6 h sessions) (Anker et al., 2012). These findings indicate that conditions to detect rewarding vs. reinforcing properties of methamphetamine significantly differ, with adolescents' hypersensitivity to reward affected by dose, and hypersensitivity to reinforcing properties affected by availability and access. Interestingly, the present findings show Pavlovian conditioning to the context using methamphetamine differs between adolescents and adults, which suggests that context-driven reinforcement learning [i.e., self-administration without discrete cue (Kim et al., 2015)] may also be affected by age.
Sex-Dependent Aversion to 0.1 mg/kg Methamphetamine
We observed that female mice were less likely to form an aversion to 0.1 mg/kg methamphetamine compared to males, regardless of age (Figure 4C). In contrast, Chen et al. (2003) reported that adult female mice were more likely to develop CPP to a moderate dose of methamphetamine (1 mg/kg) compared to adult males at group level (Chen et al., 2003). Our results suggest that a reduced propensity to form aversion in females compared to males may have contributed towards sex differences observed in that study. Importantly, these findings are unlikely to be caused by sex differences in methamphetamine metabolism, considering that urinary excretion of methamphetamine and its metabolites do not differ between male and female rodents (Yamada et al., 1986). The reduced susceptibility of females to the aversive effects of methamphetamine compared to males may not be dose sensitive, being observed previously with 3 mg/kg of methamphetamine (Cullity et al., 2021). This is in contrast with a two-choice bottle study, which reported an increase in taste aversion with increasing amphetamine doses in male and female rats (Infurna and Spear, 1979). Future studies should aim to further characterize the dose–response relationship between methamphetamine and its aversive effects in females.
In humans, females tend to transition more rapidly from experimental to regular and problematic methamphetamine use (Brecht et al., 2004; Mayo et al., 2019). In addition, adolescent females tend to use methamphetamine at higher rates than males of the same age (Rawson et al., 2005) and are more likely to report methamphetamine dependence (Kim and Fendrich, 2002; Dluzen and Liu, 2008). Moreover, evidence suggests that men and women use a similar dose of methamphetamine, even after controlling for age and body mass index (He et al., 2013). In light of those findings, our results suggest that females may be less likely to experience the negative effects of methamphetamine, such as aggression or anxiety, and thus more likely to engage in sustained use after initiation. Future studies assessing sex differences in the negative effects of methamphetamine in humans appears necessary to understand female vulnerability.
Methamphetamine-Induced Hyperactivity to 0.1 mg/kg Methamphetamine Is Sex- but Not Age-Dependent
In the second and third morning sessions, females were more hyperactive compared to males when exposed to saline. These differences were not observed in our previous study (Cullity et al., 2021). Such slowed habituation may be related to clear sex differences during the afternoon session in which females moved more than males each day. Importantly, there were no sex differences on the fourth morning session, suggesting that female mice reached the same level of habituation to the morning saline injections as male mice.
In the afternoons, methamphetamine groups moved more than the saline groups overall. This is in contrast with a previous study reporting no differences between saline- and methamphetamine-treated male rats at low dose (0.125 mg/kg) (Zakharova et al., 2009). Sessions in that study were 1 h in length, compared to 30 min in the present study. It may be that animals treated with a low dose of methamphetamine move more than saline animals at the start of the session before reaching a plateau over time, which may reduce the detection of overall effects. In addition, methamphetamine may have a strain-specific motor effect (Good and Radcliffe, 2011). Therefore, it may be that 0.1 mg/kg methamphetamine is sufficient to induce locomotor hyperactivity in Swiss mice, whereas 0.125 mg/kg is too low to induce hyperactivity in rats.
Notably, we did not find any age-dependent locomotor effect. Previous studies have reported that male adult rats travel more than adolescent when exposed to 0.5 mg/kg methamphetamine (Zakharova et al., 2009). In male mice, adults displayed heightened locomotion compared to adolescents to 2 mg/kg, but not 4 mg/kg of methamphetamine (Zombeck et al., 2008). In contrast, we previously showed that adolescent mice moved more than adults in response to 3 mg/kg methamphetamine in the last day of conditioning (Cullity et al., 2021). Taken together, this suggests that adolescents may be more sensitive to the dose changes of methamphetamine in affecting locomotion, with hyperlocomotion and sensitization emerging at a higher dose.
Mice Do Not Display Conditioned Hyperactivity to 0.1 mg/kg Methamphetamine
In the present study, we did not observe conditioned hyperactivity to 0.1 mg/kg methamphetamine, regardless of age or sex. While most previous studies assessing CPP to low doses of methamphetamine did not report conditioned hyperactivity data (Schindler et al., 2002; Zakharova et al., 2009; Su et al., 2013), our findings are consistent with a study in adult male rats reporting no conditioned hyperactivity after conditioning with low doses of methamphetamine (0.0625 or 0.125 mg/kg) (Bevins and Peterson, 2004). Results in the present study therefore extend this finding to adolescent and adult mice of both sexes.
Previous studies assessing conditioned hyperactivity at moderate doses of methamphetamine (0.25–2 mg/kg) did not include rigorous control groups to assess whether hyperactivity in the methamphetamine chamber was in fact related to conditioning (Bevins and Peterson, 2004; Chesworth et al., 2013; Kim et al., 2013). For example, while adult males were reported to display conditioned hyperactivity to 0.25, 0.5, and 1 mg/kg methamphetamine, the saline-paired control chamber was not assessed (Bevins and Peterson, 2004). It is therefore possible that increased activity may simply be because of repeated methamphetamine injections in any chamber rather than conditioned pairing with the chamber. Likewise, we previously reported that when exposed to 2 mg/kg methamphetamine, adult male mice move faster in the methamphetamine-paired chamber at test compared to adolescents (Kim et al., 2013), an effect that may not be specific to the methamphetamine-paired chamber because activity in the saline-paired chamber at test was not analyzed. Another study using 2 mg/kg methamphetamine reported adult male mice do not display conditioned hyperactivity (Chesworth et al., 2013). That study, however, analyzed the distance travelled in the saline- and methamphetamine-paired chambers combined at habituation and at test and did not include a saline-only comparison group (Chesworth et al., 2013). Any potential hyperactivity may therefore not be associated with the methamphetamine-paired context over control context and is not suitable to study Pavlovian conditioning-based mechanisms of addiction. This is notable because Pavlovian conditioning plays a critical role in response to methamphetamine-related cues in humans (Guerin et al., 2021a), which may lead to relapse after abstinence (Carter and Tiffany, 1999). Our results indicate that at least for methamphetamine, hyperactivity does not appear to be a conditioned response to context with methamphetamine experience.
Limitations, Future Directions, and Conclusion
Age and sex differences to moderate doses of methamphetamine remain to be investigated for a comprehensive understanding of how methamphetamine is processed as a reward in different demographics. In addition, previous studies in other psychostimulants have reported age differences in extinction and reinstatement of place preference (Brenhouse and Andersen, 2008; Guerin et al., 2021b). Relapse after prolonged abstinence is also an important feature in addiction. Future studies should therefore investigate age and sex differences in extinction, abstinence, relapse, and reinstatement of methamphetamine CPP.
Dopamine receptors appear to play a key role in place preference (Hoffman and Beninger, 1988; White et al., 1991). Dopamine receptor 1 and 2 expression changes dramatically across adolescence in male and female mice in several brain regions including mesocorticolimbic dopaminergic regions (Andersen et al., 2000; Kim et al., 2017; Cullity et al., 2019), and such changes have been proposed to underlie adolescent vulnerability to mental disorders, including addiction (Andersen et al., 2000; Spear, 2000; Caballero et al., 2016; Zbukvic and Hyun Kim, 2018). It would therefore be informative to assess dopamine receptor expression in addiction-relevant regions such as the nucleus accumbens and the prefrontal cortex in response to this low dose of methamphetamine that leads to age and sex differences in CPP.
The present and the previous study (Cullity et al., 2021) in separate mice assessed a control condition in which all mice received saline in morning and afternoon chambers. We feel scientifically compelled to highlight that individual data clearly show how most of the mice receiving saline changed their preference from baseline to test. That is, if they were below 50% at baseline, they went above 50% at test, and vice versa. Because we chose an unbiased allocation (starting preference is ∼50% at the group level), these changes cancelled each other out, resulting in no evidence of CPP or CPA at the group level in saline mice. However, such findings consistently observed across >100 mice in two studies raise a disturbing possibility that biased allocation of the baseline chamber (i.e., less-preferred or more-preferred side to observe CPP or CPA, respectively) can artificially induce CPP or CPA and does not indicate of rewarding or aversive experience from the drug. Our findings strongly suggest that rodents like to explore at test the chamber they spent less time in during baseline. To avoid misinterpretation of changing preference as drug-based, unbiased allocation is strongly recommended for future CPA and CPP studies.
In conclusion, the present study observed that adolescent mice formed a stronger preference to the low dose of methamphetamine compared to adults. In addition, females were less likely to form an aversion to methamphetamine compared to males at an individual level. These results suggest that adolescents are more sensitive to the rewarding effects of methamphetamine compared to adults, which may, at least in part, drive the heightened vulnerability to substance use disorders in youths. Female resistance to the aversive effects of methamphetamine may explain how, in humans, females transition to regular methamphetamine use more quickly than males.
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Morphine, the main component of opium, is a commonly used analgesic in clinical practice, but its abuse potential limits its clinical application. Nicotinic acetylcholine receptors (nAChRs) in the mesolimbic circuitry play an important role in the rewarding effects of abused drugs. Previous studies have showed that α6β2* (* designated other subunits) nAChRs are mainly distributed in dopaminergic neurons in the midbrain area, which regulates the release of dopamine. So α6β2* nAChRs are regarded as a new target to treat drug abuse. α-Conotoxin TxIB was discovered in our lab, which is the most selective ligand to inhibit α6β2* nAChRs only. Antagonists of α6β2* nAChRs decreased nicotine, cocaine, and ethanol rewarding effects previously. However, their role in morphine addiction has not been reported so far. Thus, it is worth evaluating the effect of α-conotoxin TxIB on the morphine-induced conditioned place preference (CPP) and its behavioral changes in mice. Our results showed that TxIB inhibited expression and acquisition of morphine-induced CPP and did not produce a rewarding effect by itself. Moreover, repeated injections of TxIB have no effect on learning, memory, locomotor activity, and anxiety-like behavior. Therefore, blocking α6/α3β2β3 nAChRs inhibits the development of morphine-induced CPP. α-Conotoxin TxIB may be a potentially useful compound to mitigate the acquisition and/or retention of drug-context associations.
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1 INTRODUCTION
Morphine was usually used as a therapeutic drug for chronic pain and mental disorders caused by traumatic events (Holbrook et al., 2010). However, repeated exposures to morphine treatment were likely to develop drug addiction, and the compulsive drug-seeking behavior and relapse posed the obstacle in overcoming addiction. It was known that different adaptations in opioid-sensitive neurons and opioid receptors constitute morphine dependence, but there were also other systems participating in morphine addiction (Christie, 2008; Luo et al., 2012). Cholinergic signaling via the nicotinic acetylcholine receptors (nAChRs) is involved in the regulation of abused drugs which is the dopamine projection from ventral tegmental area (VTA) to nucleus accumbens (NAc) and medial prefrontal cortex (Nestler, 2004). The activation of dopamine neurons projected from VTA to NAc leads to the outflow of dopamine in NAc, which is important for the initiation of reward learning and addiction process.
There are several nAChR subtypes expressed on dopaminergic neurons, including α4, α5, α6, β2, and β3 subunits (Grady et al., 2007). Expression of the α6β2* nAChRs are largely limited to dopaminergic neurons in the mesolimbic pathway, mediating behavioral motivational responses to reward stimuli through dopaminergic neurotransmission (Champtiaux et al., 2002; Yang et al., 2009). Compared with wild-type mice, nicotine induces CPP but at higher doses in α6 nAChR KO transgenic mice. Also, these mice do not exhibit cocaine-induced CPP (Sanjakdar et al., 2015), but they express CPP following a lower dose of ethanol (Steffensen et al., 2018). The α6β2* nAChR antagonists, α-conotoxin MII [H9A; L15A] and r-bPiDI, decreased nicotine self-administration and CPP (Jackson et al., 2009; Beckmann et al., 2015). Besides, α-conotoxin MII [H9A; L15A] blocked cocaine-induced CPP (Sanjakdar et al., 2015). Despite many studies showing that α6β2* nAChR antagonists decrease nicotine, cocaine, and ethanol rewarding effects, their role in morphine addiction has not been reported so far.
Our team reported a novel α-conotoxin TxIB from Conus textile, which is a strong antagonist specifically targeting α6/α3β2β3 nAChR with an IC50 of 28 nM and has almost no blocking activity on other subtypes of nAChRs expressed in Xenopus laevis oocytes. Nuclear magnetic resonance and structural analysis showed that the folding mode of TxIB is similar to other conotoxins, but the hydrophobic patch is smaller, resulting in higher selectivity of TxIB (Luo et al., 2013). α-Conotoxin TxIB contains 16 amino acids and four cysteine residues, whose sequence is GCCSDPPCRNKHPDLC-amide (Luo et al., 2013). To extensively study the pharmacological activity, we optimized the synthesis and oxidative folding conditions of TxIB to increase its yield (Wu et al., 2013). α-Conotoxin TxIB is a small peptide with shortcomings such as poor stability, short half-life, and poor bioavailability. In order to improve these, it has been cyclized and structurally modified for future applications (Li et al., 2020; Zhang et al., 2021). Previous studies evaluated the anti-nicotine addiction activity of TxIB by establishing a nicotine-induced CPP model, and the results showed that TxIB has obvious inhibitory effect on the establishment and relapse of nicotine-induced CPP (You et al., 2019).
The aim of the present study was to evaluate the anti-addiction effect of α-conotoxin TxIB, a specific antagonist α6/α3β2β3 nAChRs, on the morphine-induced conditioned place preference (CPP) in mice. Behavioral changes induced by α-conotoxin TxIB in various mouse models were evaluated systematically.
2 MATERIALS AND METHODS
2.1 Chemical Synthesis of α-Conotoxin TxIB
α-Conotoxin TxIB is obtained from Conus textile by gene cloning. The linear peptide is synthesized by GL Biochem (Shanghai, China) using Fmoc chemistry, and the cysteine side chain was protected by acetamidomethyl (Acm) and triphenylmethyl (Trt). The linear peptide underwent a two-step oxidation method to remove the protective groups and form two disulfide bonds as previously described (Wu et al., 2013). In the first step, the linear peptide was mixed with 20 nM potassium ferricyanide and 0.1 M Tris with pH 7.5 at room temperature for 45 min to form the first disulfide bond. In the second step, the monocyclic peptide was kept in 1 mM iodine solution with 24% acetonitrile and 3% TFA aqueous for 10 min resulting in the formation of TxIB. And finally, the purity and structure of TxIB identified using RP-HPLC and LCMS-IT-TOF mass spectrometry (Shimadzu, Kyoto, Japan).
2.2 Animals
Male C57BL/6J mice (20–22 g), 6 weeks old, bought from SJA Laboratory Animal Co., Ltd. (Changsha, China) were housed in plastic cages with nesting material and had free access to food (standard mouse chow) and water. Temperature (23 ± 1°C) and humidity (50–60%) of animal laboratory were kept in a consistency. The experiments were conducted in the light period during 12-h light–dark cycle (8:00 am–8:00 pm). Animals were handled for 3–4 days to adjust to laboratory conditions before any experiment. The International Association for The Study of Pain (IASP) guidelines on the use of awake animals were followed in this study, and efforts were also made to minimize the number and discomfort of animals. This study was approved by the Hainan University Institutional Animal Use and Care Committee (HNUAUCC-2021-00056).
2.3 Lateral Ventricle Cannula Implantation and Infusions
For cannulation surgeries, mice were anesthetized with isophorone using Mice and Rat Animal Anesthesia Machine (RWD, Shenzhen, China). Isoflurane is a colorless clear liquid of diethyl ether with the molecular formula C3H2CIF5O. It is one kind of anesthetic used for surgery. The concentrations for induction and maintenance of anesthesia were 3 and 1.5%, respectively. All surgeries were performed using aseptic procedures. An incision was made to expose the skull of the mouse. The mouse’s head was leveled using the stereotaxic apparatus. Then the 26-gauge guide cannula was implanted into the lateral ventricle of the brain (coordinates relative to bregma: AP =−0.6 mm, ML = + 1.3 mm, DV =−2.0 mm) and reinforced by dental glue and dental cement. The cannula was secured with a dust cap to prevent post-surgical infection and obstruction. Penicillin powder was applied to the wound to prevent infection. After completion of surgeries, the mice were returned to clean home cages, each for one cage. At the end of the experiment, the brains were harvested to verify cannula placement.
2.4 CPP Paradigm
The CPP apparatus consisted of two side compartments and one central compartment that could be separated by guillotine doors with an auto-monitoring system obtained from AniLab, Ningbo, China. Two side compartments (left and right) had the same size (17.38 × 13.5 × 15 cm) and different wall colors and different floor textures. The left compartment had white walls and round hole mesh floor. The right compartment had black walls and grid rod floor. The center compartment (9.8 × 13.5 × 15 cm) was just a protruded tunnel connecting two main chambers. All apparatus were placed in a soundproof room to avoid affecting by noise.
2.4.1 Preconditioning
Before the experiment, all mice were placed in the center compartment without a drug injection and allowed to freely explore all of the apparatus for 15 min for once per day for 2 days (days 1–2). On day 3, the initial baseline preference was evaluated by recording the time that the mice spent on each box, which was used to determine the CPP scores in experimental mice after morphine administration. Animals who had natural preferences toward any compartment (more than 540 s) were excluded from the study.
2.4.2 Conditioning
The place conditioned training consisted of 40-min sessions, twice per day (6 h apart) for 4 consecutive days (days 4–7). Between 8:30 and 12:00, each animal was injected with morphine (5 mg/kg, s. c.) purchased from the China Drug Inspection Center and immediately confined to the drug-paired compartment of the apparatus for 40 min. The mice were returned to their home cages immediately after the session. Between 14:30 and 18:00, each animal was confined to a non-drug–paired compartment following subcutaneous injection of saline. The control group was only injected with saline twice per day in both compartments with the door closed. α-Conotoxin TxIB or saline was injected (i.c.v.) 50 min before injection of morphine or saline (s.c.) to explore its effect on the development of morphine-induced CPP.
2.4.3 Post-Conditioning Test
24 h after the last training session, the mice were placed into the CPP apparatus with the guillotine doors removed and allowed to freely explore the compartments of the apparatus for 15 min. The amount of time that mice spent in each compartment was recorded. CPP scores were calculated as the time spent in the drug-paired compartment after training (or administration) minus the time spent in the drug-paired compartment at preconditioning.
2.5 Morris Water Maze Test
The Morris water maze (MWM) testing was conducted to examine learning and memory in subsequent behaviors according to previous methods (Vorhees and Williams, 2006). The Morris water maze equipment consists of a maze, platform, water, and tracking system. The maze is a round pool constructed out of gray polypropylene plastic, 110 cm in diameter and 50 cm in height. The platform is circular transparent Plexiglas 8.5 cm in diameter with round grooves. Water temperature was maintained at 24–25°C by a heating device at the bottom of the pool. The tracking and analysis systems use Smart 3.0 (Panlab, United States). The Morris water maze experiment consisted of three different trials: visible platform testing, hidden platform testing, and probe trial. At the end of each trial, the mouse was wiped out with a dry towel and warmed with warm lamp lighting for 5 min before returning to the home cage.
2.5.1 Visible Platform (Cued) Testing
The platform was elevated above the surface of water by 1 cm and a little red flag was located on the platform to guide the mice onto the platform. Each mouse was placed in a different starting location with nose facing the wall to reach the corresponding platform. The tests were done to examine the ability of swimming, vision, and the motivation to escape. The time taken to reach the platform was recorded. If the mice did not reach the platform within 60 s, then they were guided to the platform, and the time was recorded as 60 s. The mice were allowed to or guided to stay on the platform for 20 s to orientate the distal visual cues. There were no significant differences in the latency period of escape between different groups.
2.5.2 Hidden Platform (Place) Testing
The platform was placed under the surface of water by 1 cm and white non-toxic tempera paint (Titanium dioxide) was placed into water to camouflage the platform. Four trials per day for 5 consecutive days were performed to let mice learn to use cues to find the hidden platform. The mice found or guided to the platform were left on the platform for 20 s during the inter-trial interval. Each trial lasted for a maximum of 60 s. The amount of time that mice spent to find the platform was recorded by an auto-tracking system.
2.5.3 Probe Trial
The probe trial was conducted to examine spatial reference memory. 24 hours after the hidden platform test, the platform was removed. The mice were placed in the maze at a novel start position with the nose facing the tank wall and allowed to explore the maze for 60 s, then removed from the pool. The percent of time or percent distance in the target quadrant, latency to first target-site, number of platform-site crossovers were measured by an auto-tracking system.
2.6 Locomotor Activity
The locomotor activity was registered with a video tracking software (Smart 3.0, Panlab, United States) in a sound-attenuated, ventilated, and dimly lit plastic box (40 × 40 × 35 cm) for 60 min. Before the start of the experiment, all mice were adapted to the spontaneous activity box for 5 min on the first day. The locomotor activity was recorded 30 min after intraventricular injection of TxIB or saline. The spontaneous activity boxes were cleaned with ethanol solution to avoid the influence of odor.
2.7 Elevated Plus Maze Test
The elevated plus maze (EPM) was utilized to evaluate the anti-anxiety effects of pharmacological agents based on the mice’s unconditioned fear of open, elevated, and unprotected spaces. The EPM is composed of two open arms (32 × 8.5 cm) and two closed arms of the same size. All arms were connected by a common central area (8.5 × 8.5 cm). The maze was elevated above the floor at a height of 40 cm. Each mouse was placed in the central area of the maze with its nose facing an open arm and allowed to freely explore the maze for 5 min. The activity of mice in EPM was recorded with a video tracking software (Smart 3.0, Panlab, United States) after the locomotor activity test.
2.8 Dosing Regimen
For lateral ventricle infusions, α-Conotoxin TxIB or saline was delivered under 1.25 μL/min through Hamilton 1700 and an auto-micro infusion pump (KD Scientific, MA, United States). After drug delivery, the injector was left in place for 2 more minutes to avoid reflux of the drug. To examine the effects of blocking α6/α3β2β3 nAChRs on morphine-induced behavior, α-conotoxin TxIB was injected during morphine-induced CPP expression and acquisition. For the expression, the successfully modeled CPP mice injected with different doses of TxIB (0, 0.1, 1, and 10 nmol, i.c.v. n = 10–12/group) 90 min prior to the placement of mice into the CPP center chamber for testing. For the acquisition, separate groups of animals received pretreatment with TxIB (0, 0.1, 1, and 10 nmol, i.c.v. n = 8–10/group) 50 min prior to receiving an injection of 5 mg/kg morphine during the conditionings. Immediately following the morphine injection, animals were placed into their drug-paired compartment. The experimental process is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the experiment of morphine-induced CPP.
To detect the effects of blocking α6/α3β2β3 nAChRs on learning and memory behavior, the Morris water maze experiment was performed. After testing the effect of TxIB on the acquisition of morphine-induced CPP in mice, the Morris water maze (MWM) testing was conducted to examine learning and memory in subsequent behaviors. Besides, the C57BL/6J mice received pretreatment with TxIB (0, 1 nmol, i.c.v. n = 7/group) 90 min prior to Morris water maze tests for continuous 7 days to detect the direct effects of TxIB on learning and memory behaviors. The experimental procedure is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic diagram of the experiment of Morris water maze.
To detect the effects of blocking α6/α3β2β3 nAChRs on locomotor activities and anxiety-like behaviors, separate groups of animals received pretreatment with TxIB (0, 0.1, 1, and 10 nmol, i. c.v. n = 8–12/group). The experimental procedure is shown in Figure 3. Acute and repeated α-conotoxin TxIB injections were used to measure changes in locomotor activity and anxiety-like behavior. For acute treatment, the mice were treated with α-conotoxin TxIB 30 min prior to locomotor tests and EPM tests on the day of the first injection. For repeated treatment, the mice were treated with α-Conotoxin TxIB for 4 days with locomotor tests and EPM tests occurring 30 min after the last α-conotoxin TxIB injection.
[image: Figure 3]FIGURE 3 | Schematic diagram of the experiment of locomotor activity and elevated plus maze test.
2.9 Statistical Analyses
All data are shown as mean ± SEM and analyzed using GraphPad Prism 5.0. For CPP expression and acquisition experiment, Morris space exploration experiment, locomotor activity experiment, elevated plus maze experiment, one-way analysis of variance (one-way ANOVA), and Dunnett’s multiple comparisons test were used to compare data. For the distance traveled during CPP acquisition, Morris water maze positioning and navigation experiment, two-way analysis of variance (two-way ANOVA) and Bonferroni’s post hoc method for analysis were used to compare data. p < 0.05 is considered a significant difference.
3 RESULTS
3.1 α6/α3β2β3 nAChR Specific Antagonist TxIB Inhibited Expression of Morphine-Induced CPP
After 4 days of conditioned training, the time spent in drug-paired compartments of mice significantly increased which were used to evaluate the effect of TxIB on the expression of morphine-induced CPP. As shown in Figure 4A, α6/α3β2β3 nAChR antagonist TxIB significantly attenuated expression of morphine CPP at dose of 10nmol/mouse (F5,63 = 4.72, p < 0.05). There was a downward trend at a lower dose of 1nmol/mouse, but it was not significant (p > 0.05). Single TxIB injection at the highest dose of 10 nmol/mouse did not produce a preference or aversion in saline-treated mice during the expression test. The distance traveled of post-conditioning test was monitored at the same time (Figure 4B). There was no significant difference among the groups (F5,63 = 1.07, p > 0.05).
[image: Figure 4]FIGURE 4 | Effects of α-conotoxin TxIB on the expression of morphine-induced CPP. Results are expressed as mean preference scores ±SEMs for 9–12 mice. (A) The CPP scores of post-conditioning test, CPP scores = the time spent in drug-paired compartment after administration—preconditioning. ANOVA for the CPP scores: F5,63 = 4.72, p < 0.05; (B) the distance traveled on the post-conditioning test day. ANOVA for the traveled distance: F5,63 = 1.07, p = 0.38; # denotes a significant difference from the saline + saline group; * denotes a significant difference from the morphine + saline group (# = p < 0.05,* = p < 0.05).
3.2 α6/α3β2β3 nAChR Specific Antagonist TxIB Inhibited Acquisition of Morphine-Induced CPP
Mice were pretreated with different doses of TxIB to evaluate its effects on the acquisition of morphine-induced CPP. The mice pretreated with saline and conditioned with morphine exhibited a robust CPP, and the time spent in the drug-paired compartment increased from 286.4 ± 49.2 s to 484.7 ± 88.9 s. Pretreatment with TxIB dose-dependently reduced the acquisition of morphine-induced CPP (Figure 5A). Compared with the saline + morphine group, the CPP scores of TxIB 10 nmol + morphine group were significantly reduced (F5,47 = 10.07, p < 0.01). The CPP scores of TxIB 10 nmol injected 4 consecutive days (10 nmol + Saline) had no obvious difference compared with the saline + saline group, showing that TxIB itself did not produce a preference or aversion at the highest dose. The distance traveled during post-conditioning test was monitored at the same time (Figure 5B). Compared with the saline + morphine group, there was no significant difference in all doses of TxIB (F5,47 = 0.53, p > 0.05). The total distance traveled during CPP acquisition is shown in Figure 5C. Compared with the saline-conditioned mice, the morphine-conditioned groups have significant increases in the distance traveled during CPP acquisition. Compared with the saline + saline group, the distance traveled of saline + morphine increased significantly (p < 0.001). Continuous administration of TxIB 0.1 and 1 nmol did not reduce morphine-induced hyperlocomotion. The distance traveled of TxIB 10 nmol + morphine group significantly reduced, with a significant difference at Day 2 and Day 3.
[image: Figure 5]FIGURE 5 | Effects of α-conotoxin TxIB in acquisition of morphine-induced CPP. Results are expressed as mean preference scores ±SEMs for 8–10 mice. (A) The CPP scores of post-conditioning test, CPP scores = the time spent in drug-paired compartment during post-conditioning test—preconditioning. ANOVA for the CPP scores: F5,47 = 10.07, p < 0.001; (B) the distance traveled of post-conditioning test. ANOVA for the distance traveled: F5,47 = 0.53, p = 0.75; (C) the distance traveled during CPP acquisition. # denotes a significant difference from the saline + saline group; * denotes a significant difference from the saline + morphine group (** = p < 0.01, #### = p < 0.001).
3.3 α6/α3β2β3 nAChR Specific Antagonist TxIB Did Not Affect the Learning and Memory in MWM
Since CPP procedure is to establish learned associations between reward stimuli and a specific non-reward neutral stimulus (such as the environment). After testing the effect of TxIB on the acquisition of morphine-induced CPP in mice, we further tested the effect of α6β2* nAChR antagonist on learning and memory in subsequent behaviors by Morris water maze (Figure 6). The C57BL/6J mice received pretreatment with TxIB 90 min before Morris water maze tests for continuous 7 days to detect the direct effects of TxIB on learning and memory behaviors (Figure 7). The mouse performs a visual platform test after being treated with α-conotoxin TxIB during morphine acquisition. During the hidden platform test, the amount of time spent on escaping from water onto the platform (escape latency) was recorded (Figure 6A). On day 6, the escape latency was significantly decreased by training compared to day 2 (F4,192 = 24.83, p < 0.001), but there was no statistical difference among all groups (F5,192 = 1.22, p > 0.05). A probe trial was conducted to examine the spatial memory after the hidden platform test. During the probe trial, the amount of target (location of the removed platform) crossings (Figure 6B), latency of first time to target (Figure 6C), time and distance in target quadrant, percentage of time (Figure 6D), and distance (Figure 6F) in target quadrant were recorded and analyzed. There is a slight difference between the groups, but not statistically significant. Continuous injection of TxIB did not directly and indirectly disrupt learning and memory in subsequent behaviors and further explained that the effect of TxIB on morphine-induced CPP is not due to memory impairment.
[image: Figure 6]FIGURE 6 | Effects of α-conotoxin TxIB in Morris water maze test. Data are presented as the mean ± SEM, n = 8–10. (A) The escape latency from water onto the platform during the hidden platform test. Two-way RM ANOVA for the escape latency: interaction, F20,192 = 0.65, p = 0.87; time, F4,192 = 24.83, p < 0.001; the different doses group, F5,192 = 1.22, p = 0.31. Spatial memory was assessed in a probe trial with respect to: (B) target crossings, (C) latency to target, (D) percent of time in target quadrant, (E) percent of distance in target quadrant. There was no significance among the six groups. ANOVA for spatial memory in a probe trial: target crossings, F5,47 = 1.22, p = 1.02; latency to target, F5,47 = 0.43, p = 0.82; percent of time in target quadrant, F5,47 = 0.33, p = 0.89; percent of distance in target quadrant, F5,47 = 0.50, p = 0.78. (F) Thermal image of mouse trajectory in Morris water maze probe trial. Mice to explore the nearby former platform position significantly more than elsewhere.
[image: Figure 7]FIGURE 7 | Direct effects of α-conotoxin TxIB in Morris water maze test. Data are presented as the mean ± SEM, n = 7. (A) The escape latency from water onto the platform during the hidden platform test. Spatial memory was assessed in a probe trial with respect to: (B) target crossings, (C) percent of time in target quadrant, (D) percent of distance in target quadrant. Compared with the saline group, there was no significance.
3.4 Effects of α6/α3β2β3 nAChR Specific Antagonist TxIB in Locomotor Activity
A locomotor activity video analysis system is used to study the neuropsychological changes of experimental animals and various behaviors after entering the open environment. For example, when entering a new environment, mice will mainly move in the peripheral area due to fear, and the exploratory characteristics prompt them to enter the central area to further observe the resulting anxiety. When mice were treated with different doses of TxIB, it did not increase or decrease the distance traveled on the first and fourth days compared with the normal saline group (Figure 8B). These results suggest that different doses of TxIB did not affect the locomotor activity (p > 0.05). However, when the activity data were further analyzed, the results showed that after 4 consecutive days of injection of low and medium doses of TxIB, the percentage of the distance in the central area to the total distance significantly increased compared with the saline group and the high dose of TxIB (p < 0.01) (Figure 8C). The traces of mouse injected with saline or TxIB during locomotor activity test were shown in Figure 9.
[image: Figure 8]FIGURE 8 | Effects of α-conotoxin TxIB in locomotor activity test. Data are presented as the mean ± SEM, n = 8–10. (A) Schematic diagram of the locomotor activity box. (B) The distance traveled of different groups on the first and fourth days. ANOVA: Day 1, F3,34 = 1.84, p = 0.16; Day 4, F3,34 = 1.26, p = 0.30. (C) The percentage of the distance in the central area to the total distance of different groups on the first and fourth days. ANOVA: Day 1, F3,34 = 0.93, p = 0.44; Day 4, F3,34 = 4.02, p < 0.05. Asterisks represent significant difference of the saline group (* = p < 0.05).
[image: Figure 9]FIGURE 9 | The traces of mouse injected with saline or TxIB during locomotor activity test.
3.5 α6/α3β2β3 nAChR Antagonist TxIB Did Not Alter Anxiety-like Behavior
The principle of the elevated plus maze is to assess the level of anxiety in rodents by using the conflict between the rodent’s internal motivation and natural tendency to explore new spaces. The decreased amount of time spent on the open arms can be considered as a manifestation of high anxiety. When mice were treated with different doses of TxIB, the distance traveled, percent of travel distance in the open arm, and percent time spent in the open arm were not significantly increased or decreased on the first and fourth days compared with the normal saline group (Figure 10). Therefore, injecting different doses of TxIB for 4 consecutive days did not alter the anxiety-like behavior of the mice in the elevated plus maze test.
[image: Figure 10]FIGURE 10 | Effects of α-conotoxin TxIB in the elevated plus maze test. Data are presented as the mean ± SEM, n = 8–10. (A) The distance traveled by different groups on the first and fourth days. ANOVA: Day 1, F3,32 = 1.63, p = 0.20; Day 4, F3,34 = 0.43, p = 0.73. (B) The percentage of travel distance in the open arm of different groups on the first and fourth days. ANOVA: Day 1, F3,32 = 1.39, p = 0.26; Day 4, F3,34 = 0.15, p = 0.93. (C) The percentage of time spent in the open arm of different groups on the first and fourth days. ANOVA: Day 1, F3,32 = 0.72, p = 0.55; Day 4, F3,34 = 0.22, p = 0.88. (D) The traces of mice during elevated plus maze test.
4 DISCUSSION
The “World Drug Report 2020” issued by the United Nations Office on Drugs and Crime pointed out that more than 35 million people worldwide are currently addicted to drugs (United Nations Office on Drugs and Crime, 2020). Among them, marijuana is the most commonly abused substance, but opioid drugs are the most harmful. Opioid drugs such as morphine exert their pharmacological effects by stimulating opioid receptors located in the peripheral and central nervous systems. The μ-opioid receptor is the key to the action of morphine and a series of studies show a strong relationship between the activation of the μ-opioid receptor located in the VTA and the reinforcing effects of morphine (Bodnar, 2016; Listos et al., 2019a). Generally, the stimulation of structures within the mesolimbic system is closely related to the rewarding effect of addictive substances. Although addictive drugs act on different targets, what ultimately activates is the reward circuit in the mesocorticolimbic dopaminergic system, resulting in increased dopamine release in the nucleus accumbens (Di Chiara, 2000; Chartoff et al., 2006), which determines the feeling of pleasure. α6β2* nAChRs are limitedly distributed in dopaminergic cells in the mesocorticolimbic. Previous studies have reported that α6/α3β2β3 nAChRs antagonists can inhibit drug addiction such as nicotine, alcohol, and cocaine (Brunzell et al., 2010; Kamens et al., 2017; Maggio et al., 2018; Avelar et al., 2019). However, the role of α6β2* nAChRs in morphine addiction has not been verified so far. Our current work verified for the first time that blocking α6β2* nAChRs inhibits the acquisition of morphine-induced CPP without affecting learning and memory in mice.
The CPP model is commonly used to evaluate the anti-addition potential of drug and reward properties of abuse drugs in rodent animals. The CPP model was successfully established by subcutaneous injection of 5 mg/kg morphine for 4 consecutive days in the current study (Shoblock et al., 2005). Single intracerebroventricular injection of TxIB can dose-dependently attenuate expression of morphine-induced CPP. Pretreatment with α6/α3β2β3 nAChR antagonist TxIB for 4 consecutive days can inhibit the acquisition of morphine-induced CPP, and the highest dose (10 nmol) completely abolished the CPP response. Currently used medication for opiate addiction, such as buprenorphine and methadone, would produce reward and reinforcement and have a possibility of abuse. Our results revealed that continuous injection of TxIB did not produce a preference or aversion in place conditioning paradigm. It has been shown in previous studies that a single intracerebroventricular injection of TxIB can inhibit the expression of nicotine-induced CPP and reduce the concentrations of dopamine and GABA in VTA, NAc, hippocampus (HIP), and prefrontal cortex (PFC) in the brain during the expression period of CPP (You et al., 2019). Notably, the effective dose in the morphine-induced CPP model was significantly higher than that in the nicotine-induced CPP model as previous work had used. The reason for this may be that morphine-activating opioid receptors cause a series of neurotransmitter changes in the reward pathway, such as acetylcholine, dopamine, and GABA thereby leading to dependence, while nicotine directly acts on nAChRs. There are other pathway and complex mechanisms participating in reward property of morphine addition pathways (Kim et al., 2016; Listos et al., 2019). Morphine selectively promotes the release of glutamate from the medial prefrontal cortex to VTA-DA neuron by eliminating the inhibition of GABAB receptors in glutamatergic input from the medial prefrontal cortex (Chen et al., 2015; Yang et al., 2020). Besides, morphine-induced increase in locomotor activity relies on dopamine release within the mesocorticolimbic circuit, and the high dose of α-conotoxin TxIB can significantly reduce the distance traveled during morphine-induced CPP acquisition. α-Conotoxin TxIB inhibits the acquisition of morphine-induced CPP by suppressing the release of DA in the mesocorticolimbic possibly, but the specific mechanism needs to be further verified.
Addiction is a learning process. Morphine-induced CPP model is to establish learned associations between reward stimuli and a specific non-reward neutral stimulus (such as the environment) based on the Pavlovian classical conditioning theory. Previous studies have combined with conditioned place preference (CPP) training to research the learning and memory-related brain circuits in the process of drug dependence (Keleta and Martinez, 2012; Keyes et al., 2020). Acetylcholine is an important neurotransmitter, which can regulate various forms of neuroplasticity and contribute to learning and memory. Scopolamine, a non-selective muscarinic cholinergic antagonist, disrupted learning and memory in passive avoidance response and impaired spatial learning and memory in the Morris water maze (Entlerova et al., 2013). The DA signal in the HIP-mPFC connection is involved in morphine-associated and normal memory3, and the DA, D1R, and D2R play a role in the acquisition and retrieval of morphine-induced CPP (Wang et al., 2019). Electrophysiological studies have shown that nAChRs containing β2 subunits are necessary for nicotine’s ability to increase the depolarization and firing rate of dopamine neurons in VTA (Wittenberg et al., 2020). Therefore, it is necessary to study the role of α6β2* nAChRs on morphine acquisition–related memory. The α6/α3β2β3 nAChR specificity antagonist, α-conotoxin TxIB did not impair memory, as observed through examining spatial learning and memory in the Morris water maze in the present work.
Motor activity in the CPP paradigm was an effective sign for studying drug addiction and psychostimulant-induced psychosis. In the study, repeated injections of 5 mg/kg morphine did not increase the motor activity of the mice, which was sufficient to induce CPP addiction; at the same time, single or repeated injections of TxIB had no effect on motor activity in the CPP paradigm. Previous studies have shown that locomotor response to novelty was linked to mechanisms of addiction and stress (Hooks et al., 1991; Mandt et al., 2009). For example, animals with high responses to novelty were found to show higher predisposition to drug self-administration and higher sensitivity for natural reinforcers and stressors (Dellu et al., 1996; Pierre and Vezina, 1997). The locomotor activity of mice indicated that repeated injections of different doses of TxIB did not affect the distance traveled. However, after 4 consecutive days of injection of low and medium doses of TxIB, the percentage of the distance in the central area to the total distance significantly increased compared with the saline group, showing the potential for anti-anxiety. When entering a new environment, mice will mainly move in the peripheral area due to fear and the exploratory characteristics prompt them to enter the central area to further observe the resulting anxiety. In order to confirm the change of this anxiety in locomotor activities, we further use the elevated plus maze to verify. Therefore, the elevated plus maze was used to evaluate the effect of continuous treatment of TxIB on anxiety-like behavior in mice, and the results showed that TxIB did not cause or attenuate anxiety-like behavior. A large number of studies have shown that cholinergic neurotransmission in the brain is involved in the regulation of anxiety-like behaviors (Brioni et al., 1993; File et al., 2000; Newman et al., 2001). For example, nAChR antagonist mecamylamine produced anxiolytic effects in animal models of anxiety (Zarrindast et al., 2008). However, whether α6β2* nAChRs participate in the regulation of anxiety-like behavior remains to be further studied.
In sum, blocking α6β2β3 nicotinic acetylcholine receptors inhibits the development of morphine-induced CPP in mice. α-Conotoxin TxIB, α6/α3β2β3 nAChR antagonist, was a special potential anti-addiction drug without reward properties and did not affect learning, memory, locomotor activity, and anxiety-like behavior.
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Major depressive disorder is a high-impact, debilitating disease and it is currently considered the most prevalent mental illness. It is associated with disability, as well as increased morbidity and mortality. Despite its significant repercussions in our society, its exact pathophysiology remains unclear and therefore, available antidepressant treatment options are limited and, in some cases, ineffective. In the past years, research has focused on the development of a multifactorial theory of depression. Simultaneously, evidence supporting the role of the endocannabinoid system in the neurobiology of neuropsychiatric diseases has emerged. Studies have shown that the endocannabinoid system strongly impacts neurotransmission, and the neuroendocrine and neuroimmune systems, which are known to be dysfunctional in depressive patients. Accordingly, common antidepressants were shown to have a direct impact on the expression of cannabinoid receptors throughout the brain. Therefore, the relationship between the endocannabinoid system and major depressive disorder is worth consideration. Nevertheless, most studies focus on smaller pieces of what is undoubtedly a larger mosaic of interdependent processes. Therefore, the present review summarizes the existing literature regarding the role of the endocannabinoid system in depression aiming to integrate this information into a holistic picture for a better understanding of the relationship between the two.
Keywords: endocannabinoid system, HPA-axis, major depressive disorder, neurogenesis, neuroinflammation
INTRODUCTION
Major Depressive Disorder (MDD) is the most common mood disorder characterized by the loss of interest or pleasure in activities, unjustified feelings of worthlessness and presence of depressed mood or aversion to activity (American Psychiatric Association, 2013).
According to the World Health Organization, each year, 25% of the European population suffers from anxiety or depressive disorders (World Health Organization, 2020). Its prevalence has increased by 18% between 2005 and 2015 (Akil et al., 2018) and currently, it constitutes the leading cause of disability. It is calculated that around 80% of MDD patients suffer from some sort of impairment during their daily life (Pratt and Brody, 2008). Importantly, this disorder occurs chronically throughout the lifespan: half of the patients undergoing depressive episodes continue to experience them with increasing frequency and severity over time. Furthermore, untreated MDD is the leading cause of suicide (National Collaborating Centre for Mental Health (UK), 2010) which, simultaneously is the second leading cause of premature death among 15–29 year-old individuals and number three among the 15–44 age group (Bachmann, 2018). On this basis, the impact of MDD in society should not be dismissed.
Currently, the most common treatment for MDD involves administration of antidepressant medications combined with psychiatric or psychological treatment. Although these medications do have positive effects, less than 50% of the patients accomplish full remission after the first pharmacological treatment (Trivedi et al., 2006).
Furthermore, the large-scale societal effects of MDD are highlighted by the responses to global coronavirus disease 2019 (COVID-19). Notably, due to the imposed lockdown, epidemiological studies show an increase in the percentage of people reporting mood disorders (Benke et al., 2020; Morin et al., 2020). Between August 2020 and February 2021, the number of individuals with recent anxiety or depressed symptoms grew by 5% (from 36.4 to 41.5%) (Vahratian et al., 2021). Therefore, the relevance of MDD-related studies is, arguably, more important than ever.
Unfortunately, although many risk factors have been identified to contribute to the development of MDD, the current hypothesized etiologies fail to explain its underlying mechanisms due to the complex interplay of the risk factors and the individual differences in symptomatology. For instance, social, genetic, hormonal or lifestyle factors all play a role and contribute to a higher risk for MDD.
Recently, the field of the endocannabinoids has grown in popularity since the discovery of endogenous cannabinoid receptors in the brain (Matsuda et al., 1990) and their most relevant endocannabinoids ligands. Multiple studies have reported its role on a variety of brain structures and cognitive functions like memory, appetite, metabolism, immune system, mood and sleep (Murillo-Rodriguez et al., 2011; Tanasescu and Constantinescu, 2010; Zanettini et al., 2011).
Although this field of research is relatively novel, there exist millennia-old reports about the use of the Cannabis Sativa plant as a medicinal herb to treat conditions like anxiety and mania (Zuardi, 2006). Currently, in the United States, a cross-sectional survey revealed that depression is the third reported condition (50.3% of users) for usage of therapeutic cannabis (Sexton et al., 2016), and users reported a 86% reduction in symptomatology (Sexton et al., 2016).
In accordance with the increase of anxiety and depressive symptoms during the COVID-19 pandemic, a recent study reported increased cannabis consumption in those who declared usage to cope with depressive symptoms (Bartelet al., 2020). Similarly, during the lockdown, more users increased than decreased cannabis consumption regarding both, frequency and quantity (Laar et al., 2020). This is in line with the observation that cannabis users increase use during times of elevated stress (Kaplan et al., 1986).
On this basis, a potential role for the endocannabinoid system (ECS) as a contributor to the pathophysiology of MDD has been explored (Patel and Hillard, 2009). In fact, ongoing clinical studies are already investigating cannabinoid-based medications as treatment options for MDD (Sarris et al., 2020). Nevertheless, evidence on the use of these substances is scarce and future research is needed.
The present review aims to provide a concise overview of the existing knowledge on the ECS and its influence on the development of MDD. First, a summary of the most relevant and recent findings regarding both phenomena will be presented. Second, and more specific, the article will highlight the potential of the ECS as a unionizing figure between the currently proposed models for the pathophysiology of MDD, focusing on the most recent empirical evidence associating both phenomena as well as the existing knowledge gaps that should be addressed by future research.
MAJOR DEPRESSIVE DISORDER
MDD is one of the most common mood disorders worldwide. Although the prevalence percentage varies among reports, it is estimated that 3.4–4.4% of the global population suffers from MDD, which translates to 264–322 million people worldwide (World Health Organization, 2017; Dattani et al., 2018). It has been observed to be twice as common in females (5.1%) than in males (3.6%), although the fundamental cause of this gender gap has not been identified. Several impact factors have been proposed, such as: biological differences as well as socioeconomic factors like discrimination and poverty (Belle and Doucet, 2003; Rai et al., 2013). In particular, females also suffer specific forms of MDD like postpartum depression and postmenopausal depression and anxiety. These are associated with alterations in the fluctuation of ovarian hormones, which might directly or indirectly contribute to the elevated prevalence (Albert, 2015). Nonetheless, the underlying mechanisms are unclear and female-specific treatments have not yet been developed.
The most prescribed treatment for MDD is the administration of common antidepressants. Among them, Selective Serotonin Reuptake Inhibitors (SSRIs) are the most widely prescribed (64.2% of US patients in 2015), followed by Serotonin and Norepinephrine Reuptake Inhibitors (SNRIs) (16.4% of patients) (Luo et al., 2020). In fact, approximately 10–35% of patients do not remit from MDD even after several treatment attempts (Nemeroff, 2007; Kubitz et al., 2013).
This lack of availability of reliable medication for such a high-impact, debilitating disease is, in part, due to the inadequacy of current hypothesized etiologies to explain its underlying mechanisms. The above-mentioned available medications are a result of a serendipitous discovery of the antidepressant effects of monoamine oxidase inhibitor (MOAIs) Iproniazid during the 1950’s, which was used at the time against tuberculosis (López-Muñoz and Alamo 2009). Furthermore, also during this decade, imipramine, the first identified tricyclic antidepressant (TCAs), was synthesized for the first time as an antihistaminic medication (López-Muñoz and Alamo 2009). Initially, although academic psychiatrists of the time regarded these drugs as cures for certain severe depressive states, the mechanisms by which these were exerted remained unknown. The first clue arrived with the observation that both classes of antidepressants increased catecholamine levels in the brain via distinct biochemical pathways (Spectoret al., 1960). This leads to the development of the monoamine theory, which inaugurated the modern psychopharmacological era in psychiatry. Shortly, the monoamine theory hypothesized that, since the enhancement of monoamine concentrations in the brain had antidepressant properties, depression itself was a consequence of depletion of centrally available monoamines. This generated a debate over the importance of different monoamines in the etiology of MDD. Two years later, serotonin (5-HT) deficiency was linked to the development of MDD (Coppen, 1967). Thus, after these years, there were two competing monoamine theories which were held for decades, to later evolve into monoamine receptor theories, associating MDD with the alteration of this neurotransmission (Stahl, 1984).
This way, the monoamine hypothesis of MDD dominated our understanding of the pathophysiology of depression and the action of the available antidepressants. Overall, it is reasonable to hypothesize that depressive symptoms are a result of inadequate monoamine neurotransmission. In fact, the best pharmacological treatments for depression, to date, compromise drugs that enhance monoaminergic levels (SSRIs, SNRIs, etc.). Nonetheless, in more recent years, serious limitations were encountered for this theory, which lead to the speculation that factors beyond monoamine imbalance and deficiency must also be involved.
One of the largest challenges in this matter is accounting for the extensive constellation of symptoms exhibited by depressed patients. The Diagnostic Statistical Manual 5 (DSM-5) requires the presence of 5 out of 9 of the described symptoms including anhedonia or depressed mood in order to be diagnosed with MDD (Uher et al., 2014). This implies that a total number of 681 possible combinations of symptoms is contemplated for each patient (Akil et al., 2018). Such variety of symptoms and individual differences among patients are clear indications of the heterogeneity of its pathophysiology (Massart et al., 2012).
Hence, currently, the hypothesis of a unitary construct as the cause of MDD has been discarded. Instead, it is believed that a multifactorial etiology of MDD provides a more complete explanation. In fact, several factors have been long associated with the development of MDD including environmental, but also genetic (Nestler et al., 2002). For example, adverse life events, like early-life stress, are considered one of the greatest risk factors (Torres-Berrío et al., 2019; Nelson and Gabard-Durnam 2020). Alternatively, some genetic influences have also been associated with the heritability of MDD, which is estimated to be approximately 38% (Kendler et al., 2006).
Since then, although several theories have been developed, none of them are able to justify the substantial variability of symptoms and risk factors of MDD patients. Therefore, there is a clear need for more integrative theories that recapitulate potentially altered mechanisms leading to such assorted symptomatology. This would be truly beneficial for the development of novel therapies, which could mitigate the enormous burden that MDD entails for our society.
THE ENDOCANNABINOID SYSTEM
The ECS is a biological modulatory system present in the central nervous system (CNS) of most vertebrates as well as in peripheric tissues. It consists of two main endocannabinoid receptors (ECRs), their endogenous ligands (endocannabinoids) and a number of specialized enzymes for the synthesis and degradation of said ligands. Furthermore, exogenous cannabinoids have also been detailed, which can be synthetic or natural, namely phytocannabinoids. The following section will shortly describe each component of the ECS as well as the most relevant findings in this area.
Endocannabinoid Receptors
The first identified endogenous component of the ECS was the first cannabinoid receptor (CB1) which was discovered and cloned from the cerebral cortex of rats (Matsuda et al., 1990). In the brain, CB1 receptors are the most common G-protein coupled receptor (GPCR), expressed mainly in neurons and varying greatly across brain areas (Mackie, 2005). Nonetheless, although in much lower concentrations, CB1 receptors are also present in astrocytes, oligodendrocytes and microglia (Stella, 2009; Castillo et al., 2012).
Similarly to most GPCRs, CB1 is essentially located in the cell membrane, particularly in presynaptic axon terminals. There, they are activated by ligands released by post-synaptic neurons upon their depolarization resulting in the inhibition of further neurotransmitter release (Szabo et al., 2000). This retrograde function can resolve into short-term depolarization-induced inhibition of excitatory or inhibitory (DSE and DSI, respectively) transmission (Yoshida et al., 2002; Diana and Marty, 2004), or long-lasting forms of neuroplasticity, like long-term depression (LTD) or potentiation (LTP) (Kellogget al., 2009; Silva-Cruz et al., 2017). Furthermore, CB1 can also act pre-synaptically leading to the activation of the mitogen-activated protein kinase (MAPK) pathway (Bouaboula et al., 1995), suggesting its involvement in cell proliferation and death processes in the hippocampus (Derkinderen et al., 2001). Lastly, CB1 has also been found in alternative subcellular localizations with different functionalities from their plasma membrane equivalents, constituting a subpopulation with distinct pharmacological properties (Robledo-Menendez et al., 2021).
Although the molecular mechanisms of CB1 require further investigation, several studies have linked CB1 function to certain behavioral pathways. Furthermore, CB1 knock-out (KO) mice display an anxiogenic phenotype (Ledent et al., 1999; Zimmer et al., 1999; Martin et al., 2002), suggesting a role for the ECS in anxiety. Interestingly, effects of CB1 agonists are broadly described as biphasic, since their activation in different types of cells can lead to opposing effects on behavior (Busquets-Garcia et al., 2018).
The cannabinoid receptor (CB2) was identified and cloned in 1993 (Munro et al., 1993). It was believed that CB2 was only expressed in immune cells, but their presence in the CNS was demonstrated years later (Van Sickle et al., 2005; Ashton et al., 2006). In light of such findings, an immunoregulatory function of CB2 was proposed. Transgenic models of mice lacking CB2 receptors have contributed greatly to the investigation of its immunomodulatory role. Indeed, CB2 KO mice show exacerbated inflammation (Turcotte et al., 2016). Such findings suggest the fundamental role of CB2 receptors in maintaining immune homeostasis across the organism.
In the CNS, CB2 receptors are present in microglia, macrophages, T and B cells, and natural killers (Matias et al., 2002; Klegeris et al., 2003; Graham et al., 2010; Ramirez et al., 2013). They are a key modulator of neurological activities like nociception, neuroinflammation, and neuroprotection (Malan et al., 2001; Cabral et al., 2008), while, at the same time, its activation is devoid of psychotropic effects. Although the cellular mechanisms of CB2 function are mostly unknown. CB2 are involved in neurological functions such as anxiety, impulsive behaviors, and pain (García-Gutiérrez et al., 2012; Navarrete et al., 2012; Han et al., 2013). Nevertheless, more research is required to clarify the function of CB2 in the CNS.
Even though during the past years numerous studies have investigated the ECS, to date, no further cannabinoid receptors have been reported. Although, some results suggest that certain effects of cannabinoids are not regulated by CB1 or CB2 (Brown, 2007), which has generated some debate regarding the potential existence of a third cannabinoid receptor, nonetheless this remains merely a hypothesis.
Endocannabinoids
Following the identification of the endogenous cannabinoid receptors CB1 and CB2, research focused on the study of endogenous ligands. This lead to the discovery of the first cannabinoid-like substance N-arachidonoylethanolamide, also known as anandamide (AEA) (Devane et al., 1992). Additionally, a second endocannabinomimetic compound was isolated: 2-arachidonoylglycerol (2-AG). The discovery of these two endogenous cannabinoids (namely, endocannabinoids) reaffirmed the significance of the cannabinoid receptors and their ligands as mediators of a wide variety of biological mechanisms.
Both molecules are lipophilic structures derived from arachidonic acid (Pacher et al., 2006) and they are mainly generated at postsynaptic neurons. Their synthesis is triggered by an increase in postsynaptic intracellular calcium by itself or combined with the activation of postsynaptic GPCRs (Maejima et al., 2001). Upon release, endocannabinoids bind to CB1 and CB2 receptors in the presynaptic membrane with varying affinity. Specifically, AEA seems to be a high affinity, partial agonist of the CB1 receptor, but almost inactive at CB2, whereas 2-AG behaves as a full agonist at both CB1 and CB2 with moderate to low affinity (Sugiura et al., 2000; Pertwee et al., 2010; Di Marzo and De Petrocellis, 2012).
In the brain, the basal levels of 2-AG are approximately 200-fold higher than those of AEA (Sugiura et al., 2006), which indicates its more prominent effects in the CNS. 2-AG is mostly responsible for retrograde signaling via activation of CB1 receptors (Sugiura et al., 1997). It is considered the major mediator of CB1-induced forms of synaptic plasticity such as DSI and long-term hippocampal GABAergic depression (Wilson and Nicoll, 2001; Kim and Alger, 2004). Furthermore, 2-AG is able to activate CB1 receptors present in astrocytes, which eventually results in glutamate release (Navarrete and Araque, 2008) and therefore, mediating neuron-astrocyte communication.
Regarding AEA, it acts as a retrograde messenger and activates CB1 receptors expressed pre-synaptically in glutamatergic terminals (Grueter et al., 2010). This process results in LTD via suppression of glutamate release. Furthermore, AEA participates in “tonic” suppression of GABAergic transmission in the hippocampus (Kim and Alger, 2010). Besides, AEA can act on intracellular CB1 associated with endosomal and lysosomal compartments.
Overall, it is hypothesized that, regarding CB1, AEA represents the “tonic” signaling molecule regulating basal synaptic transmission, whereas 2-AG represents the “phasic” signal which is activated during sustained neuronal depolarization and is responsible for many forms of synaptic plasticity, at least, in the hippocampus (Castillo et al., 2012; Lee et al., 2015). However, these signaling pathways might differ in other brain regions under different physiological or pathophysiological conditions.
When bound to CB2 receptors, endocannabinoids display a series of effects in immune cell function. Interestingly, there is a pronounced contrast between the effects of AEA and 2-AG on immune regulation. 2-AG was found to regulate mechanisms regarding leukocyte recruitment like chemokine release and cell migration (Turcotte et al., 2016). This implies the existence of positive regulation of the immune system by 2-AG. Alternatively, AEA was shown to downregulate leukocyte functions, such as cytokine release and nitric oxide production (Turcotte et al., 2016). Some studies report an increase in production of anti-inflammatory molecules like interleukin (IL) 10 in cells treated with AEA (Correa et al., 2010; 2011). In fact, CB2 receptor agonists like delta-9-tetrahydrocannabinol (THC) and WIN 55,212-2 have only been shown to cause anti-inflammatory effects on leukocytes (Turcotte et al., 2016).
AEA and 2-AG have also been reported to interact with other receptors in the body. AEA acts as an endogenous ligand for transient receptor potential vanilloid 1 (TRPV1) (Starowicz et al., 2007). At pre-synaptic TRPV1s, AEA directly facilitates glutamate release in the striatum (Musella et al., 2009). Alternatively, post-synaptic activation of TRPV1 by AEA also occurs and results in a reduction of biosynthesis of 2-AG (Maccarrone et al., 2008) which, in turn, might lead to LTD (Chávez et al., 2010). In addition, AEA receptor targets include other GPCRs like GPR55 and GPR119 (Sharir et al., 2012). However, these interactions have not yet been fully studied nor understood.
Metabolic Enzymes
Other key components of the ECS are the catabolic and anabolic enzymes responsible for the synthesis and degradation of endocannabinoids. Briefly, 2-AG is produced by the enzyme diacylglycerol lipase (DAGL) starting from the compound diacylglycerol (DAG) (Murataevaet al., 2014). Alternatively, the biosynthesis of AEA begins from membrane phospholipid precursor N-acyl-phosphatidylethanolamine (NAPE) and it involves the enzymes calcium-dependent or independent N-acyltransferase (NAT or iNAT, respectively) (Jin et al., 2007; Jin et al., 2009) together with NAPE-specific phospholipase D (NAPE-PLD) (Okamoto et al., 2004). However, the exact mechanisms of its synthesis remain under investigation.
Regarding their catabolism, both molecules follow distinct paths. Upon 2-AG reuptake, it is degraded by enzyme monoacylglycerol lipase (MAGL) (Dinh et al., 2002, 2004) which can be found in presynaptic locations and in axon terminals (Gulyas et al., 2004). On the other hand, AEA is degraded by fatty acid amide hydrolase (FAAH) into arachidonic acid and ethanolamine (McKinney and Cravatt 2005) present, particularly, in postsynaptic terminals (Gulyas et al., 2004).
Importantly, suppression of FAAH and MAGL leads to an activity prolongation of endocannabinoids (Gaetani et al., 2009) resulting in differential effects. On one hand, blocking anandamide degradation reduces pain, inflammation depression and anxiety (Tanaka et al., 2019; Y.; Wang and Zhang, 2017). On the other hand, blockage of 2-AG degradation leads to hypothermia, hypomotility and analgesia (Long et al., 2009). This observation suggested FAAH as a potential pharmacological target and the development of synthetic inhibitors that could potentiate AEA transmission which might prove beneficial for the treatment of disorders like MDD (Fowler, 2015). A schematic representation summarizing the role of the named elements of the ECS in neurotransmission can be observed in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representation of the main elements of the ECS and their function in the context of neurotransmission. The figure also includes the main synthesis and degradation processes of both endocannabinoids: 2-AG and AEA. The first one is mainly synthesized by the enzyme DAG in post-synaptic neurons as a response to increased excitatory activity (Ludanyi et al., 2011). Upon 2-AG reuptake, it is degraded by enzyme monoacylglycero/lipase (MAGL) (Dinh et al., 2002; Dinh et al., 2004) which can be found in presynaptic locations and in axon terminals (Gulyas et al., 2004). This process results in two major byproducts: AA and glycerol (Dinh et al., 2002). AEA on the other hand, it is synthesized by the enzyme NAPE­ PDL in postsynaptic neurons where it is also degraded by enzyme FAAH (Gulyas et al., 2004). Then, metabolites of AEA and 2-AG undergo further oxidative processes involving cyclooxygenase (COX) and lipoxygenase (LOX) (Vandevoorde and Lambert, 2007). Such process results in the generation of prostag/andins (PGs), in particular, 2-AG and AEA degradation leads to PG-glycerol esters (PG-Gs) and PG-ethanolamides (PG-EAs) (Alhouayek and Muccioli, 2014). The image also shows the receptors at which both endocannabinoids bind. Furthermore, the squares described the resulting mechanisms of the activation of such receptors at different locations. Abbreviations: 2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; AEA, anandamide; cAMP, cyclic adenosine monophosphate; Ca2+, calcium; CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; DAG, diacylglycerol; DAGLa; diacylglycerol lipase; DSE, depolarization-induced inhibition of excitatory transmission OSI, depolarization-induced inhibition of inhibitory transmission EtNH21 ethylamide FAAH, fatty acid amide hydro/ase; LTD, long-term depression; LTP, long term potentiation; MAGL, Monoacyclycerol Lipase; MAPK, Mitogen-Activated Protein Kinase; NAPE-POL, NAPE-specific Phospholipase D; NAPE, N-acyl-phosphatidylethanolamine; PG-EAs, prostamides; PG-Gs, prostag/andin-glycero/esters; TRPV1, Transient Receptor Potential Vanilloid.
Phytocannabinoids
Phytocannabinoids are cannabinoids produced in the trichomes of the Cannabis plant (Cannabis sativa, Cannabis indica and Cannabis ruderalis). These species contain more than 100 different biologically psychoactive compounds (Aizpurua-Olaizola et al., 2016; Pertwee, 2006). Among them, the most commonly studied due to its strong psychotropic effects is THC. Nonetheless, an increasing number of studies have focused on a different compound named cannabidiol (CBD) since it displays very different pharmacological effects than THC without psychotropic activity. Importantly, later findings unveiled the lack of psychotropic activity of CBD altogether, as well as its absence of reinforcing and addictive properties and a number of characteristics which will advocate for its high potential for therapeutic use (Howlett et al., 2002). Interestingly, the pharmacological effects of CBD go beyond endocannabinoid receptors. For instance, when exerting activity at 5-HTA receptors, CBD induces anxiolytic effects (de Mello Schier et al., 2014; Zanelati et al., 2010). Furthermore, CBD can act as an agonist of vanilloid receptor TRPV1 and therefore influences pain perception, inflammation (Costa et al., 2004). Beyond that, CBD is also known to have affinity for glycine (Ahrens et al., 2009), GABAA (Bakas et al., 2017), adenosine A1 (Gonca and Darıcı, 2015) and nuclear receptors (Scuderi et al., 2014).
In this manner, research then established that THC mainly acts as a partial agonist of CB1 and CB2 (Shahbazi et al., 2020). Alternatively, CBD was found to have reduced binding affinity to both cannabinoid receptors (Pertwee, 2008). However, this compound can also act as a negative allosteric modulator of CB1 and CB2 receptor agonists (Laprairie et al., 2015).
THE ENDOCANNABINOID SYSTEM AND MAJOR DEPRESSIVE DISORDER
As previously mentioned, MDD is a growing global problem. Unfortunately, only a reduced percentage of people with depression achieve a complete remission. As discussed in previous sections, no hypothesis has been able to explain all the signs and symptoms of MDD, since it is a multifactorial disorder involving multiple interlinked mechanisms. Such interconnectivity of pathophysiological mechanisms is believed to manifest as a constellation of symptoms depicting MDD. These include: dysregulation of the HPA-axis, genetic and environmental factors, neurogenesis, and neuroinflammation (Jesulola et al., 2018). Nevertheless, none of these are able to explain MDD’s intricate pathophysiology, nor its symptomatology by themselves. In fact, it is unclear whether some observed dysregulations are a direct cause or rather a consequence of this disorder. This last challenge obstructs enormously the development of very necessary novel medications or treatments for MDD.
Fortunately, the growing research in the field of the ECS has been opened a promising perspective. As stated in previous sections, the proper interplay between all the elements of the ECS is essential for the homeostatic maintenance of a number of physiological, cognitive, behavioral, and emotional processes (Mechoulam and Parker, 2013). Therefore, when dysregulation of the ECS occurs, cognitive deficits might arise. Particularly, animal research has established a clear symptomatic overlap between ECS alterations and MDD (Hill and Gorzalka, 2005). Importantly, this phenomenon has also been observed in humans. For example, female patients diagnosed with depression presented altered endocannabinoid levels in serum compared to healthy participants (Hill et al., 2008a). Accordingly, the participation of the ECS in the pharmacology of antidepressant drugs has also been reported (Hill et al., 2008b). This evidence indicates a clear role of the ECS in the pathophysiology of MDD in humans. Besides, these ECS alterations seem to occur in a brain/region-dependent manner in depressed individuals, which would explain the variety of symptoms contemplated at the time of diagnosing MDD.
Particularly, the contribution of CB1 receptors to MDD has received broad attention. Animal experiments have established the important role of CB1 as a mood regulator. This can be observed in CB1-KO rodents, which show depressive-like phenotypes (Valverde and Torrens 2012). For example, ablation of CB1 results in anhedonia (Sanchis-Segura et al., 2004), passive stress-coping behavior (Steiner et al., 2008), and higher sensitivity to develop depressive-like symptoms (Haller et al., 2002; Martin et al., 2002).
Furthermore, it is important to consider the evidence regarding the impact of cannabinoid agonist and antagonists administration on MDD. For instance, enhancement of CB1 signaling via administration of HU-210, a potent CB1 agonist, results in antidepressant effects (Hill and Gorzalka, 2005). Additionally, methanandamine, a stable AEA derivative, when applied through stereotaxic injections into the prefrontal cortex (PFC) of rats, was able to induce anxiolytic effects mediated by CB1 (Rubino et al., 2008). Lastly, synthetic agonist WIN55,212-2 was found to induce these effects via modulation of the 5-HT neuronal activity (Bambico et al., 2007). Nevertheless, these results appear to be biphasic, since the application of high doses of CB1 agonists can result in increased anxiety-like behavior. In fact, in humans, functional magnetic resonance imaging (fMRI) revealed that THC can reduce amygdalar reactivity of healthy volunteers exposed to threat signals (Phan et al., 2008), an effect that is commonly observed after administration of anxiolytic drugs like benzodiazepines. In contrast, intravenous administration induced psychotic-like symptoms and anxiety (D’Souza et al., 2004). Therefore, it is hypothesized that oral administration might contribute to lower peak serum concentrations, potentially helping to avoid aversive emotions resulting from high levels of CB1 activation (Moreira et al., 2009).
Accordingly, there is evidence that CB1 antagonism can increase aversive responses in animal models anxiety and depression. The best example is rimonabant, a CB1 antagonist initially marketed as a treatment for depression that resulted in severe adverse psychiatric events in the patients (Mitchell and Morris 2007). Posterior research revealed that, indeed, rimonabant was an anxiogenic substance that not only induced a depressive-like phenotype in laboratory animals, but it also lead to a series of molecular alterations such as decreased serotonin levels in the frontal cortex, reductions in hippocampal cell proliferation and survival, and increased concentrations of pro-inflammatory cytokines (Beyer et al., 2010). Furthermore, AM-251 a different CB1 antagonist, has also been observed to possess anxiogenic properties (Rodgers et al., 2005). In addition, administration of both antagonists; AM-251 and AM-630, significantly reverses the antidepressant effects of WIN55, 212-2 in animals exposed to social-isolation-induced stress (Haj-Mirzaian et al., 2017). Unfortunately, the mechanisms underlying the effects of both CB1 receptor agonists and antagonists remain unknown and must be explored in more detail at the mechanistic level. The supplementary materials include a table summarising the preclinical and clinical studies confirming association between the endocannabinoid system and MDD (see Supplementary Table S1).
Nevertheless, a considerable number of studies has researched the implications of endocannabinoid components in several mechanisms involved in MDD without directly studying their impact on this disorder per se. Hence, this existing literature might be helpful at the time of understanding the role of the ECS in proposed etiologies of MDD, particularly, genetic factors, dysregulation of the HPA-axis, neurogenesis, and neuroinflammation (Jesulola et al., 2018). In the following sections, the present review will focus on the role of the ECS for each theory regarding the pathophysiology of MDD.
Genetic Factors
Genetic studies are a great source of evidence confirming the role of the ECS in MDD. Together with other genetic factors external to the ECS, epidemiological work of past decades has provided evidence of a certain degree of MDD heritability (Mondimore et al., 2006). Hence, it was hypothesized that variations in certain genes could be substantially responsible for the development of MDD. Nonetheless, up to date, no single genetic mutation is necessary nor sufficient to explain MDD, instead, each gene variation contributes only a reduced fraction of the total risk (Major Depressive Disorder Working Group of the Psychiatric GWAS Consortium et al., 2013).
In humans, genetic studies have investigated single nucleotide polymorphisms in the CB1 gene (CNR1) associated to depressive phenotypes and responses to antidepressants. For example, presence of the G allele of rs806371 CNR1 gene polymorphism is higher in individuals with MDD (Mitjans et al., 2013). On the same line, the G allele of the CNR1rs1049353 polymorphism has been associated to antidepressant resistance (Domschke et al., 2008). Alternatively, the minor C allele of rs2023239 displayed a protective influence against MDD (Icick et al., 2015).
Nevertheless, studies associating gene variants and MDD often encounter inconsistent data. A recent report analyzed several candidate genes previously implicated in high prevalence of MDD, among them, a CNR1 variant (Gonda et al., 2018). It was observed that most polymorphisms, including those in CNR1, showed increasing relevance for MDD in participants with higher exposure to recent negative life events. Possibly, the lack of accountability for environmental factors like stress could bias their contribution to MDD and cause the results to become irreproducible. As a matter of fact, a recent meta-analysis by Kong et al. (2019) revealed no association between CNR1rs1049353 or CNR1 triple repeat with increased risk of MDD when combining all available literature.
In contrast, a significant correlation was found between all four genetic models of the CB2 gene (CNR2) polymorphism CNR2rs2501432 and MDD. This was first observed by Onaivi and collaborators (2008), who reported a significant association between such CNR2 polymorphism and depressed patients. Furthermore, a recent article has linked CNR2 R63Q variation to a greater sensitivity towards childhood trauma and overactivation of the HPA-axis (Lazary et al., 2019). Interestingly, the article also describes the involvement of a FAAH gene polymorphism in the susceptibility to trauma observed in Lazary et al. (2016).
In conclusion, the role of CNR1 in MDD should not be dismissed and further research with wider coverage is needed to evaluate its impact. However, this finding positions CNR2 as a key factor in the development of MDD. Hence, pharmacological modulation of CNR2 ligands might be a potential therapeutic approach for this disorder. Importantly, the association of endocannabinoid receptors to MDD is not sufficient to explain the entirety of its pathophysiology. Therefore, such results should be interpreted with caution, while contemplating the essential role of environmental factors in its etiology.
Stress and the HPA-Axis
Stressful life events are considered the main predisposing factor for the development of psychiatry disorders like anxiety and MDD. In mammals, the stress response is mediated by the HPA-axis, resulting in a cascade of events involving a series of hormones; like corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH); ultimately resulting in the release of glucocorticoids into the bloodstream (Smith and Vale, 2006). Termination of the stress response is achieved by resetting the HPA-axis via negative feedback mechanisms. On this basis, hyperactivity of the HPA-axis has been suggested as a mechanism leading to stress vulnerability shown by MDD patients. Certainly, these patients show inadequate HPA-axis suppression when exposed to stress or exogenous glucocorticoid administration compared to healthy controls (Gillespie and Nemeroff, 2005; Juruena, 2014). Interestingly, this dysregulation of the HPA-axis seems to be related to endocannabinoid signaling (Hillard et al., 2016).
For example, CB1 receptors are believed to play a major role in HPA-axis regulation. This hypothesis arose from the observation of high basal corticosterone levels and HPA hyperactivity in CB1 KO animal models (Barna et al., 2004). This indicated a clear role for CB1 in the inhibition of the HPA-axis and therefore, in the termination of the stress response. On the other hand, HPA-axis dysregulation can also influence the ECS via alterations in endocannabinoid synthesis and CB1 expression, both involved in stress-related symptoms (Micale and Drago, 2018). This suggests the existence of a bidirectional link between the two systems.
Furthermore, the role of the ECS was investigated in existing stress models associated to anxiety-like behavior in rodents. It was observed that chronic stress induced a reduction of AEA levels in the amygdala and hippocampus (Patel et al., 2005; Wang et al., 2012) via increased activity of FAAH (Navarria et al., 2014; Gray et al., 2015), which is consistent with previous evidence supporting the anxiolytic properties of AEA (Patel and Hillard, 2006). This reduction was attributed to the elevated serum corticosterone content (Hill et al., 2009) through a CRHR1-mediated mechanism (Gray et al., 2016) resulting in the generation of anxiety (Gray et al., 2015). Nevertheless, the obtained results depended largely on the type of stressor. Furthermore, exposure to repeated stressors increased 2-AG content throughout regions in the CNS (Micale and Drago 2018) probably mediated by decreased expression of MAGL (Sumislawski et al., 2011). This is in accordance with the observed decrease in AEA levels following stress exposure, since its interaction with TRPV1 results in downregulation of 2-AG synthesis (Maccarrone et al., 2008). However, this link has not been empirically demonstrated.
Importantly, following chronic unpredictable stress, CB1 undergoes widespread downregulation and desensitization in limbic areas like the hippocampus, hypothalamus, amygdala and nucleus accumbens (Wamsteeker et al., 2010; Wang et al., 2010; Lee and Hill, 2013). In contrast, many studies have found an upregulation of CB1 in PFC (Zoppi et al., 2011; Lee and Hill, 2013). Unfortunately, the exact mechanism by which this CB1 regulation occurs remains under speculation. However, it is consistent with the observation that CB1 activation decreases GABAergic transmission in said limbic areas, contributing to the termination of the stress response (Martin et al., 2002; Hill et al., 2011). Particularly, CB1 blockade leads to increased plasma corticosterone (Wade et al., 2006). Furthermore, the activation of CB1 on noradrenergic signaling represents an important mechanism for stress adaptation (Wyrofsky et al., 2019). Chronic HPA-axis-induced stimulation of noradrenergic areas such as the locus coeruleus increases anxiety and depressive-like behavior (Valentino and Van Bockstaele, 2008). Importantly, hyperactivity of the ECS via CB1 signaling due to chronic stress might lead to increased noradrenergic activity in the PFC and thus, contributing to such behaviors (Wyrofsky et al., 2019).
On this basis, CB1 dysregulation within specific brain areas would lead to a hyperactive HPA-axis, which is precisely what is observed in CB1 KO animals (Daniela Cota et al., 2007; Steiner et al., 2008). CB1 KO animals express higher anxiogenic-like behavior and increased stress-induced ACTH levels, as well as anxiolytic drug resistance (Cota, 2008). Accordingly, hyperactivity of the HPA-axis is one of the most consistent biological evidence in MDD in both clinical and pre-clinical studies (Sánchez et al., 2001; Heim and Nemeroff 2002). This suggests a clear role for CB1 as a direct contributor to the termination of the HPA-mediated stress response and therefore, as a key partaker in the pathophysiology of depressive symptoms.
With regards to CB2 receptors, despite their expression in areas involved in the stress response, few studies have explored their implications in HPA-axis signaling. In these, results are contradictory. Some stress-induced depressive-like behavior models have described no changes in CB2 levels, whereas others encountered a decreased CB2 hippocampal expression (Marco et al., 2017). However, unlike CB1, manipulation of CB2 receptors does not alter plasma concentrations of corticosterone after exposure to stress (Zoppi et al., 2014). Such findings speak against a direct relationship between the HPA-axis and CB2 receptors, although it is possible that CB2 might regulate the activity of the HPA-axis through other indirect mechanisms. Indeed, a recent article has linked an existing polymorphism of the gene encoding CB2 to greater sensitivity for childhood trauma and overactivation of the HPA-axis (Lazary et al., 2019). This process seems to be mediated through neuroinflammatory mechanisms influenced by CB2. This observation is in accordance with previous findings showing that CB2 KO animals display exacerbated stress-influenced neuroinflammatory responses (Zoppi et al., 2014).
All together, these findings suggest the involvement of the ECS; particularly, the CB1 receptor and endocannabinoids AEA and 2-AG, as a fundamental regulatory system involved in the termination of the stress response by mediating negative feedbacks controlling HPA-axis’ activity. Therefore, these ECS components have a direct role in anxiety-like behavior and vulnerability to stress, and they must be regarded as important contributors to the pathophysiology of MDD. All the above-mentioned mechanisms are graphically described within the blue area of Figure 2.
[image: Figure 2]FIGURE 2 | Schematic representation of the main findings regarding the association of the ECS and MOD. The four different proposed etiologies of MOD are represented by the three colored circles. Overlaps between circles symbolize interactions between mechanisms. Inside, each circumference highlights the central components in each field. The single-arrowed lines represent direct observed influences between factors whereas the double-arrowed ones, bidirectional links. Next to the text, arrows represent down- or upregulation of the component or signaling mediated by receptors. Furthermore, the lightning symbols stand for different forms of stress (early-life, acute, or chronic stress; see text for more details). Lastly, the question marks beside the arrowed lines indicate potential links that remain to be researched. 2-AG, 2- arachidonoylglycerol; AA, arachidonic acid; AEA, anandamide; BDN F, brain derived neurotropic factor; CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; CORT, cortisol/corticosterone, DAGLa, diacylglycerol lipase; diff, differentiation; FAAH, fatty acid amide hydrolase; IL-1,6′, Interleukin 1/l; IL-6, interleukin 6 MAGL, Monoacyclycerol Lipase; Ml, microglia phenotype 1; M2, microglia phenotype 2; N LRP3, family pyrin domain containing 3; pro/if, proliferation; TNFa, tumor necrosis factor a.
Neuroinflammation
Among the other potential altered circuitries in MDD, neuroinflammation has received increasing attention (Troubat et al., 2020). Since the first observations, several studies have described a strong relationship between depressive symptomology and altered presence of pro-inflammatory markers. Hence, research has focused on the involvement of the immune system in the CNS, which consists of glial cells.
As the resident macrophagic cells and main form of innate immune defense in the CNS, microglia were expected to play a crucial role in this relationship. Microglia are responsible for the release of chemokines and cytokines as a response to physical insults or infectious agents. Upon activation, microglia can evolve into two possible phenotypes, known as M1 and M2, which might include specific features under different pathological insults (Ma et al., 2017). The first, M1, is in charge of the initiation of the inflammatory response through the release of pro-inflammatory mediators like IL-1β, IL-6, IL-8 and tumor necrosis factor α (TNFα) (Lively and Schlichter, 2018). Furthermore, they control the recruitment of additional central and peripheral immune cells to the site of infection or brain damage. Alternatively, the second phenotype, M2, is involved in the prevention of M1-induced neuronal damage and toxicity through secretion of anti-inflammatory cytokines like IL-4, IL-10 and transforming growth factor (TGF) (Koscsó et al., 2013). This M1/M2 phenotype theory has been found to be an oversimplification of this cytological process based on experimental evidence (Ransohoff 2016). However, this terminology is useful when characterizing microglia states (pro-inflammatory and neuroprotective) and will continue to be used for the purpose of this review.
Due to their primary role in neuromodulation of the inflammatory response, microglia have become the center of attention as a key component in the inflammatory etiology of MDD (Yirmiya et al., 2015). Evidence supporting these theories is provided by clinical and preclinical research. For instance, elevated levels of proinflammatory cytokines released by microglia are correlated to the severity of depressive symptomatology in MDD patients (Haapakoski et al., 2015). Furthermore, rodents exposed to chronic stress paradigms display microglia hyper-ramification and overactivation in several brain regions (Sugama et al., 2007; Tynan et al., 2010; Hinwood et al., 2013).
Particularly, IL-6 and C-reactive protein (CRP) are the most strongly associated to anhedonia (Felger et al., 2018). In accordance, administration of antidepressants directly impacts microglia signaling and IL-6 production (Hashioka et al., 2007). A more recent study has also linked the imbalance of microglial pro- and anti-inflammatory conditions through a mechanism involving brain-derived growth factor (BDNF), more specifically, via a BDNF-TrkB-dependent pathway in the hippocampus (Liu et al., 2019). Interestingly, the authors found a sex-specific relationship between BDNF and microglial inflammatory biomarkers, a mechanism that could become very important for sex differences in depression. On this basis, some researchers have suggested that MDD could start to be considered a microglial disease (Yirmiya et al., 2015).
The presence of CB2 receptors in microglia switched the attention to the potential role of the ECS in glia-mediated neuroinflammation involved in MDD. CB2 has been described to possess general anti-inflammatory properties. Genetically modified rodents with overexpression of CB2 show reduced stress-induced pro-inflammatory cytokine TNFα and enzyme COX-2 (Zoppi et al., 2014). In parallel, CB2 KO animals display exacerbated neuroinflammatory responses to chronic stress (Zoppi et al., 2014).
CB2 receptors are expressed in microglia in a state-dependent manner (Carlisle et al., 2002). Specifically, they are not present in resting microglia but rather in fully active cells and intermediary stages. In the past decade, its presence has been associated to induction of M2 polarization (Tanaka et al., 2020). For example, administration of synthetic CB2 agonists alleviate neuroinflammation by enhancing the conversion from M1 microglia into the M2 phenotype (Tao et al., 2016; Luo et al., 2018). Importantly, a downregulation of inflammatory cytokines and upregulation of anti-inflammatory mediators were paired to M2 polarization (Tao et al., 2016). These mechanisms were not observed when animals were co-treated with CB2 synthetic antagonists. Such results evidence the seemingly important role of CB2 receptors in microglia-induced neuroprotection in the presence of inflammation.
Furthermore, it appears these anti-inflammatory effects of CB2 might be initiated by AEA. Administration of AEA reduces neuron toxicity by downregulating IL-1B and IL-6 in in vitro activated microglia via CB2 receptors (Malek et al., 2015). At the same time, it exerts neuroprotective properties via production of IL-10 (Correa et al., 2010), and upregulation of CD200 receptor, known to suppress microglial inflammatory response (Manich et al., 2019). Moreover, pharmacological inhibition of FAAH also leads to anti-inflammatory effects in vitro via increased levels of AEA (Tanaka et al., 2019).
Although these observations have been widely described in pharmacologically induced neuroinflammation, the immunological role of the ECS in the context of MDD models is understudied. However, two recent studies have investigated this relationship. First, Chen et al. (2018) reported that FAAH inhibition resulted in alleviation of pro-inflammatory response to acute stress. This is in accordance with previous studies reporting anti-inflammatory properties of AEA. Second, Lisboa et al. (2018) observed that administration of selective cannabinoid agonist WIN55,212-2 was able to reverse social stress-induced neuroinflammation and anxiety-like symptomatology. Although, since named agonist could act on both cannabinoid receptors, whether this action occurred through mediation of CB1 or CB2 is unclear.
Regarding CB1, despite its low expression in glial cells, some studies have shown that this receptor is also able to regulate immune function through distinct mechanisms. For instance, specific CB1 KO of forebrain GABAergic neurons in vivo lead to pro-inflammatory microglia phenotypes without significant cognitive deficits (Ativie et al., 2018). This finding provides evidence of the role of CB1 in neuron-glia communication with a crucial involvement of GABAergic neurons. Furthermore, a recent research work observed that chronic stress increased microglia activation in CB1 KO animals, which correlated with the severity of depressive-like symptoms (Beins, 2020). Hence, it has been hypothesized that CB1 might be an indirect mediator of microglia-induced inflammation. Although, how CB1 signaling can regulate microglial activity remains uncertain and requires further research.
For this, it is important to consider the potential interplay between HPA-axis and microglial neuroinflammation. As mentioned earlier, HPA-axis hyperactivity is observed across animal models of MDD, as well as in human patients. Increased glucocorticoid release has been found to induce an overproduction of pro-inflammatory cytokines through microglia activation (Nair and Bonneau, 2006; Sorrells and Sapolsky, 2007). In the same manner, an immune modulation of the HPA-axis has also been suggested following immunology research of viral infections (Silverman et al., 2005). However, the exact mechanisms underlying chronic stress and microglia activation remain under discussion. A recent article described a potential link between HPA signaling and neuroinflammation. Feng et al. (2019) observed that elevated corticosterone levels after chronic stress increased the release of pro-inflammatory elements like IL-1β and IL-18 in activated hippocampal microglia. Particularly, they observed that this process was mediated by nuclear factor kappa B (NF-κB) and the Nod-like receptor protein (NLRP3) namely, NF-κB-NLRP3 pathway. This study provides a new and valuable insight into the relationship between stress, the HPA-axis and microglia-mediated neuroinflammation.
Although much less investigated, the ECS might also be related to this mechanism. Recent research has found that administration of two phytocannabinoids; CBD and cannabigerol produced anti-inflammatory effects by reducing NF-κB activation among other mechanisms (Mammana et al., 2019). Furthermore, previous work had stablished a neuroprotective role for CB2 via inhibition of the NLRP3 inflammasome in autoimmune encephalomyelitis models (Shao et al., 2014). This process might be mediated via the CB2-induced inhibition of NF-κB activation in microglia (Zoppi et al., 2014). Additionally, CB1-mediated effects of 2-AG have been linked to neuroprotective functions via inhibition of NF-κB (Panikashvili et al., 2005). Likewise, AEA has been described to enhance production of IL-10 in activated microglia and inhibiting NF-κB activation. More recently, in the context of liver inflammatory disease, CB1 receptors have been reported to mediate macrophage NLRP3 expression and inflammation (Yang et al., 2020). This evidence suggests a potential role for the ECS as a bridge in the crosstalk between the HPA-axis and neuroinflammation via the NF-κB-NLRP3 pathway. However, effects of the ECS in modulation of microglia-mediated neuroinflammation as a result of chronic stress, particularly regarding the NLRP3, remains to be studied and requires much further research.
Importantly, a novel field of research has emerged in recent years, focusing on polyunsaturated fatty acids (PUFAs) and their potential as a treatment for MDD. PUFAs are lipid derivatives of omega-3 or omega-6 that act as precursors for endocannabinoids. Particularly, supplementation with two main PUFAs, namely, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) has been extensively investigated (Mozaffari-Khosravi et al., 2013; Marangell et al., 2003). Indeed a recent meta-analysis confirmed the beneficial effects of omega-3 PUFAs on depression symptoms (Liao et al., 2019). Co-administration of DHA and EPA or EPA alone are able to reduce inflammation through several mechanisms. Firstly, they both can reduce the production of proinflammatory cytokines like TNFα, IL-1β, IL 2 and IL-6 (Caughey et al., 1996). Secondly, they have been described to suppress NF-κB signaling (Horowitz et al., 2015). Lastly, administration of a variety of omega-3 PUFAs reduced inflammation via activation of macrophage autophagy and attenuation of NLRP3 inflammasome (Shen et al., 2017). These findings strongly confirm the endocannabinoid regulation of neuroinflammatory processes, and they provide an opening to a new research field in the context of psychiatric disease like MDD.
Overall, the abovementioned evidence supports the theory that hypofunction of the ECS directly impacts neuro-immune modulatory pathways in the CNS, leading to pro-inflammatory processes mediated by microglia. Specifically, CB2 seems to be directly involved in promotion of anti-inflammatory mechanisms mediated by AEA signaling. Nevertheless, the involvement of CB2 in stress-induced inflammation remains unknown. Alternatively, CB1 has been suggested to indirectly modulate neuro-immune responses by mediating neuron-glia communication in the CNS. Such interactions between the immune system, the ECS and MDD symptomatology are depicted in the yellow area in Figure 2.
Neurogenesis
Adult neurogenesis is a neurobiological process by which neurons are continually generated within the CNS throughout an organism’s life. Specifically, the subgranular zone (SGZ) of the dentate gyrus of the hippocampus has been established as the primary area involved in this process (Bond et al., 2015). Notably, the exact biological role of neurogenesis in cognition and behavior remains unknown.
Since the discovery of hippocampal atrophy in untreated MDD patients (Sheline et al., 1996), it was hypothesized that loss of neurogenesis in the dentate gyrus could significantly impact the development of this disorder. In fact, successful treatment with antidepressants and most therapies is shown to induce hippocampal neurogenesis (Praag et al., 2000; Malberg and Duman 2003; van). This phenomenon seems to be mediated by BDNF, since it is found to be reduced in animals models of MDD (Autry et al., 2009), while simultaneously recovered by antidepressant administration (Santarelli et al., 2003). However, neurogenesis ablation in experimental animals does not always induce depressive symptoms (Jayatissa et al., 2010). On this line, some antidepressants show neurogenesis-independent mechanisms (David et al., 2009). Due to such conflictive results, it is currently hypothesized that neurogenesis might be a key restorative mechanism for hippocampal structure and function which might indirectly result in alleviation of MDD symptomatology (Hanson et al., 2011). Therefore, when disrupted, it could theoretically participate in the etiology of MDD even though it is unlikely to cause the entire mood disorder. In the present, however, neurogenesis is still considered a significant contributing factor to the pathophysiology of MDD (Jesulola et al., 2018).
During the past decades, research has confirmed the involvement of the ECS in hippocampal proliferation, starting with the extensive expression of endocannabinoid entities in neuronal progenitor cells (Aguado et al., 2006). Specifically, CB1 has been established as a direct mediator of adult neurogenesis. For example, administration of high selective agonists of CB1 promotes neural proliferation in the SGZ (Andres-Mach et al., 2015). Accordingly, this effect was prevented by CB1 synthetic antagonist AM251 and not present in CB1 and CB2 double KO animals (Hutch and Hegg 2016). Furthermore, DAGLα KO rodents exhibited decreased 2-AG levels, as well as impaired neurogenesis in the dentate gyrus (Gao et al., 2010). Therefore, CB1 activation via 2-AG agonism seems to play a major role in this biological process. However, the exact mechanism by which CB1 might induce neurogenesis is under discussion, although some pathways have been described (Zimmermann et al., 2018).
Relevant to depressive-like behavior, CB1 KO mice were observed to be more vulnerable to stress-induced depressive-like responses with a high susceptibility for anhedonia (Martin et al., 2002). This symptomatology was later associated to downregulation of BDNF expression in the hippocampus (Aso et al., 2008). Such findings suggested a clear involvement of both, CB1 and neurogenesis in the development of depressive disorders.
Conversely, administration of CBD prevented detrimental effects of chronic stress and increased hippocampal proliferation via CB1 activation (Wolf et al., 2010; Campos et al., 2013). Another recent study reported that CBD administration could reverse the effects of chronic stress, facilitating neurogenesis and dendritic remodeling (Fogaça et al., 2018). However, whether anxiolytic effects of CBD are directly a consequence of improved neurogenesis or other unrelated endocannabinoid mechanisms cannot be concluded. These observations also occurred when considering endocannabinoids. For example, prevention of 2-AG degradation via blockade of MAGL results in an enhancement of neurogenesis and heightened antidepressant-like effects in mice exposed to chronic stress (Zhang et al., 2015). In addition, DAGLα KO animals displayed reduced endocannabinoid levels in the hippocampus, as well as impaired neurogenesis and anxiety-like behavior (Jenniches et al., 2016). Nonetheless, the cause-consequence relationship between the observed depressive symptoms and loss of neurogenesis cannot be established from this study. In summary, CB1 is hypothesized to contribute to anti-depressive effects paired with neurogenic mechanisms in the hippocampus.
A more complex role of CB2 in adult neurogenesis has been suggested. Unlike CB1 KO, CB2 KO animals display a stable adult neurogenesis (Mensching et al., 2019). Although, these findings are contradictory to previously reported observations indeed showing altered neurogenesis in this strain (Palazuelos et al., 2006). This perhaps could be due to the age difference among rodents used for the studies. Regardless of this contradiction, CB2 agonism has been related to indirect potentiation of neurogenesis through its role as a homeostasis regulator, normalizing processes like apoptosis, oxidative stress, and neuroinflammation (Avraham et al., 2014; Shi et al., 2017). For instance, in an Alzheimer’s disease model, administration of CB2 agonist MDA7 induced neurogenesis together with improved hippocampal synaptic plasticity and regulated microglial activation (Wu et al., 2017). Interestingly, microglia are able to regulate this process via the release of cytokines and chemokines that may act as stimulants or suppressors of neurogenesis (Sato 2015). In this manner, pro-inflammatory mediators like IL-1β can inhibit processes such as cell proliferation and differentiation in the dentate gyrus (Wu et al., 2013). In particular, chronic stress in rodents produces alterations in microglia activation, which contributes to the loss of neurogenesis (Kreisel et al., 2014). Alternatively, microglia can also release BDNF, thereby supporting survival of novel neurons (Ferrini and De Koninck 2013). Whether this mechanism is directly regulated by CB2 remains unclear. Nevertheless, more recently it has been observed that activation of CB2 receptors by selective agonist JWH133 upregulated microglia expression of BDNF in the lateral ventricular tissue (Tang et al., 2017). Though this finding has shed some light on the topic, further research is still required before drawing solid conclusions.
Neurogenesis is also related to HPA function in pathological conditions. For example, animals with suppressed neurogenesis display a hyperactive HPA-axis associated to depressive-like behaviors (Schloesser et al., 2009). Given the important role of the hippocampus in termination of HPA-mediated stress response, it was hypothesized that disturbances in neurogenesis could negatively alter the negative feedback loop regulating HPA activity. Simultaneously, chronically elevated glucocorticoid concentrations as a result of a hyperactive HPA also leads neurogenesis disruptions (Anacker et al., 2013).
Interestingly, changes induced by stress or inflammation may affect neurogenesis via the NF-κB pathway (Anisman et al., 2008), which is, at the same time, the suggested mechanism bridging HPA activity and neuroinflammatory processes. Furthermore, pro-inflammatory cytokines can additionally stimulate the HPA-axis to release glucocorticoids, which, in turn, suppress neurogenesis (Liu et al., 2003). Hence, it can be concluded that there is a strong interconnection between the ECS and altered mechanisms observed in MDD.
Overall, these results indicate a role for the ECS in modulation of hippocampal cell proliferation and cell differentiation. On one hand, CB1 and 2-AG signaling seem to be essential components in the stimulation of neurogenesis. On the other, CB2 might participate as a key regulator under pathological conditions by exerting neuroprotective mechanisms towards neurons via immune system regulation. These mechanisms are depicted within the red area in Figure 2. In conclusion, the presented data suggest a clear involvement of the ECS in the neuroprotective effects of hippocampal neurogenesis during the development of MDD.
DISCUSSION AND FUTURE PERSPECTIVES
The present work aimed to be an integrative review about the role of the ECS in the pathophysiology of MDD. As previously described, all the currently hypothesized etiologies for MDD, whether they are genetic, neuroendocrine, immunological, or cytogenetic, seem to rely on the correct functioning of endocannabinoid signaling. In fact, a number of interactions between studied factors can already be explained through the involvement of the ECS. Figure 2 aims to summarize all the discussed findings in a cohesive mind map. As it can be observed, the different proposed etiologies of MDD—HPA-axis, genetic factors, neuroinflammation, and neurogenesis—can all be integrated into the context of endocannabinoid signaling. In addition, the figure illustrates the potential links that remain to be explored. Among them, the possible role of the NF-κB-NLRP3 should be highlighted as an important factor in the mediation of the multiple described systems. Moreover, given the intricacy of the mechanisms underlying stress-related conditions, further studies are essential to evaluate the role of different players, such as TRPV1 receptors and other GPCRs; diverse neuronal subpopulations, i.e., GABAergic vs glutamatergic; and even considering brain regions, which could interact with each other to regulate mood and cognitive aspects involved in MDD.
This image is a clear example of the complex nature of MDD as well as indication of the current need for interdisciplinary work. Furthermore, it has been described that a sole etiology or a unitary construct as the cause of MDD cannot explain the constellation of symptoms exhibited by depressed patients. Hence, the unification of diverse research fields must occur in order to advance in our comprehension of MDD and other complex etiologies like schizophrenia, post-traumatic stress disorder, or autism spectrum disorder.
As a matter of fact, the complexity of the ECS might be useful when searching for connections between pathological pathways. Similarly to MDD, its function cannot be presented as a list of individual items, but it should be regarded as a wide interconnected network. One that is sensitive to environmental factors, such as stress, which might threaten the integrity of brain homeostasis. It is evident that the correct functioning of the ECS is imperative for maintaining mental health. However, despite being an ever-growing acclaimed research field, further preclinical and clinical studies are crucial for a better understanding of its mechanisms. For instance, the role of GPR55 as an expanded endocannabinoid receptor remains controversial. Moreover, GPR18 has not been investigated, although its presence in microglia suggests a potential role as a neuro-immune regulator. A recent review discusses in depth the so called “expanded” ECS or endocannabinoidome, including a number of elements overlapping with pathways attributed to the ECS (Cristino et al., 2020). The work of Cristino et al. (2020) certainly illustrates the complexity of cannabinoid mechanisms and further highlights the importance of interdisciplinary work at the time of researching this phenomenon.
Such complexity deeply challenges the development of cannabinoid-based therapies. Their characteristic chemical promiscuity can give rise to unexpected side effects. For instance, based on in vitro and in vivo studies, it was believed that synthetic inhibitors of FAAH could be a potential treatment for depressive and anxiety disorders (Gunduz-Cinar et al., 2013). Therefore, a variety of them were synthesized and tested clinically. Nonetheless, a vast number of them were quickly suspended due to their devastating side effects. Particularly, a famous case reported severe adverse effects in 5 patients and at least one death during a drug trial in France (Kaur et al., 2016). Furthermore, rimonabant, a selective CB1 agonist developed as a treatment against obesity succeeded in clinical trials but had to be withdrawn from the market 3 years later due to its high risk of severe psychiatric disorders including anxiety and suicidal ideations (Christensen et al., 2007; Moreira and Crippa, 2009).
In this line of research, it is imperative to mention the large attention received by a particular cannabinoid substance, CBD. This phytocannabinoid present in Cannabis sativa is a natural negative allosteric modular of the CB1 and CB2 receptors. Although its precise mechanism is unclear, CBD has been described to exert neuroprotective and anti-inflammatory effects (Lastres-Becker et al., 2005). Its best described mechanisms of action are: inhibition of FAAH, therefore enhancing AEA signaling (De Petrocellis et al., 2011); and regulation of microglia migration and activation (Martín-Moreno et al., 2011). However, it is important to consider that CBD exhibits more than 65 identified molecular targets across the body (Elsaid and Le Foll, 2020). Such pharmacological complexity makes CBD an interesting candidate for therapeutic research. In fact, CBD has been shown to decrease anxiety-like behavior in animal models of MDD (Hen-Shoval et al., 2018; Xu et al., 2019). In particular, CBD can act via CB1 receptors and induce hippocampal neurogenesis associated with anxiolytic effects (Campos et al., 2013; Luján and Valverde, 2020). Similarly, in humans, 62% of self-users of CBD commercial formulations report using this drug in order to treat a medical condition (Corroon and Phillips, 2018). Specifically, consumers are utilizing CBD as a therapy for multiple psychiatric conditions like anxiety and depression, but also pain and sleep disorders. Furthermore, it is well tolerated, non-addictive, and its use is safe (Iffland and Grotenhermen, 2017; World Health Organization and others, 2017). Nevertheless, the efficacy of CBD as a treatment for depression has not been clinically confirmed and remains under investigation. A recent meta-analysis yielding 924 records from clinical trials found that there were no studies investigating the efficacy of CBD by assessing depressive symptoms as the primary outcome (Pinto et al., 2020). Therefore, they concluded that the potential therapeutic properties of CBD as a treatment for MDD needs much further research. In fact, a number of clinical trials are now starting to test CBD as an adjunctive treatment for depressive disorders and, hopefully, the results will be reported in the coming years. Curiously, this year a one case-report described a successful CBD treatment in an adolescent suffering from multiple substance use disorder, social phobia, narcissistic personality disorder, and severe depression (Laczkovics et al., 2020). Researchers reported that the patient was administered CBD upon treatment with antidepressants, after which they showed improvement regarding depressive and anxiety symptoms. Although, this study compromises only one patient, this observation is a quite promising outcome shedding a light on the therapeutic potential of CBD as a treatment for MDD.
Furthermore, in the last 20 years a novel pharmacological treatment has received increasing attention. Ketamine is a chiral compound that displays rapid antidepressant properties after a single intravenous (IV) dose (Murrough et al., 2013). Unfortunately, the exact mechanism by which ketamine exerts its antidepressant effects remains under discussion, although some possible pathways have been proposed. For instance, ketamine seems to inhibit the activation of the HPA-axis signaling via blocking enzyme expression and activity of the adrenal gland (Besnier et al., 2017). Furthermore, ketamine administration has also been linked to increased hippocampal neurogenesis associated to its antidepressant effects (Yamada and Jinno, 2019). Recently, the involvement of the endocannabinoid system in its mechanisms of action has been described (Ferreira et al., 2018; Khakpai et al., 2019). In particular, Ferreira et al. (2018) describes that nociceptive actions of ketamine are connected to AEA release and CB1 activation. These findings reinforce the importance of the ECS in the pathophysiology of MDD and highlight the need for integrative research when studying intricate, heterogenic illnesses like neuropsychiatric disorders.
It is also worth mentioning a novel field of research that has emerged in recent years involving another potential disrupted mechanism contributing to MDD’s pathophysiology. The gut microbiota has been shown to impact a series of physiological mechanisms including cognition and behavior. In fact, a number of microbiome alterations have been correlated to quality of life of MDD patients (Valles-Colomer et al., 2019). However, currently no consensus has emerged about which bacterial strains are more relevant for MDD (Cheung et al., 2019). Importantly, expression of CB1 has also been observed in the gastrointestinal tract (GI), both in the enteric nervous system but also in non-neuronal cells forming the intestinal mucosa (Izzo and Sharkey 2010). Relevant to MDD animal models, Zoppi et al. (2012) reported that CB1 exerted a protective role in the colon of rodents exposed to stress paradigms. Unfortunately, this line of research has not been extensively explored probably due to the complexity of all three mechanisms involved: the ECS, MDD, and the microbiome.
Overall, the synthesis of the above mentioned “puzzle pieces” further supports the claim made throughout this entire paper: the ECS is a very complex system with a variety of functions, which we are only beginning to understand. This, once again, serves as a reminder that narrow and focused research will not be able to uncover its intricate workings, and that of course, interdisciplinary work needs to be prioritized.
CONCLUSION
The present review provides a concise overview of the involvement of the ECS in a number of theorized etiologies of MDD such as: genetic factors, hyperactivation of the HPA-axis, dysregulation of immune response mediated by microglia, and loss of neurogenesis. In this manner, epidemiological studies have associated both CB1 and CB2 gene polymorphisms to the development of MDD. Importantly, these associations by themselves are not sufficient to explain the entirety of its pathophysiology due to the essential role played by environmental factors. Furthermore, the ECS is responsible for the termination of HPA-axis signaling after exposure to stress. Particularly, downregulation of CB1 receptors, as a result of prolonged increase of glucocorticoid concentrations induced by chronic stress, is associated to a hyperactive HPA-axis. Hence, endocannabinoid regulation plays an important role in vulnerability to stress, a major risk factor for MDD. Alternatively, CB2 seems to be a primary contributor to the neuroinflammatory etiology of MDD. Evidence supports the role of CB2 in microglia-mediated neuroprotection and anti-inflammatory function. Specifically, AEA-dependent CB2 receptor activation promotes the shift towards immunosuppressive phenotype of microglia. Hence, alterations in CB2 expression, AEA concentrations and FAAH activity could be a trigger of depressive symptomatology. Interestingly, CB1 seems responsible for the communication between HPA-related mechanisms and CB2-mediated microglial activation. Therefore, its contribution to the immune function should not be dismissed. Lastly, neurogenesis is also described as an important mechanism underlying the pathophysiology of MDD. Potential involvement of CB1 as a direct contributor to neurogenetic pathways has been suggested. On the other hand, CB2 seems to be responsible for microglia-induced stimulation and depression of hippocampal cell proliferation. Importantly, HPA-axis activity can also regulate neurogenesis and vice versa. This demonstrates the great level of inseparability between the components of the endocannabinoid system and the underlying circuits of major depressive disorder, as well as the need of integrative work that can integrate interdisciplinary findings to achieve a better understanding of heterogenic, multifactorial disorders.
Overall, this review proposes the ECS as a unitary entity of the most important recognized pathways leading to major depressive disorder. It also emphasizes the need for interdisciplinary studies that provide new scopes about its pathophysiology in order to develop more efficient therapies for this devastating disease.
AUTHOR CONTRIBUTIONS
IG-L, AG-B, AC-Z, and OV were responsible for the study concept and design. All authors drafted the manuscript and approved the final version for publication.
FUNDING
This work was supported by Ministerio de Economía y Competitividad: PID 2019-104077-RB-100/AEI/10.3389/fphar.2021.762738, Ministerio de Sanidad, Asuntos Sociales e Igualdad (Retic-ISCIII-RD/16/0017/0010-FEDER and Plan Nacional Sobre Drogas (#2018/007). AG-B received a FI-AGAUR grant from the Generalitat de Catalunya (2019FI_B0081). The Department of Experimental and Health Sciences (UPF) is a “Unidad de Excelencia María de Maeztu” funded by the AEI (CEX 2018-000792-M).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.762738/full#supplementary-material
REFERENCES
 Aguado, T., Palazuelos, J., Monory, K., Stella, N., Cravatt, B., Lutz, B., et al. (2006). The Endocannabinoid System Promotes Astroglial Differentiation by Acting on Neural Progenitor Cells. J. Neurosci. 26 (5), 1551–1561. doi:10.1523/JNEUROSCI.3101-05.2006
 Ahrens, J., Demir, R., Leuwer, M., de la Roche, J., Krampfl, K., Foadi, N., et al. (2009). The Nonpsychotropic Cannabinoid Cannabidiol Modulates and Directly Activates Alpha-1 and Alpha-1-Beta Glycine Receptor Function. Pharmacology 83 (4), 217–222. doi:10.1159/000201556
 Aizpurua-Olaizola, O., Soydaner, U., Öztürk, E., Schibano, D., Simsir, Y., Navarro, P., et al. (2016). Evolution of the Cannabinoid and Terpene Content during the Growth of Cannabis Sativa Plants from Different Chemotypes. J. Nat. Prod. 79 (2), 324–331. doi:10.1021/acs.jnatprod.5b00949
 Akil, H., Gordon, J., Hen, R., Javitch, J., Mayberg, H., McEwen, B., et al. (2018). Treatment Resistant Depression: A Multi-Scale, Systems Biology Approach. Neurosci. Biobehav Rev. 84 (January), 272–288. doi:10.1016/j.neubiorev.2017.08.019
 Albert, P. (2015). Why Is Depression More Prevalent in Women?J. Psychiatry Neurosci. 40 (4), 219–221. doi:10.1503/jpn.150205
 American Psychiatric Association (2013). Diagnostic and Statistical Manual of Mental Disorders. Fifth Edition. Virginia, United States: American Psychiatric Association. doi:10.1176/appi.books.9780890425596
 Anacker, C., Cattaneo, A., Luoni, A., Musaelyan, K., Zunszain, P. A., Milanesi, E., et al. (2013). Glucocorticoid-Related Molecular Signaling Pathways Regulating Hippocampal Neurogenesis. Neuropsychopharmacology 38 (5), 872–883. doi:10.1038/npp.2012.253
 Andres-Mach, M., Haratym-Maj, A., Zagaja, M., Rola, R., Maj, M., Chrościńska-Krawczyk, M., et al. (2015). ACEA (A Highly Selective Cannabinoid CB1 Receptor Agonist) Stimulates Hippocampal Neurogenesis in Mice Treated with Antiepileptic Drugs. Brain Res. 1624 (October), 86–94. doi:10.1016/j.brainres.2015.07.028
 Anisman, H., Merali, Z., and Hayley, S. (2008). Neurotransmitter, Peptide and Cytokine Processes in Relation to Depressive Disorder: Comorbidity between Depression and Neurodegenerative Disorders. Prog. Neurobiol. 85 (1), 1–74. doi:10.1016/j.pneurobio.2008.01.004
 Ashton, J. C., Friberg, D., Darlington, C. L., and Smith, P. F. (2006). Expression of the Cannabinoid CB2 Receptor in the Rat Cerebellum: An Immunohistochemical Study. Neurosci. Lett. 396 (2), 113–116. doi:10.1016/j.neulet.2005.11.038
 Aso, E., Ozaita, A., Valdizán, E. M., Ledent, C., Pazos, A., Maldonado, R., et al. (2008). BDNF Impairment in the Hippocampus Is Related to Enhanced Despair Behavior in CB1 Knockout Mice. J. Neurochem. 105 (2), 565–572. doi:10.1111/j.1471-4159.2007.05149.x
 Ativie, F., Komorowska, J. A., Beins, E., Albayram, Ö., Zimmer, T., Zimmer, A., et al. (2018). Cannabinoid 1 Receptor Signaling on Hippocampal GABAergic Neurons Influences Microglial Activity. Front. Mol. Neurosci. 11, 295. doi:10.3389/fnmol.2018.00295
 Autry, A. E., Adachi, M., Cheng, P., and Monteggia, L. M. (2009). Gender-Specific Impact of Brain-Derived Neurotrophic Factor Signaling on Stress-Induced Depression-like Behavior. Biol. Psychiatry 66 (1), 84–90. doi:10.1016/j.biopsych.2009.02.007
 Avraham, H. K., Jiang, S., Fu, Y., Rockenstein, E., Makriyannis, A., Zvonok, A., et al. (2014). The Cannabinoid CB₂ Receptor Agonist AM1241 Enhances Neurogenesis in GFAP/Gp120 Transgenic Mice Displaying Deficits in Neurogenesis. Br. J. Pharmacol. 171 (2), 468–479. doi:10.1111/bph.12478
 Bachmann, S. (2018). Epidemiology of Suicide and the Psychiatric Perspective. Int. J. Environ. Res. Public Health 15 (7). doi:10.3390/ijerph15071425
 Bakas, T., van Nieuwenhuijzen, P. S., Devenish, S. O., McGregor, I. S., Arnold, J. C., and Chebib, M. (2017). The Direct Actions of Cannabidiol and 2-Arachidonoyl Glycerol at GABAA Receptors. Pharmacol. Res. 119 (May), 358–370. doi:10.1016/j.phrs.2017.02.022
 Bambico, F. R., Katz, N., Debonnel, G., Gobbi, G., and Gobbi, Gabriella. (2007). Cannabinoids Elicit Antidepressant-like Behavior and Activate Serotonergic Neurons through the Medial Prefrontal Cortex. J. Neurosci. 27 (43), 11700–11711. doi:10.1523/JNEUROSCI.1636-07.2007
 Barna, I., Zelena, D., Arszovszki, A. C., and Ledent, C. (2004). The Role of Endogenous Cannabinoids in the Hypothalamo-Pituitary-Adrenal Axis Regulation: In Vivo and In Vitro Studies in CB1 Receptor Knockout Mice. Life Sci. 75 (24), 2959–2970. doi:10.1016/j.lfs.2004.06.006
 Bartel, S. J., Sherry, S. B., and Stewart, S. H. (2020). Self-Isolation: A Significant Contributor to Cannabis Use during the COVID-19 Pandemic. Subst. Abus 41 (0), 409–412. doi:10.1080/08897077.2020.1823550
 Beins, Eva. Carolina. (2020). The Role of the Endocannabinoid System in Stress-Related Disorders and Neuroimmune Communication. Available at: https://bonndoc.ulb.uni-bonn.de/xmlui/handle/20.500.11811/8344. 
 Belle, D., and Doucet, J. (2003). Poverty, Inequality, and Discrimination as Sources of Depression Among U.S. Women. Psychol. Women Q. 27 (2), 101–113. doi:10.1111/1471-6402.00090
 Benke, C., Autenrieth, L. K., Asselmann, E., and Pané-Farré, C. A. (2020). Lockdown, Quarantine Measures, and Social Distancing: Associations with Depression, Anxiety and Distress at the Beginning of the COVID-19 Pandemic Among Adults from Germany. Psychiatry Res. 293 (November), 113462. doi:10.1016/j.psychres.2020.113462
 Besnier, E., Clavier, T., Tonon, M. C., Selim, J., Lefevre-Scelles, A., Morin, F., et al. (2017). Ketamine and Etomidate Down-Regulate the Hypothalamic-Pituitary-Adrenal Axis in an Endotoxemic Mouse Model. Anesthesiology 127 (2), 347–354. doi:10.1097/ALN.0000000000001704
 Beyer, C. E., Dwyer Piesla, J. M, Piesla, M. J., Platt, B. J., Shen, R., Rahman, Z., et al. (2010). Ru Shen, Zia Rahman, Karen Chan, et alDepression-like Phenotype Following Chronic CB1 Receptor Antagonism. Neurobiol. Dis. 39 (2), 148–155. doi:10.1016/j.nbd.2010.03.020
 Bond, A. M., Ming, G. L., and Song, H. (2015). Adult Mammalian Neural Stem Cells and Neurogenesis: Five Decades Later. Cell Stem Cell 17 (4), 385–395. doi:10.1016/j.stem.2015.09.003
 Bouaboula, M., Poinot-Chazel, C., Bourrié, B., Canat, X., Calandra, B., Rinaldi-Carmona, M., et al. (1995). Activation of Mitogen-Activated Protein Kinases by Stimulation of the Central Cannabinoid Receptor CB1. Biochem. J. 312 ( Pt 2) (Pt 2), 637–641. doi:10.1042/bj3120637
 Brown, A. J. (2007). Novel Cannabinoid Receptors. Br. J. Pharmacol. 152 (5), 567–575. doi:10.1038/sj.bjp.0707481
 Busquets-Garcia, A., Bains, J., and Marsicano, G. (2018). CB1 Receptor Signaling in the Brain: Extracting Specificity from Ubiquity. Neuropsychopharmacology 43 (1), 4–20. doi:10.1038/npp.2017.206
 Cabral, G. A., Raborn, E. S., Griffin, L., Dennis, J., and Marciano-Cabral, F. (2008). CB2 Receptors in the Brain: Role in Central Immune Function. Br. J. Pharmacol. 153 (2), 240–251. doi:10.1038/sj.bjp.0707584
 Campos, A. C., Ortega, Z., Palazuelos, J., Fogaça, M. V., Aguiar, D. C., Díaz-Alonso, J., et al. (2013). The Anxiolytic Effect of Cannabidiol on Chronically Stressed Mice Depends on Hippocampal Neurogenesis: Involvement of the Endocannabinoid System. Int. J. Neuropsychopharmacol. 16 (6), 1407–1419. doi:10.1017/S1461145712001502
 Carlisle, S. J., Marciano-Cabral, F., Staab, A., Ludwick, C., and Cabral, G. A. (2002). Differential Expression of the CB2 Cannabinoid Receptor by Rodent Macrophages and Macrophage-like Cells in Relation to Cell Activation. Int. Immunopharmacol 2 (1), 69–82. doi:10.1016/s1567-5769(01)00147-3
 Castillo, P. E., Younts, T. J., Chávez, A. E., and Hashimotodani, Y. (2012). Endocannabinoid Signaling and Synaptic Function. Neuron 76 (1), 70–81. doi:10.1016/j.neuron.2012.09.020
 Caughey, G. E., Mantzioris, E., Gibson, R. A., Cleland, L. G., and James, M. J. (1996). The Effect on Human Tumor Necrosis Factor Alpha and Interleukin 1 Beta Production of Diets Enriched in N-3 Fatty Acids from Vegetable Oil or Fish Oil. Am. J. Clin. Nutr. 63 (1), 116–122. doi:10.1093/ajcn/63.1.116
 Chávez, A. E., Chiu, C. Q., and Castillo, P. E. (2010). TRPV1 Activation by Endogenous Anandamide Triggers Postsynaptic Long-Term Depression in Dentate Gyrus. Nat. Neurosci. 13 (12), 1511–1518. doi:10.1038/nn.2684
 ChenCortina, H. C., Spiers, J. G., Sernia, C., and Lavidis, N. A. (2018). Inhibition of Fatty Acid Amide Hydrolase by PF-3845 Alleviates the Nitrergic and Proinflammatory Response in Rat Hippocampus Following Acute Stress. Int. J. Neuropsychopharmacol. 21 (8), 786–795. doi:10.1093/ijnp/pyy033
 Cheung, S. G., GoldenthalGoldenthal, A. R., Uhlemann, A. C., Mann, J. J., Miller, J. M., and Sublette, M. E. (2019). Systematic Review of Gut Microbiota and Major Depression. Front. Psychiatry 10, 34. doi:10.3389/fpsyt.2019.00034
 Christensen, R., Kristensen, P. K., Bartels, E. M., Bliddal, H., and Astrup, A. (2007). Efficacy and Safety of the Weight-Loss Drug Rimonabant: A Meta-Analysis of Randomised Trials. The Lancet 370 (9600), 1706–1713. doi:10.1016/S0140-6736(07)61721-8
 Coppen, A. (1967). The Biochemistry of Affective Disorders. Br. J. Psychiatry 113 (504), 1237–1264. doi:10.1192/bjp.113.504.1237
 Correa, F., Hernangómez, M., Mestre, L., Loría, F., Spagnolo, A., Docagne, F., et al. (2010). Anandamide Enhances IL-10 Production in Activated Microglia by Targeting CB(2) Receptors: Roles of ERK1/2, JNK, and NF-KappaB. Glia 58 (2), 135–147. doi:10.1002/glia.20907
 Correa, F., Hernangómez-Herrero, M., Mestre, L., Loría, F., Docagne, F., and Guaza, C. (2011). The Endocannabinoid Anandamide Downregulates IL-23 and IL-12 Subunits in a Viral Model of Multiple Sclerosis: Evidence for a Cross-Talk between IL-12p70/IL-23 Axis and IL-10 in Microglial Cells. Brain Behav. Immun. 25 (4), 736–749. doi:10.1016/j.bbi.2011.01.020
 Corroon, J., and Phillips, J. A. (2018). A Cross-Sectional Study of Cannabidiol Users. Cannabis Cannabinoid Res. 3 (1), 152–161. doi:10.1089/can.2018.0006
 Costa, B., Giagnoni, G., Franke, C., Trovato, A. E., and Colleoni, M. (2004). Vanilloid TRPV1 Receptor Mediates the Antihyperalgesic Effect of the Nonpsychoactive Cannabinoid, Cannabidiol, in a Rat Model of Acute Inflammation. Br. J. Pharmacol. 143 (2), 247–250. doi:10.1038/sj.bjp.0705920
 Cota, D., Steiner, M. A., Marsicano, G., Cervino, C., Herman, J. P., Grübler, Y., et al. (2007). Requirement of Cannabinoid Receptor Type 1 for the Basal Modulation of Hypothalamic-Pituitary-Adrenal Axis Function. Endocrinology 148 (4), 1574–1581. doi:10.1210/en.2005-1649
 Cota, D. (2008). The Role of the Endocannabinoid System in the Regulation of Hypothalamic-Pituitary-Adrenal Axis Activity. J. Neuroendocrinol 20 Suppl 1 (Suppl. 1May), 35–38. doi:10.1111/j.1365-2826.2008.01673.x
 Cristino, L., Bisogno, T., and Di Marzo, V. (2020). Cannabinoids and the Expanded Endocannabinoid System in Neurological Disorders. Nat. Rev. Neurol. 16 (1), 9–29. doi:10.1038/s41582-019-0284-z
 D'Souza, D. C., Perry, E., MacDougall, L., Ammerman, Y., Cooper, T., Wu, Y.-t., et al. (2004). The Psychotomimetic Effects of Intravenous Delta-9-Tetrahydrocannabinol in Healthy Individuals: Implications for Psychosis. Neuropsychopharmacol 29 (8), 1558–1572. doi:10.1038/sj.npp.1300496
 Dattani, S., Ritchie, H., and Roser, M. (2018). Mental Health. Our World in Data . Available at: https://ourworldindata.org/mental-health. 
 David, D. J., Samuels, B. A., Rainer, Q., Wang, J.-W., Marsteller, D., Mendez, I., et al. (2009). Neurogenesis-Dependent and -Independent Effects of Fluoxetine in an Animal Model of Anxiety/DepressionBehavioral Effects of Fluoxetine in an Animal Model of Anxiety/Depression Are Mediated by Both Neurogenesis-dependent and Independent Mechanisms. Neuron 62 (4), 479–493. doi:10.1016/j.neuron.2009.04.017
 De Petrocellis, L., Ligresti, A., Moriello, A. S., Allarà, M., Bisogno, T., Petrosino, S., et al. (2011). Effects of Cannabinoids and Cannabinoid-Enriched Cannabis Extracts on TRP Channels and Endocannabinoid Metabolic Enzymes. Br. J. Pharmacol. 163 (7), 1479–1494. doi:10.1111/j.1476-5381.2010.01166.x
 Derkinderen, P., Ledent, C., Parmentier, M., and Girault, J. A. (2001). Cannabinoids Activate P38 Mitogen-Activated Protein Kinases through CB1 Receptors in Hippocampus. J. Neurochem. 77 (3), 957–960. doi:10.1046/j.1471-4159.2001.00333.x
 Devane, W. A., Hanus, L., Breuer, A., Pertwee, R. G., Stevenson, L. A., Griffin, G., et al. (1992). Isolation and Structure of a Brain Constituent that Binds to the Cannabinoid Receptor. Science 258 (5090), 1946–1949. doi:10.1126/science.1470919
 Di Marzo, V., and De Petrocellis, L. (2012). Why Do Cannabinoid Receptors Have More Than One Endogenous Ligand?Philos. Trans. R. Soc. Lond. B Biol. Sci. 367 (1607), 3216–3228. doi:10.1098/rstb.2011.0382
 Diana, M. A., and Marty, A. (2004). Endocannabinoid-Mediated Short-Term Synaptic Plasticity: Depolarization-Induced Suppression of Inhibition (DSI) and Depolarization-Induced Suppression of Excitation (DSE). Br. J. Pharmacol. 142 (1), 9–19. doi:10.1038/sj.bjp.0705726
 Dinh, T. P., Carpenter, D., Leslie, F. M., Freund, T. F., Katona, I., Sensi, S. L., et al. (2002). Brain Monoglyceride Lipase Participating in Endocannabinoid Inactivation. Proc. Natl. Acad. Sci. U S A. 99 (16), 10819–10824. doi:10.1073/pnas.152334899
 Dinh, T. P., Kathuria, S., and Piomelli, D. (2004). RNA Interference Suggests a Primary Role for Monoacylglycerol Lipase in the Degradation of the Endocannabinoid 2-Arachidonoylglycerol. Mol. Pharmacol. 66 (5), 1260–1264. doi:10.1124/mol.104.002071
 Domschke, K., Dannlowski, U., Ohrmann, P., Lawford, B., Bauer, J., Kugel, H., et al. (2008). Cannabinoid Receptor 1 (CNR1) Gene: Impact on Antidepressant Treatment Response and Emotion Processing in Major Depression. Eur. Neuropsychopharmacol. 18 (10), 751–759. doi:10.1016/j.euroneuro.2008.05.003
 Elsaid, S., and Le Foll, B. (2020). The Complexity of Pharmacology of Cannabidiol (CBD) and its Implications in the Treatment of Brain Disorders. Neuropsychopharmacology 45 (1), 229–230. doi:10.1038/s41386-019-0518-1
 Felger, J. C., Haroon, E., Patel, T. A., Goldsmith, D. R., Wommack, E. C., Woolwine, B. J., et al. (2018). What Does Plasma CRP Tell Us about Peripheral and Central Inflammation in Depression?Mol. Psychiatry 25 (June), 1301–1311. doi:10.1038/s41380-018-0096-3
 Ferreira, R. C. M., Castor, M. G. M., Piscitelli, F., Di Marzo, V., Duarte, I. D. G., and Romero, T. R. L. (2018). The Involvement of the Endocannabinoid System in the Peripheral Antinociceptive Action of Ketamine. J. Pain 19 (5), 487–495. doi:10.1016/j.jpain.2017.12.002
 Ferrini, F., and De Koninck, Y. (2013). Microglia Control Neuronal Network Excitability via BDNF Signalling. Neural Plast. 2013 (September), 429815. doi:10.1155/2013/429815
 Fogaça, M. V., Campos, A. C., Coelho, L. D., Duman, R. S., and Guimarães, F. S. (2018). The Anxiolytic Effects of Cannabidiol in Chronically Stressed Mice Are Mediated by the Endocannabinoid System: Role of Neurogenesis and Dendritic Remodeling. Neuropharmacology 135, 22–33. doi:10.1016/j.neuropharm.2018.03.001
 Fowler, C. J. (2015). The Potential of Inhibitors of Endocannabinoid Metabolism as Anxiolytic and Antidepressive Drugs-A Practical View. Eur. Neuropsychopharmacol. 25 (6), 749–762. doi:10.1016/j.euroneuro.2015.02.005
 Gaetani, S., Dipasquale, P., Romano, A., Righetti, L., Cassano, T., Piomelli, D., et al. (2009). The Endocannabinoid System as a Target for Novel Anxiolytic and Antidepressant Drugs. Int. Rev. Neurobiol. 85, 57–72. doi:10.1016/S0074-7742(09)85005-8
 Gao, Y., Vasilyev, D. V., Goncalves, M. B., Howell, F. V., Hobbs, C., Reisenberg, M., et al. (2010). Loss of Retrograde Endocannabinoid Signaling and Reduced Adult Neurogenesis in Diacylglycerol Lipase Knock-Out Mice. J. Neurosci. 30 (6), 2017–2024. doi:10.1523/JNEUROSCI.5693-09.2010
 García-Gutiérrez, M. S., García-Bueno, B., Zoppi, S., Leza, J. C., Manzanares, J., and Manzanares, Jorge. (2012). Chronic Blockade of Cannabinoid CB2 Receptors Induces Anxiolytic-like Actions Associated with Alterations in GABAA Receptors. Br. J. Pharmacol. 165 (4), 951–964. doi:10.1111/j.1476-5381.2011.01625.x
 Gillespie, C. F., and Nemeroff, C. B. (2005). Hypercortisolemia and Depression. Psychosom Med. 67 Suppl 1 (Suppl. 1June), S26–S28. doi:10.1097/01.psy.0000163456.22154.d2
 Gonca, E., and Darıcı, F. (2015). The Effect of Cannabidiol on Ischemia/Reperfusion-Induced Ventricular Arrhythmias: The Role of Adenosine A1 Receptors. J. Cardiovasc. Pharmacol. Ther. 20 (1), 76–83. doi:10.1177/1074248414532013
 Gonda, X., Hullam, G., Antal, P., Eszlari, N., Petschner, P., Hökfelt, T. G., et al. (2018). Significance of Risk Polymorphisms for Depression Depends on Stress Exposure. Sci. Rep. 8 (1), 3946. doi:10.1038/s41598-018-22221-z
 Graham, E. S., Angel, C. E., Schwarcz, L. E., Dunbar, P. R., and Glass, M. (2010). Detailed Characterisation of CB2 Receptor Protein Expression in Peripheral Blood Immune Cells from Healthy Human Volunteers Using Flow Cytometry. Int. J. Immunopathol Pharmacol. 23 (1), 25–34. doi:10.1177/039463201002300103
 Gray, J. M., Vecchiarelli, H. A., Morena, M., Lee, T. T., Hermanson, D. J., Kim, A. B., et al. (2015). Corticotropin-Releasing Hormone Drives Anandamide Hydrolysis in the Amygdala to Promote Anxiety. J. Neurosci. 35 (9), 3879–3892. doi:10.1523/JNEUROSCI.2737-14.2015
 Gray, J. M., Wilson, C. D., Lee, T. T., Pittman, Q. J., Deussing, J. M., Hillard, C. J., et al. (2016). Sustained Glucocorticoid Exposure Recruits Cortico-Limbic CRH Signaling to Modulate Endocannabinoid Function. Psychoneuroendocrinology 66 (April), 151–158. doi:10.1016/j.psyneuen.2016.01.004
 Grueter, B. A., Brasnjo, G., and Malenka, R. C. (2010). Postsynaptic TRPV1 Triggers Cell Type-specific Long-Term Depression in the Nucleus Accumbens. Nat. Neurosci. 13 (12), 1519–1525. doi:10.1038/nn.2685
 Gulyas, A. I., Cravatt, B. F., Bracey, M. H., Dinh, T. P., Piomelli, D., Boscia, F., et al. (2004). Segregation of Two Endocannabinoid-Hydrolyzing Enzymes into Pre- and Postsynaptic Compartments in the Rat Hippocampus, Cerebellum and Amygdala. Eur. J. Neurosci. 20 (2), 441–458. doi:10.1111/j.1460-9568.2004.03428.x
 Gunduz-CinarHill, O., Hill, M. N., McEwen, B. S., and Holmes, A. (2013). Amygdala FAAH and Anandamide: Mediating Protection and Recovery from Stress. Trends Pharmacol. Sci. 34 (11), 637–644. doi:10.1016/j.tips.2013.08.008
 Haapakoski, R., Mathieu, J., Ebmeier, K. P., Alenius, H., and Kivimäki, M. (2015). Cumulative Meta-Analysis of Interleukins 6 and 1β, Tumour Necrosis Factor α and C-Reactive Protein in Patients with Major Depressive Disorder. Brain Behav. Immun. 49 (October), 206–215. doi:10.1016/j.bbi.2015.06.001
 Haj-Mirzaian, A., Amini-Khoei, H., Khoei, Amini., Haj-Mirzaian, A., Amiri, S., Ghesmati, M., et al. (2017). Activation of Cannabinoid Receptors Elicits Antidepressant-like Effects in a Mouse Model of Social Isolation Stress. Brain Res. Bull. 130 (April), 200–210. doi:10.1016/j.brainresbull.2017.01.018
 Haller, J., Bakos, N., Szirmay, M., Ledent, C., and Freund, T. F. (2002). The Effects of Genetic and Pharmacological Blockade of the CB1 Cannabinoid Receptor on Anxiety. Eur. J. Neurosci. 16 (7), 1395–1398. doi:10.1046/j.1460-9568.2002.02192.x
 Han, S., Thatte, J., Buzard, D. J., and Jones, R. M. (2013). Therapeutic Utility of Cannabinoid Receptor Type 2 (CB(2)) Selective Agonists. J. Med. Chem. 56 (21), 8224–8256. doi:10.1021/jm4005626
 Hanson, N. D., Owens, M. J., and Nemeroff, C. B. (2011). Depression, Antidepressants, and Neurogenesis: A Critical Reappraisal. Neuropsychopharmacology 36 (13), 2589–2602. doi:10.1038/npp.2011.220
 Hashioka, S., Klegeris, A., Monji, A., Kato, T., Sawada, M., McGeer, P. L., et al. (2007). Antidepressants Inhibit Interferon-Gamma-Induced Microglial Production of IL-6 and Nitric Oxide. Exp. Neurol. 206 (1), 33–42. doi:10.1016/j.expneurol.2007.03.022
 Heim, C., and Nemeroff, C. B. (2002). Neurobiology of Early Life Stress: Clinical Studies. Semin. Clin. Neuropsychiatry 7 (2), 147–159. doi:10.1053/scnp.2002.33127
 Hen-Shoval, D., Amar, S., Shbiro, L., Smoum, R., Haj, C. G., Mechoulam, R., et al. (2018). Acute Oral Cannabidiolic Acid Methyl Ester Reduces Depression-like Behavior in Two Genetic Animal Models of Depression. Behav. Brain Res. 351 (October), 1–3. doi:10.1016/j.bbr.2018.05.027
 Hill, M. N., and Gorzalka, B. B. (2005). Is There a Role for the Endocannabinoid System in the Etiology and Treatment of Melancholic Depression?Behav. Pharmacol. 16 (5–6), 333–352. doi:10.1097/00008877-200509000-00006
 Hill, M. N., and Gorzalka, B. B. (2005). Pharmacological Enhancement of Cannabinoid CB1 Receptor Activity Elicits an Antidepressant-like Response in the Rat Forced Swim Test. Eur. Neuropsychopharmacol. 15 (6), 593–599. doi:10.1016/j.euroneuro.2005.03.003
 Hill, M. N., HoHillard, W. S., Hillard, C. J., and Gorzalka, B. B. (2008).Differential Effects of the Antidepressants Tranylcypromine and Fluoxetine on Limbic Cannabinoid Receptor Binding and Endocannabinoid Contents. J. Neural Transm. (Vienna) 115, 1673–1679. doi:10.1007/s00702-008-0131-7
 Hill, M. N., McLaughlin, R. J. Bin. Pan., Karatsoreos, B. Christopher, Fitzgerald, M. L., Roberts, C. J., Lee, T. T., et al. (2011). Recruitment of Prefrontal Cortical Endocannabinoid Signaling by Glucocorticoids Contributes to Termination of the Stress Response. J. Neurosci. 31 (29), 10506–10515. doi:10.1523/JNEUROSCI.0496-11.2011
 Hill, M. N., Miller, G. E., Ho, W. S., Gorzalka, B. B., and Hillard, C. J. (2008). Serum Endocannabinoid Content Is Altered in Females with Depressive Disorders: A Preliminary Report. Pharmacopsychiatry 41 (2), 48–53. doi:10.1055/s-2007-993211
 Hillard, C. J., Beatka, M., and Sarvaideo., J. (2016). Endocannabinoid Signaling and the Hypothalamic-Pituitary-Adrenal Axis. Compr. Physiol. 7 (1), 1–15. doi:10.1002/cphy.c160005
 Hinwood, M., Tynan, Ross. J., Tynan, J. L., Beynon, S. B., Day, T. A., and Walker, F. R. (20131991). Chronic Stress Induced Remodeling of the Prefrontal Cortex: Structural Re-organization of Microglia and the Inhibitory Effect of Minocycline. Cereb. Cortex 23 (8), 1784–1797. doi:10.1093/cercor/bhs151
 Horowitz, M. A., Wertz, J., Zhu, D., Cattaneo, A., Musaelyan, K., Nikkheslat, N., et al. (2015). Antidepressant Compounds Can Be Both Pro- and Anti-inflammatory in Human Hippocampal Cells. Int. J. Neuropsychopharmacol. 18 (3). doi:10.1093/ijnp/pyu076
 Howlett, A. C., Barth, F., Bonner, T. I., Cabral, G., Casellas, P., Devane, W. A., et al. (2002). International Union of Pharmacology. XXVII. Classification of Cannabinoid Receptors. Pharmacol. Rev. 54 (2), 161–202. doi:10.1124/pr.54.2.161
 Hutch, C. R., and Hegg, C. C. (2016). Cannabinoid Receptor Signaling Induces Proliferation but Not Neurogenesis in the Mouse Olfactory Epithelium. Neurogenesis (Austin) 3 (1), e1118177. doi:10.1080/23262133.2015.1118177
 Icick, R., Peoc'h, K., Karsinti, E., Ksouda, K., Hajj, A., Bloch, V., et al. (2015). A Cannabinoid Receptor 1 Polymorphism Is Protective against Major Depressive Disorder in Methadone-Maintained Outpatients. Am. J. Addict. 24 (7), 613–620. doi:10.1111/ajad.12273
 Iffland, K., and Grotenhermen, F. (2017). An Update on Safety and Side Effects of Cannabidiol: A Review of Clinical Data and Relevant Animal Studies. Cannabis Cannabinoid Res. 2 (1), 139–154. doi:10.1089/can.2016.0034
 Izzo, A. A., and Sharkey, K. A. (2010). Cannabinoids and the Gut: New Developments and Emerging Concepts. Pharmacol. Ther. 126 (1), 21–38. doi:10.1016/j.pharmthera.2009.12.005
 Jayatissa, M. N., Henningsen, K., Nikolajsen, G., West, M. J., and Wiborg, O. (2010). A Reduced Number of Hippocampal Granule Cells Does Not Associate with an Anhedonia-like Phenotype in a Rat Chronic Mild Stress Model of Depression. Stress 13 (2), 95–105. doi:10.3109/10253890902951786
 Jenniches, I., Ternes, S., Albayram, O., Otte, D. M., Bach, K., Bindila, L., et al. (2016). Anxiety, Stress, and Fear Response in Mice with Reduced Endocannabinoid Levels. Biol. Psychiatry 79 (10), 858–868. doi:10.1016/j.biopsych.2015.03.033
 Jesulola, E., Micalos, P., and Baguley, I. J. (2018). Understanding the Pathophysiology of Depression: From Monoamines to the Neurogenesis Hypothesis Model - Are We There yet?Behav. Brain Res. 341 (April), 79–90. doi:10.1016/j.bbr.2017.12.025
 Jin, X. H., Okamoto, Y., Morishita, J., Tsuboi, K., Tonai, T., and Ueda, N. (2007). Discovery and Characterization of a Ca2+-independent Phosphatidylethanolamine N-Acyltransferase Generating the Anandamide Precursor and its Congeners. J. Biol. Chem. 282 (6), 3614–3623. doi:10.1074/jbc.M606369200
 Jin, X. H., Uyama, T., Wang, J., Okamoto, Y., Tonai, T., and Ueda, N. (2009). cDNA Cloning and Characterization of Human and Mouse Ca(2+)-independent Phosphatidylethanolamine N-Acyltransferases. Biochim. Biophys. Acta 1791 (1), 32–38. doi:10.1016/j.bbalip.2008.09.006
 Juruena, M. F. (2014). Early-Life Stress and HPA Axis Trigger Recurrent Adulthood Depression. Epilepsy Behav. 38 (September), 148–159. doi:10.1016/j.yebeh.2013.10.020
 Kaplan, H. B., Martin, S. S., Johnson, R. J., and Robbins, C. A. (1986). Escalation of Marijuana Use: Application of a General Theory of Deviant Behavior. J. Health Soc. Behav. 27 (1), 44–61. doi:10.2307/2136502
 Kaur, R., Sidhu, P., and Singh, S. (2016). What Failed BIA 10-2474 Phase I Clinical Trial? Global Speculations and Recommendations for Future Phase I Trials. J. Pharmacol. Pharmacother. 7 (3), 120–126. doi:10.4103/0976-500X.189661
 Kellogg, R., Mackie, K., and Straiker, A. (2009). Cannabinoid CB1 Receptor-dependent Long-Term Depression in Autaptic Excitatory Neurons. J. Neurophysiol. 102 (2), 1160–1171. doi:10.1152/jn.00266.2009
 Kendler, K. S., Gatz, M., Gardner, C. O., and Pedersen, N. L. (2006). A Swedish National Twin Study of Lifetime Major Depression. Am. J. Psychiatry 163 (1), 109–114. doi:10.1176/appi.ajp.163.1.109
 Khakpai, F., Ebrahimi-Ghiri, M., Alijanpour, S., and Zarrindast, M. R. (2019). Ketamine-Induced Antidepressant like Effects in Mice: A Possible Involvement of Cannabinoid System. Biomed. Pharmacother. 112 (April), 108717. doi:10.1016/j.biopha.2019.108717
 Kim, J., and Alger, B. E. (2004). Inhibition of Cyclooxygenase-2 Potentiates Retrograde Endocannabinoid Effects in Hippocampus. Nat. Neurosci. 7 (7), 697–698. doi:10.1038/nn1262
 Kim, J., and Alger, B. E. (2010). Reduction in Endocannabinoid Tone Is a Homeostatic Mechanism for Specific Inhibitory Synapses. Nat. Neurosci. 13 (5), 592–600. doi:10.1038/nn.2517
 Klegeris, A., Bissonnette, C. J., and McGeer, P. L. (2003). Reduction of Human Monocytic Cell Neurotoxicity and Cytokine Secretion by Ligands of the Cannabinoid-type CB2 Receptor. Br. J. Pharmacol. 139 (4), 775–786. doi:10.1038/sj.bjp.0705304
 Koscsó, B., Csóka, B., Kókai, E., Németh, Z. H., Pacher, P., Virág, L., et al. (2013). Adenosine Augments IL‐10‐induced STAT3 Signaling in M2c Macrophages. J. Leukoc. Biol. 94 (6), 1309–1315. doi:10.1189/jlb.0113043
 Kreisel, T., Frank, M. G., Licht, T., Reshef, R., Ben-Menachem-Zidon, O., Baratta, M. V., et al. (2014). Dynamic Microglial Alterations Underlie Stress-Induced Depressive-like Behavior and Suppressed Neurogenesis. Mol. Psychiatry 19 (6), 699–709. doi:10.1038/mp.2013.155
 Kubitz, N., Mehra, M., Potluri, R. C., Garg, N., and Cossrow, N. (2013). Characterization of Treatment Resistant Depression Episodes in a Cohort of Patients from a US Commercial Claims Database. PLOS ONE 8 (10), e76882. doi:10.1371/journal.pone.0076882
 Laczkovics, C., Kothgassner, O. D., Felnhofer, A., and Klier, C. M. (2020). Cannabidiol Treatment in an Adolescent with Multiple Substance Abuse, Social Anxiety and Depression. Neuropsychiatr , 35, 31–34. doi:10.1007/s40211-020-00334-0
 Laprairie, R. B., Bagher, A. M., Kelly, M. E., and Denovan-Wright, E. M. (2015). Cannabidiol Is a Negative Allosteric Modulator of the Cannabinoid CB1 Receptor. Br. J. Pharmacol. 172 (20), 4790–4805. doi:10.1111/bph.13250
 Lastres-Becker, I., Molina-Holgado, Francisco., Molina-Holgado, F., Ramos, J. A., Mechoulam, R., and Fernández-Ruiz, J. (2005). Cannabinoids Provide Neuroprotection against 6-hydroxydopamine Toxicity In Vivo and In Vitro: Relevance to Parkinson's Disease. Neurobiol. Dis. 19 (1), 96–107. doi:10.1016/j.nbd.2004.11.009
 Lazary, J., Eszlari, N., Juhasz, G., and Bagdy, G. (2019). A Functional Variant of CB2 Receptor Gene Interacts with Childhood Trauma and FAAH Gene on Anxious and Depressive Phenotypes. J. Affect Disord. 257 (October), 716–722. doi:10.1016/j.jad.2019.07.083
 Lazary, J., Eszlari, N., Juhasz, G., and Bagdy, G. (2016). Genetically Reduced FAAH Activity May Be a Risk for the Development of Anxiety and Depression in Persons with Repetitive Childhood Trauma. Eur. Neuropsychopharmacol. 26 (6), 1020–1028. doi:10.1016/j.euroneuro.2016.03.003
 Ledent, C., Valverde, O., Cossu, G., Petitet, F., Aubert, J. F., Beslot, F., et al. (1999). Unresponsiveness to Cannabinoids and Reduced Addictive Effects of Opiates in CB1 Receptor Knockout Mice. Science 283 (5400), 401–404. doi:10.1126/science.283.5400.401
 Lee, S. H., Ledri, M., Tóth, B., Marchionni, I., Henstridge, C. M., Dudok, B., et al. (2015). Multiple Forms of Endocannabinoid and Endovanilloid Signaling Regulate the Tonic Control of GABA Release. J. Neurosci. 35 (27), 10039–10057. doi:10.1523/JNEUROSCI.4112-14.2015
 Lee, T. T. Y., and Hill, M. N. (2013). Age of Stress Exposure Modulates the Immediate and Sustained Effects of Repeated Stress on Corticolimbic Cannabinoid CB1 Receptor Binding in Male Rats. Neuroscience 249 (September), 106–114. doi:10.1016/j.neuroscience.2012.11.017
 Liao, Y., Xie, B., Zhang, H., He, Q., Guo, L., Subramaniapillai, M., et al. (2019). Efficacy of Omega-3 PUFAs in Depression: A Meta-Analysis. Transl Psychiatry 9 (1), 190–199. doi:10.1038/s41398-019-0515-5
 Lisboa, S. F., Niraula, A., Resstel, L. B., Guimaraes, F. S., Godbout, J. P., and Sheridan, J. F. (2018). Repeated Social Defeat-Induced Neuroinflammation, Anxiety-like Behavior and Resistance to Fear Extinction Were Attenuated by the Cannabinoid Receptor Agonist WIN55,212-2. Neuropsychopharmacology 43 (9), 1924–1933. doi:10.1038/s41386-018-0064-2
 Liu, L.-L., Li, J.-M., Su, W.-J., Wang, B., and Jiang, C.-L. (2019). Sex Differences in Depressive-like Behaviour May Relate to Imbalance of Microglia Activation in the Hippocampus. Brain Behav. Immun. 81 (October), 188–197. doi:10.1016/j.bbi.2019.06.012
 Lively, S., and Schlichter, L. C. (2018). Microglia Responses to Pro-inflammatory Stimuli (LPS, IFNγ+TNFα) and Reprogramming by Resolving Cytokines (IL-4, IL-10). Front Cel Neurosci 12, 215. doi:10.3389/fncel.2018.00215
 Long, J. Z., NomuraNomura, Robert E. VannWalentiny, D. K. D. Matthew., Vann, R. E., Walentiny, D. M., Booker, L., Jin, X., et al. (2009). Dual Blockade of FAAH and MAGL Identifies Behavioral Processes Regulated by Endocannabinoid Crosstalk In Vivo. Proc. Natl. Acad. Sci. U S A. 106 (48), 20270–20275. doi:10.1073/pnas.0909411106
 Lopez-Munoz, F., and Alamo, C. (2009). Monoaminergic Neurotransmission: The History of the Discovery of Antidepressants from 1950s until Today. Cpd 15 (14), 1563–1586. doi:10.2174/138161209788168001
 Luján, M. Á., and Valverde., O. (2020). The Pro-neurogenic Effects of Cannabidiol and its Potential Therapeutic Implications in Psychiatric Disorders. Front. Behav. Neurosci. 14 (June), 109. doi:10.3389/fnbeh.2020.00109
 Luo, X. Q., Li, A., Yang, X., Xiao, X., Hu, R., Wang, T. W., et al. (2018). Paeoniflorin Exerts Neuroprotective Effects by Modulating the M1/M2 Subset Polarization of Microglia/Macrophages in the Hippocampal CA1 Region of Vascular Dementia Rats via Cannabinoid Receptor 2. Chin. Med. 13 (1), 14. doi:10.1186/s13020-018-0173-1
 Luo, Y., Kataoka, Y., Ostinelli, E. G., Cipriani, A., and Furukawa, T. A. (2020). National Prescription Patterns of Antidepressants in the Treatment of Adults with Major Depression in the US between 1996 and 2015: A Population Representative Survey Based Analysis. Front. Psychiatry 11. doi:10.3389/fpsyt.2020.00035
 Ma, Y., Wang, J., Wang, Y., and Yang, G. Y. (2017). The Biphasic Function of Microglia in Ischemic Stroke. Prog. Neurobiol. 157 (October), 247–272. doi:10.1016/j.pneurobio.2016.01.005
 Maccarrone, M., Rossi, S., Bari, M., De Chiara, V., Fezza, F., Musella, A., et al. (2008). Anandamide Inhibits Metabolism and Physiological Actions of 2-Arachidonoylglycerol in the Striatum. Nat. Neurosci. 11 (2), 152–159. doi:10.1038/nn2042
 Mackie, K. (2005). Distribution of Cannabinoid Receptors in the Central and Peripheral Nervous System. Handb Exp. Pharmacol. 168, 299–325. doi:10.1007/3-540-26573-2_10
 Maejima, T., Hashimoto, K., Yoshida, T., Aiba, A., and Kano, M. (2001). Presynaptic Inhibition Caused by Retrograde Signal from Metabotropic Glutamate to Cannabinoid Receptors. Neuron 31 (3), 463–475. doi:10.1016/s0896-6273(01)00375-0
 Malan, T. P., Ibrahim, M. M., Deng, H., Liu, Q., Mata, H. P., Vanderah, T., et al. (2001). CB2 Cannabinoid Receptor-Mediated Peripheral Antinociception. Pain 93 (3), 239–245. doi:10.1016/s0304-3959(01)00321-9
 Malberg, J. E., and Duman, R. S. (2003). Cell Proliferation in Adult Hippocampus Is Decreased by Inescapable Stress: Reversal by Fluoxetine Treatment. Neuropsychopharmacology 28 (9), 1562–1571. doi:10.1038/sj.npp.1300234
 Malek, N., Popiolek-Barczyk, K., Mika, J., Przewlocka, B., and Starowicz, K. (20152015). Anandamide, Acting viaCB2Receptors, Alleviates LPS-Induced Neuroinflammation in Rat Primary Microglial Cultures. Neural Plasticity 2015, 1–10. doi:10.1155/2015/130639
 Mammana, S., Cavalli, E., Gugliandolo, A., Silvestro, S., Pollastro, F., Bramanti, P., et al. (2019). Could the Combination of Two Non-psychotropic Cannabinoids Counteract Neuroinflammation? Effectiveness of Cannabidiol Associated with Cannabigerol. Medicina (Kaunas) 55 (11), 747. doi:10.3390/medicina55110747
 Manich, G., Recasens, M., Valente, T., Almolda, B., González, B., and Castellano, B. (2019). Role of the CD200-Cd200r Axis during Homeostasis and Neuroinflammation. Neuroscience 405 (May), 118–136. doi:10.1016/j.neuroscience.2018.10.030
 Marangell, L. B., Martinez, J. M., Zboyan, H. A., Kertz, B., Kim, H. F., and Puryear, L. J. (2003). A Double-Blind, Placebo-Controlled Study of the Omega-3 Fatty Acid Docosahexaenoic Acid in the Treatment of Major Depression. Am. J. Psychiatry 160 (5), 996–998. doi:10.1176/appi.ajp.160.5.996
 Marco, E. M., Ballesta, J. A., Irala, C., Hernández, M.-D., Serrano, M. E., Mela, V., et al. (2017). Javier Antonio Ballesta, Carlos Irala, María-Donina Hernández, María Elisa Serrano, Virginia Mela, Meritxell López-Gallardo, and María-Paz ViverosSex-dependent Influence of Chronic Mild Stress (CMS) on Voluntary Alcohol Consumption; Study of Neurobiological Consequences. Pharmacol. Biochem. Behav. 152 (January), 68–80. doi:10.1016/j.pbb.2016.11.005
 Martin, M., Ledent, C., Parmentier, M., Maldonado, R., and Valverde, O. (2002). Involvement of CB1 Cannabinoid Receptors in Emotional Behaviour. Psychopharmacology (Berl) 159 (4), 379–387. doi:10.1007/s00213-001-0946-5
 Martín-Moreno, A. M., Reigada, D., Ramírez, B. G., Mechoulam, R., Innamorato, N., Cuadrado, A., et al. (2011). Cannabidiol and Other Cannabinoids Reduce Microglial Activation In Vitro and In Vivo: Relevance to Alzheimer's Disease. Mol. Pharmacol. 79 (6), 964–973. doi:10.1124/mol.111.071290
 Massart, R., Mongeau, R., and Lanfumey, L. (2012). Beyond the Monoaminergic Hypothesis: Neuroplasticity and Epigenetic Changes in a Transgenic Mouse Model of Depression. Philos. Trans. R. Soc. Lond. B Biol. Sci. 367 (1601), 2485–2494. doi:10.1098/rstb.2012.0212
 Matias, I., Pochard, P., Orlando, P., Salzet, M., Pestel, J., and Di Marzo, V. (2002). Presence and Regulation of the Endocannabinoid System in Human Dendritic Cells. Eur. J. Biochem. 269 (15), 3771–3778. doi:10.1046/j.1432-1033.2002.03078.x
 Matsuda, L. A., Lolait, S. J., Brownstein, M. J., Young, A. C., and Bonner, T. I. (1990). Structure of a Cannabinoid Receptor and Functional Expression of the Cloned CDNA. Nature 346 (6284), 561–564. doi:10.1038/346561a0
 McKinney, M. K., and Cravatt, B. F. (2005). Structure and Function of Fatty Acid Amide Hydrolase. Annu. Rev. Biochem. 74, 411–432. doi:10.1146/annurev.biochem.74.082803.133450
 Mechoulam, R., and Parker, L. A. (2013). The Endocannabinoid System and the Brain. Annu. Rev. Psychol. 64 (1), 21–47. doi:10.1146/annurev-psych-113011-143739
 Mensching, L., Djogo, N., Keller, C., Rading, S., and Karsak, M. (2019). Stable Adult Hippocampal Neurogenesis in Cannabinoid Receptor CB2 Deficient Mice. Int. J. Mol. Sci. 20 (15), 3759. doi:10.3390/ijms20153759
 Micale, V., and Drago, F. (2018). Endocannabinoid System, Stress and HPA Axis. Eur. J. Pharmacol. 834 (September), 230–239. doi:10.1016/j.ejphar.2018.07.039
 Mitchell, P. B., and Morris., M. J. (2007). Depression and Anxiety with Rimonabant. Lancet 370 (9600), 1671–1672. doi:10.1016/S0140-6736(07)61705-X
 Mitjans, M., Serretti, A., Fabbri, C., Gastó, C., Catalán, R., Fañanás, L., et al. (2013). Screening Genetic Variability at the CNR1 Gene in Both Major Depression Etiology and Clinical Response to Citalopram Treatment. Psychopharmacology (Berl) 227 (3), 509–519. doi:10.1007/s00213-013-2995-y
 Mondimore, F. M., Zandi, P. P., Mackinnon, D. F., McInnis, Melvin. G., Erin, B., Miller, M. G., et al. (2006). Familial Aggregation of Illness Chronicity in Recurrent, Early-Onset Major Depression Pedigrees. Am. J. Psychiatry 163 (9), 1554–1560. doi:10.1176/ajp.2006.163.9.1554
 Moreira, F. A., Grieb, M., and Lutz., B. (2009). Central Side-Effects of Therapies Based on CB1 Cannabinoid Receptor Agonists and Antagonists: Focus on Anxiety and Depression. Best Pract. Res. Clin. Endocrinol. Metab. 23 (1), 133–144. doi:10.1016/j.beem.2008.09.003
 Moreira, F. A., and CrippaCrippa, J. A. S. (2009). The Psychiatric Side-Effects of Rimonabant. Rev. Bras. Psiquiatr. 31 (2), 145–153. doi:10.1590/s1516-44462009000200012
 Morin, C. M., Carrier, J., Bastien, C., and Godbout, R. (2020). Sleep and Circadian Rhythm in Response to the COVID-19 Pandemic. Can. J. Public Health 111, 654–657. doi:10.17269/s41997-020-00382-7
 Mozaffari-Khosravi, H., Yassini-Ardakani, M., Karamati, M., and Shariati-Bafghi, S.-E. (2013). Eicosapentaenoic Acid versus Docosahexaenoic Acid in Mild-To-Moderate Depression: A Randomized, Double-Blind, Placebo-Controlled Trial. Eur. Neuropsychopharmacol. 23 (7), 636–644. doi:10.1016/j.euroneuro.2012.08.003
 Munro, S., Thomas, K. L., and Abu-Shaar, M. (1993). Molecular Characterization of a Peripheral Receptor for Cannabinoids. Nature 365 (6441), 61–65. doi:10.1038/365061a0
 Murataeva, N., Straiker, A., and Mackie, K. (2014). Parsing the Players: 2-Arachidonoylglycerol Synthesis and Degradation in the CNS. Br. J. Pharmacol. 171 (6), 1379–1391. doi:10.1111/bph.12411
 Murillo-Rodriguez, E., Poot-Ake, A., Arias-Carrion, O., Pacheco-Pantoja, E., de la Fuente-Ortegon, A., and Arankowsky-Sandoval, G. (2011). The Emerging Role of the Endocannabinoid System in the Sleep-Wake Cycle Modulation. Cnsamc 11 (3), 189–196. doi:10.2174/187152411798047780
 Murrough, J. W., Iosifescu, D. V., Chang, L. C. Rayan, Al Jurdi, R. K. Andrew, Green, C. E., Perez, A. M., et al. (2013). Antidepressant Efficacy of Ketamine in Treatment-Resistant Major Depression: A Two-Site Randomized Controlled Trial. Am. J. Psychiatry 170 (10), 1134–1142. doi:10.1176/appi.ajp.2013.13030392
 Musella, A., De Chiara, V., Rossi, S., Prosperetti, C., Bernardi, G., Maccarrone, M., et al. (2009). TRPV1 Channels Facilitate Glutamate Transmission in the Striatum. Mol. Cel Neurosci 40 (1), 89–97. doi:10.1016/j.mcn.2008.09.001
 Nair, A., and Bonneau, R. H. (2006). Stress-Induced Elevation of Glucocorticoids Increases Microglia Proliferation through NMDA Receptor Activation. J. Neuroimmunol 171 (1), 72–85. doi:10.1016/j.jneuroim.2005.09.012
 National Collaborating Centre for Mental Health (Uk) (2010) Depression: The Treatment and Management of Depression in Adults. in National Institute for Health and Clinical Excellence: Guidance . Updated Edition (Leicester (UK): British Psychological Society). 
 Navarrete, F., Pérez-OrtizPérez-Ortiz, J. M., and Manzanares, J. (2012). Cannabinoid CB₂ Receptor-Mediated Regulation of Impulsive-like Behaviour in DBA/2 Mice. Br. J. Pharmacol. 165 (1), 260–273. doi:10.1111/j.1476-5381.2011.01542.x
 Navarrete, M., and Araque, A. (2008). Endocannabinoids Mediate Neuron-Astrocyte Communication. Neuron 57 (6), 883–893. doi:10.1016/j.neuron.2008.01.029
 Navarria, A., Tamburella, A., Iannotti, F. A., Micale, V., Camillieri, G., Gozzo, L., et al. (2014). The Dual Blocker of FAAH/TRPV1 N-Arachidonoylserotonin Reverses the Behavioral Despair Induced by Stress in Rats and Modulates the HPA-Axis. Pharmacol. Res. 87 (September), 151–159. doi:10.1016/j.phrs.2014.04.014
 Nelson, C. A., and Gabard-Durnam, L. J. (2020). Early Adversity and Critical Periods: Neurodevelopmental Consequences of Violating the Expectable Environment. Trends Neurosci. 43 (3), 133–143. doi:10.1016/j.tins.2020.01.002
 Nemeroff, Charles. B. (2007). Prevalence and Management of Treatment-Resistant Depression. J. Clin. Psychiatry 68 (Suppl. 8), 17–25. 
 Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., and Monteggia, L. M. (2002). Neurobiology of Depression. Neuron 34 (1), 13–25. doi:10.1016/s0896-6273(02)00653-0
 Okamoto, Y., Morishita, J., Tsuboi, K., Tonai, T., and Ueda, N. (2004). Molecular Characterization of a Phospholipase D Generating Anandamide and its Congeners. J. Biol. Chem. 279 (7), 5298–5305. doi:10.1074/jbc.M306642200
 Onaivi, E. S., Ishiguro, H., Gong, J. P., Patel, S., Meozzi, P. A., Myers, L., et al. (2008). Brain Neuronal CB2 Cannabinoid Receptors in Drug Abuse and Depression: From Mice to Human Subjects. PLoS One 3 (2), e1640. doi:10.1371/journal.pone.0001640
 Pacher, P., Bátkai, S., and Kunos, G. (2006). The Endocannabinoid System as an Emerging Target of Pharmacotherapy. Pharmacol. Rev. 58 (3), 389–462. doi:10.1124/pr.58.3.2
 Palazuelos, J., Aguado, T., Egia, A., Mechoulam, R., Guzmán, M., and Galve-Roperh, I. (2006). Non-Psychoactive CB2 Cannabinoid Agonists Stimulate Neural Progenitor Proliferation. FASEB J. 20 (13), 2405–2407. doi:10.1096/fj.06-6164fje
 Panikashvili, D., Mechoulam, R., Beni, S. M., Alexandrovich, A., and Shohami, E. (2005). CB1 Cannabinoid Receptors Are Involved in Neuroprotection via NF-Kappa B Inhibition. J. Cereb. Blood Flow Metab. 25 (4), 477–484. doi:10.1038/sj.jcbfm.9600047
 Patel, S., and Hillard, C. J. (2006). Pharmacological Evaluation of Cannabinoid Receptor Ligands in a Mouse Model of Anxiety: Further Evidence for an Anxiolytic Role for Endogenous Cannabinoid Signaling. J. Pharmacol. Exp. Ther. 318 (1), 304–311. doi:10.1124/jpet.106.101287
 Patel, S., and Hillard, C. J. (2009). Role of Endocannabinoid Signaling in Anxiety and Depression. Curr. Top. Behav. Neurosci. 1, 347–371. doi:10.1007/978-3-540-88955-7_14
 Patel, S., Roelke, C. T., Rademacher, D. J., and Hillard, C. J. (2005). Inhibition of Restraint Stress-Induced Neural and Behavioural Activation by Endogenous Cannabinoid Signalling. Eur. J. Neurosci. 21 (4), 1057–1069. doi:10.1111/j.1460-9568.2005.03916.x
 Pertwee, R. G., Howlett, A. C., Abood, M. E., Alexander, S. P., Di Marzo, V., Elphick, M. R., et al. (2010). International Union of Basic and Clinical Pharmacology. LXXIX. Cannabinoid Receptors and Their Ligands: beyond CB₁ and CB₂. Pharmacol. Rev. 62 (4), 588–631. doi:10.1124/pr.110.003004
 Pertwee, R. G., and Roger, G. (2006). Cannabinoid Pharmacology: The First 66 Years. Br. J. Pharmacol. 147 Suppl 1 (Suppl. 1), S163–S171. doi:10.1038/sj.bjp.0706406
 Pertwee, R. G. (2008). The Diverse CB1 and CB2 Receptor Pharmacology of Three Plant Cannabinoids: delta9-tetrahydrocannabinol, Cannabidiol and delta9-tetrahydrocannabivarin. Br. J. Pharmacol. 153 (2), 199–215. doi:10.1038/sj.bjp.0707442
 Phan, K. L., Angstadt, M., Golden, J., Onyewuenyi, I., Popovska, A., and de Wit, H. (2008). Mike Angstadt, Jamie Golden, Ikechukwu Onyewuenyi, Ana Popovska, and Harriet de WitCannabinoid Modulation of Amygdala Reactivity to Social Signals of Threat in Humans. J. Neurosci. 28 (10), 2313–2319. doi:10.1523/JNEUROSCI.5603-07.2008
 Pinto, J. V., Saraf, G., Frysch, C., Vigo, D., Keramatian, K., Chakrabarty, T., et al. (2020). Cannabidiol as a Treatment for Mood Disorders: A Systematic Review: Le cannabidiol comme traitement des troubles de l'humeur: une revue systématique. Can. J. Psychiatry 65 (4), 213–227. doi:10.1177/0706743719895195
 Pratt, L. A., and Brody, D. J. (2008). Depression in the United States Household Population, 2005-2006. NCHS Data Brief 18 (September)), 1–8.
 Rai, D., Zitko, P., Jones, K., Lynch, J., and Araya, R. (2013). Country- and Individual-Level Socioeconomic Determinants of Depression: Multilevel Cross-National Comparison. Br. J. Psychiatry 202 (3), 195–203. doi:10.1192/bjp.bp.112.112482
 Ramirez, S. H., Reichenbach, N. L., Fan, S., Rom, S., Merkel, S. F., Wang, X., et al. (2013). Attenuation of HIV-1 Replication in Macrophages by Cannabinoid Receptor 2 Agonists. J. Leukoc. Biol. 93 (5), 801–810. doi:10.1189/jlb.1012523
 Ransohoff, R. M. (2016). A Polarizing Question: Do M1 and M2 Microglia Exist?Nat. Neurosci. 19 (8), 987–991. doi:10.1038/nn.4338
 Major Depressive Disorder Working Group of the Psychiatric GWAS Consortium Ripke, Stephan., Ripke, S., WrayLewis, N. R. Steven. P. Hamilton., Lewis, C. M., Hamilton, S. P., Weissman, M. M., et al. (2013). A Mega-Analysis of Genome-wide Association Studies for Major Depressive Disorder. Mol. Psychiatry 18 (4), 497–511. doi:10.1038/mp.2012.21
 Robledo-Menendez, A., Vella, M., Grandes, P., and Soria-Gomez, E. (2021). Cannabinoid Control of Hippocampal Functions: The where Matters. FEBS J. doi:10.1111/febs.15907
 Rodgers, R. J., Evans, P. M., and Murphy, A. (2005). Anxiogenic Profile of AM-251, a Selective Cannabinoid CB1 Receptor Antagonist, in Plus-Maze-Naïve and Plus-Maze-Experienced Mice. Behav. Pharmacol. 16 (5–6), 405–413. doi:10.1097/00008877-200509000-00013
 Rubino, T., Realini, N., Castiglioni, C., Guidali, C., Viganó, D., Marras, E., et al. (2008). Role in Anxiety Behavior of the Endocannabinoid System in the Prefrontal Cortex. Cereb. Cortex 18 (6), 1292–1301. doi:10.1093/cercor/bhm161
 Sánchez, M. M., Ladd, C. O., and Plotsky, P. M. (2001). Early Adverse Experience as a Developmental Risk Factor for Later Psychopathology: Evidence from Rodent and Primate Models. Dev. Psychopathol 13 (3), 419–449. doi:10.1017/s0954579401003029
 Sanchis-Segura, C., Cline, B. H., Marsicano, G., Lutz, B., and Spanagel, R. (2004). Reduced Sensitivity to Reward in CB1 Knockout Mice. Psychopharmacology (Berl) 176 (2), 223–232. doi:10.1007/s00213-004-1877-8
 Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., et al. (2003). Requirement of Hippocampal Neurogenesis for the Behavioral Effects of Antidepressants. Science 301 (5634), 805–809. doi:10.1126/science.1083328
 Sarris, J., Sinclair, J., Karamacoska, D., Davidson, M., and Firth, J. (2020). Medicinal Cannabis for Psychiatric Disorders: A Clinically-Focused Systematic Review. BMC Psychiatry 20 (January), 24. doi:10.1186/s12888-019-2409-8
 Sato, K. (2015). Effects of Microglia on Neurogenesis. Glia 63 (8), 1394–1405. doi:10.1002/glia.22858
 Schier, A., Ribeiro, N., Coutinho, D., Machado, S., Arias-Carrion, O., Crippa, J., et al. (2014). Antidepressant-like and Anxiolytic-like Effects of Cannabidiol: A Chemical Compound of Cannabis Sativa. Cnsnddt 13 (6), 953–960. doi:10.2174/1871527313666140612114838
 Schloesser, R. J., Manji, H. K., and Martinowich., K. (2009). Suppression of Adult Neurogenesis Leads to an Increased Hypothalamo-Pituitary-Adrenal axis Response. Neuroreport 20 (6), 553–557. doi:10.1097/WNR.0b013e3283293e59
 Scuderi, C., Steardo, L., and Esposito, G. (2014). Cannabidiol Promotes Amyloid Precursor Protein Ubiquitination and Reduction of Beta Amyloid Expression in SHSY5YAPP+ Cells through PPARγ Involvement. Phytother Res. 28 (7), 1007–1013. doi:10.1002/ptr.5095
 Sexton, M., Cuttler, C., Finnell, J. S., and Mischley, L. K. (2016). A Cross-Sectional Survey of Medical Cannabis Users: Patterns of Use and Perceived Efficacy. Cannabis Cannabinoid Res. 1 (1), 131–138. doi:10.1089/can.2016.0007
 Shahbazi, F., Grandi, V., Banerjee, A., and Trant, J. F. (2020). Cannabinoids and Cannabinoid Receptors: The Story So Far. IScience 23 (7), 101301. doi:10.1016/j.isci.2020.101301
 Shao, B.-Z., Wei, W., Ke, P., Xu, Z.-Q., Zhou, J.-X., and Liu, C. (2014). Activating Cannabinoid Receptor 2 Alleviates Pathogenesis of Experimental Autoimmune Encephalomyelitis via Activation of Autophagy and Inhibiting NLRP3 Inflammasome. CNS Neurosci. Ther. 20 (12), 1021–1028. doi:10.1111/cns.12349
 Sharir, H., Console-Bram, L., Mundy, C., Popoff, S. N., Kapur, A., Abood, M. E., et al. (2012). The Endocannabinoids Anandamide and Virodhamine Modulate the Activity of the Candidate Cannabinoid Receptor GPR55. J. Neuroimmune Pharmacol. 7 (4), 856–865. doi:10.1007/s11481-012-9351-6
 Sheline, Y. I., Wang, P. W., Gado, M. H., Csernansky, J. G., and Vannier, M. W. (1996). Hippocampal Atrophy in Recurrent Major Depression. Proc. Natl. Acad. Sci. U S A. 93 (9), 3908–3913. doi:10.1073/pnas.93.9.3908
 Shen, L., Yang, Y., Ou, T., Key, C. C., Tong, S. H., Sequeira, R. C., et al. (2017). Dietary PUFAs Attenuate NLRP3 Inflammasome Activation via Enhancing Macrophage Autophagy. J. Lipid Res. 58 (9), 1808–1821. doi:10.1194/jlr.M075879
 Shi, J., Cai, Q., Zhang, J., He, X., Liu, Y., Zhu, R., et al. (2017). AM1241 Alleviates MPTP-Induced Parkinson's Disease and Promotes the Regeneration of DA Neurons in PD Mice. Oncotarget 8 (40), 67837–67850. doi:10.18632/oncotarget.18871
 Silva-Cruz, A., Carlström, M., Ribeiro, J. A., and Sebastião, A. M. (2017). Dual Influence of Endocannabinoids on Long-Term Potentiation of Synaptic Transmission. Front. Pharmacol. 8, 921. doi:10.3389/fphar.2017.00921
 Silverman, M. N., PearcePearce, B. D. Christine. A. Biron., Biron, C. A., and Miller, A. H. (2005). Immune Modulation of the Hypothalamic-Pituitary-Adrenal (HPA) Axis during Viral Infection. Viral Immunol. 18 (1), 41–78. doi:10.1089/vim.2005.18.41
 Smith, S. M., and Vale., W. W. (2006). The Role of the Hypothalamic-Pituitary-Adrenal Axis in Neuroendocrine Responses to Stress. Dialogues Clin. Neurosci. 8 (4), 383–395.
 Sorrells, S. F., and Sapolsky, R. M. (2007). An Inflammatory Review of Glucocorticoid Actions in the CNS. Brain Behav. Immun. 21 (3), 259–272. doi:10.1016/j.bbi.2006.11.006
 Spector, S., Shore, P. A., and Brodie, B. B. (1960). Biochemical and Pharmacological Effects of the Monoamine Oxidase Inhibitors, Iproniazid, 1-Phenyl-2-Hydrazinopropane (JB 516) and 1-Phenyl-3-Hydrazinobutane (JB 835). J. Pharmacol. Exp. Ther. 128 (January), 15–21. 
 Stahl, S. M. (1984). Regulation of Neurotransmitter Receptors by Desipramine and Other Antidepressant Drugs: The Neurotransmitter Receptor Hypothesis of Antidepressant Action. J. Clin. Psychiatry 45 (10 Pt 2), 37–45. 
 Starowicz, K., Nigam, S., and Di Marzo, V. (2007). Biochemistry and Pharmacology of Endovanilloids. Pharmacol. Ther. 114 (1), 13–33. doi:10.1016/j.pharmthera.2007.01.005
 Steiner, M. A., Wanisch, K., Monory, K., Marsicano, G., Borroni, E., Bächli, H., et al. (2008). Impaired Cannabinoid Receptor Type 1 Signaling Interferes with Stress-Coping Behavior in Mice. Pharmacogenomics J. 8 (3), 196–208. doi:10.1038/sj.tpj.6500466
 Stella, N. (2009). Endocannabinoid Signaling in Microglial Cells. Neuropharmacology 56 Suppl 1 (Suppl. 1), 244–253. doi:10.1016/j.neuropharm.2008.07.037
 Sugama, S., Fujita, M., Hashimoto, M., and Conti, B. (2007). Stress Induced Morphological Microglial Activation in the Rodent Brain: Involvement of Interleukin-18. Neuroscience 146 (3), 1388–1399. doi:10.1016/j.neuroscience.2007.02.043
 Sugiura, T., Kishimoto, S., Oka, S., and Gokoh, M. (2006). Biochemistry, Pharmacology and Physiology of 2-Arachidonoylglycerol, an Endogenous Cannabinoid Receptor Ligand. Prog. Lipid Res. 45 (5), 405–446. doi:10.1016/j.plipres.2006.03.003
 Sugiura, T., Kodaka, T., Kondo, S., Tonegawa, T., Nakane, S., Kishimoto, S., et al. (1997). Inhibition by 2-arachidonoylglycerol, a Novel Type of Possible Neuromodulator, of the Depolarization-Induced Increase in Intracellular Free Calcium in Neuroblastoma X Glioma Hybrid NG108-15 Cells. Biochem. Biophys. Res. Commun. 233 (1), 207–210. doi:10.1006/bbrc.1997.6425
 Sugiura, T., Kondo, S., Kishimoto, S., Miyashita, T., Nakane, S., Kodaka, T., et al. (2000). Evidence that 2-Arachidonoylglycerol but Not N-Palmitoylethanolamine or Anandamide Is the Physiological Ligand for the Cannabinoid CB2 Receptor. Comparison of the Agonistic Activities of Various Cannabinoid Receptor Ligands in HL-60 Cells. J. Biol. Chem. 275 (1), 605–612. doi:10.1074/jbc.275.1.605
 Sumislawski, J. J., Ramikie, T. S., and Patel., S. (2011). Reversible Gating of Endocannabinoid Plasticity in the Amygdala by Chronic Stress: A Potential Role for Monoacylglycerol Lipase Inhibition in the Prevention of Stress-Induced Behavioral Adaptation. Neuropsychopharmacology 36 (13), 2750–2761. doi:10.1038/npp.2011.166
 Szabo, B., Wallmichrath, I., Mathonia, P., and Pfreundtner, C. (2000). Cannabinoids Inhibit Excitatory Neurotransmission in the Substantia Nigra Pars Reticulata. Neuroscience 97 (1), 89–97. doi:10.1016/S0306-4522(00)00036-1
 Tanaka, M., Sackett, S., and Zhang, Y. (2020). Endocannabinoid Modulation of Microglial Phenotypes in Neuropathology. Front. Neurol. 11, 87. doi:10.3389/fneur.2020.00087
 Tanaka, M., Yagyu, K., Sackett, S., and Zhang, Y. (2019). Anti-Inflammatory Effects by Pharmacological Inhibition or Knockdown of Fatty Acid Amide Hydrolase in BV2 Microglial Cells. Cells 8 (5), 491. doi:10.3390/cells8050491
 Tanasescu, R., and Constantinescu, C. S. (2010). Cannabinoids and the Immune System: An Overview. Immunobiology 215 (8), 588–597. doi:10.1016/j.imbio.2009.12.005
 Tang, J., Miao, H., Jiang, B., Chen, Q., Tan, L., Tao, Y., et al. (2017). A Selective CB2R Agonist (JWH133) Restores Neuronal Circuit After Germinal Matrix Hemorrhage In The Preterm Via CX3CR1+ Microglia. Neuropharmacol. 119, 157–169. doi:10.1016/j.neuropharm.2017.01.027
 Tao, Y., Li, L., Jiang, B., Feng, Z., Yang, L., Tang, J., et al. (2016). Cannabinoid Receptor-2 Stimulation Suppresses Neuroinflammation by Regulating Microglial M1/M2 Polarization through the CAMP/PKA Pathway in an Experimental GMH Rat Model. Brain Behav. Immun. 58 (November), 118–129. doi:10.1016/j.bbi.2016.05.020
 Torres-Berrío, Angélica., Issler, Orna., Parise, Eric. M., and Nestler, Eric. J. (2019). Unraveling the Epigenetic Landscape of Depression: Focus on Early Life Stress. Dialogues Clin. Neurosci. 21 (4), 341–357. doi:10.31887/DCNS.2019.21.4/enestler
 Trivedi, M. H., Rush, A. J., Wisniewski, S. R., Nierenberg, A. A., Warden, D., Ritz, L., et al. (2006). Evaluation of Outcomes with Citalopram for Depression Using Measurement-Based Care in STAR*D: Implications for Clinical Practice. Am. J. Psychiatry 163 (1), 28–40. doi:10.1176/appi.ajp.163.1.28
 Troubat, R., Barone, P., Leman, S., Desmidt, T., Cressant, A., Atanasova, B., et al. (2020). Neuroinflammation and Depression: A Review. Eur. J. Neurosci. 53, 151–171. doi:10.1111/ejn.14720
 Turcotte, C., Blanchet, M. R., Laviolette, M., and Flamand, N. (2016). The CB2 Receptor and its Role as a Regulator of Inflammation. Cell Mol Life Sci 73 (23), 4449–4470. doi:10.1007/s00018-016-2300-4
 Tynan, R. J., Naicker, S., Hinwood, M., Nalivaiko, E., Buller, K. M., Pow, D. V., et al. (2010). Chronic Stress Alters the Density and Morphology of Microglia in a Subset of Stress-Responsive Brain Regions. Brain Behav. Immun. 24 (7), 1058–1068. doi:10.1016/j.bbi.2010.02.001
 Uher, R., Payne, J. L., Pavlova, B., and Perlis, R. H. (2014). Major Depressive Disorder in Dsm-5: Implications for Clinical Practice and Research of Changes from Dsm-Iv. Depress. Anxiety 31 (6), 459–471. doi:10.1002/da.22217
 Vahratian, A., Blumberg, S. J., Terlizzi, E. P., and Schiller, J. S. (2021). Symptoms of Anxiety or Depressive Disorder and Use of Mental Health Care Among Adults during the COVID-19 Pandemic - United States, August 2020-February 2021. MMWR Morb Mortal Wkly Rep. 70 (13), 490–494. doi:10.15585/mmwr.mm7013e2
 Valentino, R. J., and Van Bockstaele., E. (2008). Convergent Regulation of Locus Coeruleus Activity as an Adaptive Response to Stress. Eur. J. Pharmacol. 583 (2), 194–203. doi:10.1016/j.ejphar.2007.11.062
 Valles-Colomer, M., Falony, G., Darzi, Y., Tigchelaar, E. F., Wang, J., Tito, R. Y., et al. (2019). The Neuroactive Potential of the Human Gut Microbiota in Quality of Life and Depression. Nat. Microbiol. 4 (4), 623–632. doi:10.1038/s41564-018-0337-x
 Valverde, O., and Torrens, M. (2012). CB1 Receptor-Deficient Mice as a Model for Depression. Neuroscience 204 (March), 193–206. doi:10.1016/j.neuroscience.2011.09.031
 van Laar, M. W., Oomen, C. J. A., Vercoulen, E., Freeman, T. P., and Hall, W. D. (2020). Cannabis and COVID-19: Reasons for Concern. Front. Psychiatry 11. doi:10.3389/fpsyt.2020.601653
 van Praag, H., Kempermann, G., and Gage, F. H. (2000). Neural Consequences of Environmental Enrichment. Nat. Rev. Neurosci. 1 (3), 191–198. doi:10.1038/35044558
 Van Sickle, M. D., Duncan, M., Kingsley, P. J., Mouihate, A., Urbani, P., Mackie, K., et al. (2005). Identification and Functional Characterization of Brainstem Cannabinoid CB 2 ReceptorsIdentification and Functional Characterization of Brainstem Cannabinoid CB2 Receptors. Science 310 (5746), 329–332. doi:10.1126/science.1115740
 Wade, M. R., Degroot, A., and Nomikos, G. G. (2006). Cannabinoid CB1 Receptor Antagonism Modulates Plasma Corticosterone in Rodents. Eur. J. Pharmacol. 551 (1–3), 162–167. doi:10.1016/j.ejphar.2006.08.083
 Wamsteeker, J. I., Kuzmiski, J. B., and Bains, J. S. (2010). Repeated Stress Impairs Endocannabinoid Signaling in the Paraventricular Nucleus of the Hypothalamus. J. Neurosci. 30 (33), 11188–11196. doi:10.1523/JNEUROSCI.1046-10.2010
 Wang, M., Hill, M. N., Zhang, L., Gorzalka, B. B., Hillard, C. J., and Alger, B. E. (2012). Acute Restraint Stress Enhances Hippocampal Endocannabinoid Function via Glucocorticoid Receptor Activation. J. Psychopharmacol. 26 (1), 56–70. doi:10.1177/0269881111409606
 Wang, W., Sun, D., Pan, B., Roberts, C. J., Sun, X., Hillard, C. J., et al. (2010). Deficiency in Endocannabinoid Signaling in the Nucleus Accumbens Induced by Chronic Unpredictable Stress. Neuropsychopharmacology 35 (11), 2249–2261. doi:10.1038/npp.2010.99
 Wang, Y., and Zhang, X. (2017). FAAH Inhibition Produces Antidepressant-like Efforts of Mice to Acute Stress via Synaptic Long-Term Depression. Behav. Brain Res. 324 (May), 138–145. doi:10.1016/j.bbr.2017.01.054
 Wilson, R. I., and Nicoll., Roger. A. (2001). “Endogenous Cannabinoids Mediate Retrograde Signalling at Hippocampal Synapses.” Nature 410 (6828), 588–592. doi:10.1038/35069076
 Wolf, Susanne. A. (2010). “Cannabinoid Receptor CB1 Mediates Baseline and Activity-Induced Survival of New Neurons in Adult Hippocampal Neurogenesis.” Cell Commun. Signaling: CCS 8 (June), 12. doi:10.1186/1478-811X-8-12
 World Health Organization and others (2017). Cannabidiol (CBD) Pre-review Report Agenda Item 5.2. Geneva: Expert Committee on Drug Dependence Thirty-Ninth Meeting. 
 World Health Organization (2017). Depression and Other Common Mental Disorders: Global Health Estimates. Geneva. Available at: https://apps.who.int/iris/bitstream/handle/10665/254610/WHO-MSD-MER-2017.2-eng.pdf. 
 World Health Organization (2020). Depression in Europe: Facts and Figures.” Depression in Europe: Facts and Figures. Available at: https://www.euro.who.int/en/health-topics/noncommunicable-diseases/mental-health/news/news/2012/10/depression-in-europe/depression-in-europe-facts-and-figures. 
 Wu, Jiang., Hocevar, Mark., Foss, Joseph. F., Bie, Bihua., and Naguib, Mohamed. (2017). Activation of CB2 Receptor System Restores Cognitive Capacity and Hippocampal Sox2 Expression in a Transgenic Mouse Model of Alzheimer’s Disease. Eur. J. Pharmacol. 811 (September), 12–20. doi:10.1016/j.ejphar.2017.05.044
 Wu, Michael. D., Montgomery, Sara. L., Escalera, Fatima. Rivera., Olschowka, John. A., and Kerry O’Banion, M. (2013). Sustained IL-1β Expression Impairs Adult Hippocampal Neurogenesis Independent of IL-1 Signaling in Nestin+ Neural Precursor Cells. Brain Behav. Immun. 32 (August), 9–18. doi:10.1016/j.bbi.2013.03.003
 Wyrofsky, Ryan. R., Reyes, Beverly. A. S., Zhang, Xiao-Yan., Bhatnagar, Seema., Kirby, Lynn. G., and Van Bockstaele, Elisabeth. J. (2019). Endocannabinoids, Stress Signaling, and the Locus Coeruleus-Norepinephrine System. Neurobiol. Stress 11 (November), 100176. doi:10.1016/j.ynstr.2019.100176
 Xu, Chen., Chang, Tanran., Du, Yaqi., Yu, Chaohui., Tan, Xin., and Li, Xiangdong. (2019). Pharmacokinetics of Oral and Intravenous Cannabidiol and its Antidepressant-like Effects in Chronic Mild Stress Mouse Model. Environ. Toxicol. Pharmacol. 70 (August), 103202. doi:10.1016/j.etap.2019.103202
 Yamada, Jun., and Jinno, Shozo. (2019). Potential Link between Antidepressant-like Effects of Ketamine and Promotion of Adult Neurogenesis in the Ventral Hippocampus of Mice. Neuropharmacology 158 (November), 107710. doi:10.1016/j.neuropharm.2019.107710
 Yang, Le., Tian, Lei., Zhang, Zhi., Zhou, Xuan., Ji, Xiaofang., Liu, Fuquan., et al. (2020). Cannabinoid Receptor 1/MiR-30b-5p Axis Governs Macrophage NLRP3 Expression and Inflammasome Activation in Liver Inflammatory Disease. Mol. Ther. - Nucleic Acids 20 (June), 725–738. doi:10.1016/j.omtn.2020.04.010
 Yirmiya, Raz., Rimmerman, Neta., and Ronen, Reshef. (2015). Depression as a Microglial Disease. Trends Neurosciences, Neuroimmunology 38 (10), 637–658. doi:10.1016/j.tins.2015.08.001
 Yoshida, Takayuki., Hashimoto, Kouichi., Zimmer, Andreas., Maejima, Takashi., Araishi, Kenji., and Kano, Masanobu. (2002). The Cannabinoid CB1 Receptor Mediates Retrograde Signals for Depolarization-Induced Suppression of Inhibition in Cerebellar Purkinje Cells. J. Neurosci. 22 (5), 1690–1697. doi:10.1523/JNEUROSCI.22-05-01690.2002
 Zanelati, T. V., Biojone, C., Moreira, F. A., Guimarães, F. S., and SâmiaJoca, R. L. (2010). Antidepressant-like Effects of Cannabidiol in Mice: Possible Involvement of 5-HT1A Receptors. Br. J. Pharmacol. 159 (1), 122–128. doi:10.1111/j.1476-5381.2009.00521.x
 Zanettini, Claudio., Panlilio, Leigh. V., Aliczki, Manó., Goldberg, Steven. R., Haller, Jozsef., and Yasar, Sevil. (2011). Effects of Endocannabinoid System Modulation on Cognitive and Emotional Behavior. Front. Behav. Neurosci. 5. doi:10.3389/fnbeh.2011.00057
 Zhang, Zhen., Wang, Wei., Zhong, Peng., Liu, Sarah. J., Long, Jonathan. Z., Zhao, Li., et al. (2015). Blockade of 2-Arachidonoylglycerol Hydrolysis Produces Antidepressant-like Effects and Enhances Adult Hippocampal Neurogenesis and Synaptic Plasticity. Hippocampus 25 (1), 16–26. doi:10.1002/hipo.22344
 Zimmer, A., Zimmer, A. M., Hohmann, A. G., Herkenham, M., Tom, I., and Bonner, T. I. (1999). Increased Mortality, Hypoactivity, and Hypoalgesia in Cannabinoid CB1 Receptor Knockout Mice. Proc. Natl. Acad. Sci. 96 (10), 5780. doi:10.1073/pnas.96.10.5780
 Zimmermann, Tina., Maroso, Mattia., Beer, Annika., Baddenhausen, Sarah., Ludewig, Susann., Fan, Wenqiang., et al. (2018). Neural Stem Cell Lineage-specific Cannabinoid Type-1 Receptor Regulates Neurogenesis and Plasticity in the Adult Mouse Hippocampus. Cereb. Cortex 28 (12), 4454–4471. doi:10.1093/cercor/bhy258
 Zoppi, Silvia., BeatrizNievas, G. Pérez., José, L., Madrigal, M., Manzanares, Jorge., Leza, Juan. C., et al. (2011). Regulatory Role of Cannabinoid Receptor 1 in Stress-Induced Excitotoxicity and Neuroinflammation. Neuropsychopharmacol. Official Publ. Am. Coll. Neuropsychopharmacol. 36 (4), 805–818. doi:10.1038/npp.2010.214
 Zoppi, Silvia., Madrigal, José. L. M., BeatrizPérez-Nievas, G., Marín-Jiménez, Ignacio., Caso, Javier. R., Alou, Luis., et al. (2012). Endogenous Cannabinoid System Regulates Intestinal Barrier Function In Vivo through Cannabinoid Type 1 Receptor Activation. Am. J. PhysiologyGastrointestinal Liver Physiol. 302 (5), G565–G571. doi:10.1152/ajpgi.00158.2011
 Zoppi, S., Madrigal, J. L., Caso, J. R., García‐Gutiérrez, M. S., Manzanares, J., Leza, J. C., et al. (2014). Regulatory Role of the Cannabinoid CB2 Receptor in Stress-Induced Neuroinflammation in Mice. Br. J. Pharmacol. 171 (11), 2814–2826. doi:10.1111/bph.12607
 Zuardi, Antonio. Waldo. (2006). History of Cannabis as a Medicine: A Review. Braz. J. Psychiatry 28 (2), 153–157. doi:10.1590/S1516-44462006000200015.ç
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Gallego-Landin, García-Baos, Castro-Zavala and Valverde. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	SYSTEMATIC REVIEW
published: 09 December 2021
doi: 10.3389/fnins.2021.774050






[image: image2]

An Overview of Appetite-Regulatory Peptides in Addiction Processes; From Bench to Bed Side

Olesya T. Shevchouk, Maximilian Tufvesson-Alm and Elisabet Jerlhag*

Department of Pharmacology, Institute of Neuroscience and Physiology, The Sahlgrenska Academy at the University of Gothenburg, Gothenburg, Sweden

Edited by:
Sandra Montagud Romero, University of Zaragoza, Spain

Reviewed by:
Emmanuel N. Pothos, Tufts University School of Medicine, United States
 Marcela M. Morales-Mulia, National Institute of Psychiatry Ramon de la Fuente Muñiz (INPRFM), Mexico

*Correspondence: Elisabet Jerlhag, elisabet.jerlhag@pharm.gu.se

Specialty section: This article was submitted to Neuropharmacology, a section of the journal Frontiers in Neuroscience

Received: 10 September 2021
 Accepted: 08 November 2021
 Published: 09 December 2021

Citation: Shevchouk OT, Tufvesson-Alm M and Jerlhag E (2021) An Overview of Appetite-Regulatory Peptides in Addiction Processes; From Bench to Bed Side. Front. Neurosci. 15:774050. doi: 10.3389/fnins.2021.774050



There is a substantial need for new pharmacological treatments of addiction, and appetite-regulatory peptides are implied as possible candidates. Appetite regulation is complex and involves anorexigenic hormones such as glucagon-like peptide-1 (GLP-1) and amylin, and orexigenic peptides like ghrelin and all are well-known for their effects on feeding behaviors. This overview will summarize more recent physiological aspects of these peptides, demonstrating that they modulate various aspects of addiction processes. Findings from preclinical, genetic, and experimental clinical studies exploring the association between appetite-regulatory peptides and the acute or chronic effects of addictive drugs will be introduced. Short or long-acting GLP-1 receptor agonists independently attenuate the acute rewarding properties of addictive drugs or reduce the chronic aspects of drugs. Genetic variation of the GLP-1 system is associated with alcohol use disorder. Also, the amylin pathway modulates the acute and chronic behavioral responses to addictive drugs. Ghrelin has been shown to activate reward-related behaviors. Moreover, ghrelin enhances, whereas pharmacological or genetic suppression of the ghrelin receptor attenuates the responses to various addictive drugs. Genetic studies and experimental clinical studies further support the associations between ghrelin and addiction processes. Further studies should explore the mechanisms modulating the ability of appetite-regulatory peptides to reduce addiction, and the effects of combination therapies or different diets on substance use are warranted. In summary, these studies provide evidence that appetite-regulatory peptides modulate reward and addiction processes, and deserve to be investigated as potential treatment target for addiction.

Keywords: gut-brain axis, reward, dopamine, ghrelin, GLP-1, amylin, addiction, mental health


INTRODUCTION


Overview of Addiction

Addiction/dependence is often referred to as a chronic, relapsing brain disorder which, depending on the drug used, can be divided into alcohol use disorder (AUD) and substance use disorders (SUD; nicotine, amphetamine, cocaine, opioids). These different terms are used interchangeably throughout this overview. In general, addiction develops after the initial acute exposure to an addictive drug followed by more chronic use. It develops as a result of recurring cycles of binge/intoxication followed by withdrawal/negative affect followed by preoccupation/anticipation until the next drug intake session (Koob, 2014). The details of these three phases are described elsewhere (Koob, 2014), but in short, the binge/intoxication involve reward/reinforcement, the withdrawal/negative effects include abstinence symptoms specific to the drug used, and the preoccupation/anticipation is characterized by craving induced by the drug, a cue or stress. These repeated cycles, together with the fluctuating doses of the addictive drugs in the brain, lead to long-term neuroadaptations; where this final stage is referred to as addiction. These neuroadaptations, in turn, alter the individuals' behaviors, including motivation, emotion, and decision-making. Furthermore, they change the responses of the brain toward the drug being used in a multitude of ways.

A diagnosis of AUD/SUD includes behaviors like loss of control over intake, craving and impaired cognitive functioning, and impaired functions like negative social consequences, physical tolerance, and withdrawal symptoms (Jayaram-Lindström et al., 2016). The findings that individuals with heightened alcohol reward/stimulation at youth display a higher risk of an AUD diagnosis (King et al., 2021), further highlight the importance of evaluating the neurobiological alterations observed during the binge/intoxication phase. The biological processes and neurocircuits of importance for the acute and chronic effects of a drug may to some extent overlap but may also diverge. Therefore, it is important to separately study the effect of treatments during early drug experiences, which we will call here acute effects of substance use, versus the effects after a prolonged period of substance use, which we will call chronic effects (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic illustration of the different phases of the addiction cycle. Alcohol or drugs of abuse when consumed acutely can be modeled both in animals (preclinical) and humans (clinical models). Similarly, when exposed for longer periods of time other models can be applied. During withdrawal and relapse other behaviors are evident. Dopamine release in nucleus accumbens (DA), locomotor stimulation (LMA), reward of conditioned place preference (rCPP), memory of alcohol reward in the CPP test (mCPP), motivation (FR, and PR), Alcohol and drug intake (Intake), functional magnetic resonance (fMRI).


Although all these components of the addiction cycle are presented in this overview (Figure 1), due to design limitations, some of them are challenging to study in one model. Indeed, one animal model cannot study all these different stages and various different preclinical models reflecting different aspects exist, and these are summarized in Table 1. Moreover, clinical studies can also be used to model different aspects of the addiction cycle in humans (Table 1). When combined, these models can more accurately study the complex mechanisms important for the acute and chronic effects of a drug (for review Sanchis-Segura and Spanagel, 2006).


Table 1. Descriptions of the various models associated with the different phases of the addiction cycle.

[image: Table 1]

When it comes to the above-mentioned neuroadaptations, they include various brain regions and signaling systems of importance. Preclinical and clinical studies pinpoint the mesolimbic dopamine system as a central neurocircuitry for addiction processes (Figure 2). It consists of dopamine neurons of the ventral tegmental area (VTA) projecting to the nucleus accumbens (NAc) shell, amygdala, prefrontal cortex and hippocampus. Moreover, neuronal projections targeting the mesolimbic dopamine system modulate the activity thereof and may thus be important for addiction processes. This includes, but is not limited to, projections from the nucleus of the solitary tract (NTS) or cholinergic projection from the laterodorsal tegmental area (LDTg) onto the VTA. It is well established in both man and animals that alcohol and other additive drugs enhanced dopamine in NAc shell, associated with euphoria, and that addiction is associated with a reduced number of dopamine receptors in this area (Jayaram-Lindström et al., 2016). It should however be emphasized that other brain regions and neurotransmitters are also important for behaviors as complex as addiction.


[image: Figure 2]
FIGURE 2. Schematic illustrations of some selected brain regions central for addictions. Dopamine neurons of the ventral tegmental area (VTA) project (dark blue) to brain regions such as prefrontal cortex (PFC), nucleus accumbens (NAc) subdivisions core and shell, basolateral amygdala (BLA), lateral septum (LS) and hippocampus (HIP). Alcohol and other drugs of abuse dopamine release in such areas, which is associated with reward/stimulation/euphoria. Several of these areas are targeted by nucleus tractus solitarii (NTS) of the brain stem. Both the VTA and NAc shell are targeted by the projections from laterodorsal tegmental area (LDTg), which to some extent are cholinergic (dark gray). Another selected area of interest include paraventricular nucleus (PVN), arcuate nucleus (ARC) and lateral hypothalamus (LH) and interpeduncular nucleus (IPN).


In attempts to develop novel treatments of addiction, the mechanisms important for the addiction processes should be elucidated. Although complex, both preclinical and clinical studies suggest that appetite-regulatory peptides are essential, even if primarily modulatory; the focus of the present overview.



Overview of Appetite-Regulatory Peptides

Our appetite is modulated via various pathways, where satiety hormones like cholecystokinin, polypeptide YY, neuropeptide Y, melanin concentrated hormone, leptin, neuromedin U, galanin amylin and glucagon-like peptide-1 (GLP-1) and the orexigenic peptide ghrelin play dominant roles (Crooks et al., 2021). Although crucial for hedonic and homeostatic feeding, these appetite-regulatory peptides modulate other physiological properties, including addiction processes. We argue that GLP-1, amylin and ghrelin are of extra interest as pharmaceuticals of GLP-1/amylin are approved for obesity and/or diabetes and ghrelin is the predominant feeding-enhancing hormone. Therefore, the present overview describes if and how GLP-1, amylin or ghrelin modulate reward, reinforcement and addiction processes.

GLP-1 is a peptide produced from its precursor preproglucagon in both the gut and the NTS in the hindbrain, that slows down digestion, suppresses appetite and enhances glucose-stimulated insulin release. When it comes to feeding, GLP-1 reduces the homeostatic and hedonic aspects thereof. Gut-produced GLP-1 acts locally on vagal afferents that project to the brainstem, but it is also released into the pancreas and general circulation. Within the brain the primary production site is NTS, however some GLP-1 is also produced in the medullary reticular formation and the olfactory bulb (Merchenthaler et al., 1999). The NTS projects to many brain regions associated with reward, memory, emotion and motivation and the same brain regions also express GLP-1 receptors (GLP-1R) (Merchenthaler et al., 1999; Graham et al., 2020). In blood, GLP-1 is rapidly degraded by dipeptidyl peptidase 4 (DPP-4) and few if any of circulating GLP-1 enters the brain before degradation. To counteract this short duration of GLP-1, synthetic longer-acting agonists more resistant to DPP-4 degradation have been developed. Multiple GLP-1R agonists have been approved for treating type 2 diabetes (T2D) and/or obesity (see Kalra et al., 2021, for a recent review). The agonists most relevant for this overview are exendin-4 (Ex-4), liraglutide, dulaglutide, semaglutide. The former two are injected daily or twice daily, while the latter is injected weekly, with semaglutide being the first available oral formulation. Besides GLP-1R agonists, multiple inhibitors of DPP-4, such as sitagliptin and linagliptin, are used to treat T2D as they enhance the endogenous levels of GLP-1. In addition, not clinically approved but widely used in research is one antagonist; Exendin-9-39 (Ex-9).

The β-cells of the pancreas produce and secrete amylin following stimuli like nutrients or meal initiation (for review see Lutz and Meyer, 2015). Amylin is well-known for its ability to control glucose homeostasis, and one compound acting on the amylin pathway is the FDA approved pramlintide, which is used by patients with diabetes type I (for review see Lutz and Meyer, 2015). The additional physiological properties of amylin are vast and include a reduction in appetite, feeding and body weight (for review see Lutz and Meyer, 2015). The reduction in feeding is evident in fed or fasted animals, as well as in animal models of diabetes or obesity, and is probably associated with a reduced meal size (for review see Lutz and Meyer, 2015). Although it has a profound effect on the homeostatic aspects of feeding, the outcome on hedonic eating is more variable as amylin reduces the consumption of high-fat diet (Mietlicki-Baase et al., 2015) without altering the intake of peanut butter (Kalafateli et al., 2019b) or operant self-administration of a chocolate-flavored beverage (Kalafateli et al., 2019a). Throughout the body, amylin acts via its receptor, the amylin receptor (AMYR), which consists of one of two calcitonin receptors (CTRa and CTRb) and one of three receptor activity-modifying proteins (RAMP1-3). The CTRa shifts the selectivity of the AMYR toward amylin over calcitonin. The CTRa/RAMP1-3 protein complex is therefore thought to mediate the physiological properties of amylin. As amylin has a short half-life in blood, other amylinergic compounds are used in research. This includes salmon calcitonin (sCT), an agonist for both the AMYR and CTR (Christopoulos et al., 1999). However, its often referred to as an AMYR agonist as the ability of sCT to reduce feeding mimics that of amylin, and sCT exerts its anorexigenic properties via the AMYR (Lutz et al., 2000). To date, more selective AMYR agonists, including AM1213, and antagonists such as AC187, are available tools when investigating the interaction between amylinergic pathway and various behaviors.

Ghrelin is a 28-amino acid long peptide discovered to be the endogenous ligand to the growth hormone secretagogue receptor (GHSR-1A) (Kojima et al., 1999). Notably, GHSR-1A possesses a strong intrinsic activity and forms heterodimer complexes with other receptors in the brain (for review see Cornejo et al., 2021). Ghrelin is primarily produced in peripheral organs such as the stomach but may be locally produced in the brain (Lu et al., 2002; Cowley et al., 2003; Mondal et al., 2005). Ghrelin promotes food intake and weight gain and has historically been thought of as a hormone regulating hunger and various feeding-related behaviors, including the hedonic and homeostatic aspects (Tschop et al., 2000; Cornejo et al., 2021). A plausible relation between hunger, ghrelin and addiction was shown early as food restriction, known to enhance plasma ghrelin (Gualillo et al., 2002), enhances amphetamine and cocaine consumption in male rats (Carroll et al., 1979). Of further interest to addiction and reward, GHSR-1A can form complexes with dopamine receptors and modulate their activity in the mesocorticolimbic pathway and consequently regulate reward-related behaviors (Kern et al., 2012, 2015; Mustafa et al., 2021). Subsequently, mounting evidence during the past decade has shown that both ghrelin and the GHSR-1A play a substantial role in modulating addiction and addiction-related behaviors.




APPETITE-REGULATORY PEPTIDES IN SUBSTANCE USE DISORDER


GLP-1 in Addiction
 
Stage and Components of the Addiction Cycle and Sites of Action

In the non-addicted brain, the effect of modulating the GLP-1 system on alcohol-induced reward has been studied in rodent models of locomotor activation, conditioned place preference (CPP) and mesolimbic dopamine release (Figure 3), an interaction involving several reward-related areas of the brain (Figure 4). In male mice, the increase in locomotion following an injection of alcohol is decreased by systemic Ex-4 (Egecioglu et al., 2013c), as well as by Ex-4 injected specifically into NTS (Vallof et al., 2019b), LDTg, posterior VTA and NAc shell (Vallof et al., 2019a). Contrarily, injections of Ex-4 into anterior VTA does not affect alcohol-induced LMA (Vallof et al., 2019a). Of further interest are the findings that the systemically-mediated decrease of Ex4 is reversible by the antagonist Ex-9 into the NTS (Vallof et al., 2019b), suggesting that circulating GLP-1 exerts some if its effect on alcohol reward via NTS. A more direct way of measuring reward in rodents is the CPP test. Ex-4, GLP-1, and liraglutide injected systemically reverse the preference for the alcohol-conditioned chamber (Egecioglu et al., 2013c; Shirazi et al., 2013; Vallof et al., 2015). Finally, the neurochemical correlate of reward is also decreased by GLP-1R stimulation. Thus, Ex-4 and liraglutide both reverse the alcohol-induced increase in mesolimbic dopamine release in male mice (Egecioglu et al., 2013c; Vallof et al., 2015). Only one study has evaluated dopamine release following brain-region specific Ex-4 injections and found that indeed NTS-Ex-4 also reverses the ability of alcohol to increase accumbal dopamine (Vallof et al., 2019b).


[image: Figure 3]
FIGURE 3. Schematic illustration of the different phases of the addiction cycle which GLP-1 signaling influence. GLP-1 or GLP-1 receptor agonists influence behaviors of the addiction cycle, related to alcohol (Alc), nicotine (Nic), amphetamine (Amph), cocaine (Coc), morphine (Mor), remifentanil (Rem), Oxycodone (Oxy), heroin (Her). Positive association (+), negative association (–), increases/enhances (↑), decreases/attenuates (↓), conflicting evidence or no effect (Ø) on drug effect. Dopamine release in nucleus accumbens (DA), locomotor stimulation (LMA), reward of conditioned place preference (rCPP), memory of alcohol reward in the CPP test (mCPP), motivation (FR, and PR), Alcohol and drug intake (Intake), functional magnetic resonance (fMRI).



[image: Figure 4]
FIGURE 4. Schematic illustrations of brain regions important for the interaction between the GLP-1 pathway and addiction processes. GLP-1R agonists attenuate behaviors relating to reward and intake of alcohol (Alc), nicotine (Nic), cocaine (Coc) and oxycodone (Oxy). Nucleus tractus solitarii (NTS) of the brain stem, ventral tegmental area (VTA), nucleus accumbens (NAc) shell, laterodorsal tegmental area (LDTg), basolateral amygdala (BLA), lateral septum (LS) and hippocampus (HIP), paraventricular nucleus (PVN), arcuate nucleus (ARC) and lateral hypothalamus (LH) and interpeduncular nucleus (IPN). ↓ Shows an attenuation and Ø reflects no change. *Role shown indirectly.


Part of the process of transition from the acute non-addicted phase to chronic use is the consolidation of memories of reward gained from the drug that will drive behavior when opportunities for drug consumption arise in the future. In the memory CPP paradigm, systemic Ex-4 does decrease alcohol reward memory (Egecioglu et al., 2013c) however, liraglutide does not (Vallof et al., 2015). As seen above, the same studies found both to decrease reward when administered simultaneously with alcohol, suggesting that alcohol reward versus memory of alcohol reward is encoded by different brain regions, with different agonists targeting some and not others (Gabery et al., 2020; Salameh et al., 2020). A role for NTS (Vallof et al., 2019b) and NAc shell (Vallof et al., 2019a) in the dampening of reward conditioning memory by Ex-4 has been established, while posterior and anterior VTA, as well as LDTg, are not involved (Vallof et al., 2019a).

One human study includes data on the role of GLP-1 on motivation in non-dependent male and female drinkers. In this study, a polymorphism of the GLP-1R gene was associated with the rate of intravenous self-administration of alcohol and breath alcohol concentrations (Suchankova et al., 2015). In humans, some important features of addiction are an escalation of drug use, compulsive drug-taking, drug craving, inability to stop and frequent relapse after a period of abstaining. In rodent models, it is generally considered that an addiction phenotype, including neuroadaptations in the motivation, emotion and decision-making regions of the brain, occurs after multiple months of intermittent exposure, although some studies have also used shorter periods such as 4 weeks. GLP-1R agonists do decrease alcohol intake in models of chronic use. After a chronic (4-18 week) intermittent access two-bottle choice exposure rats treated with Ex-4, GLP-1, liraglutide, semaglutide acutely (Egecioglu et al., 2013c; Shirazi et al., 2013; Vallof et al., 2015; Marty et al., 2020) or with either liraglutide or dulaglutide repeatedly (Vallof et al., 2015, 2020) decrease alcohol intake and in some cases preference over water. Dulaglutide and liraglutide treatment continued to keep the alcohol intake at a level below controls even after discontinuation of treatment—for liraglutide, this lasted an additional two days (Vallof et al., 2015) while for dulaglutide it lasted for about 1 week (Vallof et al., 2020). The antagonist Ex-9 increased alcohol intake when injected peripherally after 4 weeks of intermittent exposure (Shirazi et al., 2013), whereas Ex-9 does not increase alcohol intake or reverse the alcohol intake decreased by liraglutide or semaglutide after 20-24 weeks of exposure (Marty et al., 2020). It is therefore plausible that endogenous GLP-1 controls alcohol intake in rodents exposed to alcohol for short but not long term. Besides single housed rats in the above studies, Ex-4 also decreases alcohol intake in chronically alcohol-exposed socially housed mice and vervet monkeys (Thomsen et al., 2017, 2019). In the case of vervet monkeys, the effect was replicated and even more pronounced with a liraglutide treatment (Thomsen et al., 2019).

Some anatomical specificity for the alcohol intake reduction following GLP-1R agonism has been elucidated. The importance of central GLP-1R has been shown using both a genetic model and pharmacologically. Ex-4 treatment reduces alcohol intake in control littermates, but not in mice with a neural GLP-1R knock-out (Sirohi et al., 2016). Three pharmacological approaches also converged on excluding a peripheral site of action: GPR119 agonists stimulate the production of GLP-1 in the gut, a DPP-4 inhibitor slows down its breakdown in the blood, and systemically injected Ex-9 primarily targets peripheral GLP-1R, neither of these manipulations affected alcohol intake in male rats (Marty et al., 2020). Within the brain, the region with the most solid data showing an effect of Ex-4 on alcohol intake is NAc shell—this has been shown by two studies in male (Vallof et al., 2019a; Colvin et al., 2020) and one study in female rats (Abtahi et al., 2018). NAc core was also shown to be involved in male rats (Colvin et al., 2020); however, in females, the same dose of Ex-4 failed to affect alcohol intake via NAc core (Abtahi et al., 2018). Furthermore, GLP-1R expression is higher in NAc shell in high-alcohol consuming than low alcohol-consuming rats (Vallof et al., 2019a). Although transgenic mice show that GLP-1R is predominantly expressed on neurons (Graham et al., 2020), fluorescently labeled Ex-4 has been shown to bind both neurons and astrocytes in the NAc shell, suggesting an intriguing glial-mediated mechanism of reward regulation. Evidence of a role of VTA in GLP-1 action on alcohol intake is more mixed. Despite using the same length of intermittent alcohol exposure and the same species, Colvin et al. (2020) reported VTA involvement in GLP-1 mediated alcohol intake decrease, while (Vallof et al., 2019a) found none. The latter study did, however, show the involvement of LDTg. In NTS, two doses of Ex-4 were tested, and the higher one did reduce alcohol intake in chronically alcohol-exposed rats (Vallof et al., 2019b). Additionally, Colvin and colleagues (Colvin et al., 2020) showed a role for dorsomedial hippocampus and lateral hypothalamus, but no involvement of basolateral amygdala, arcuate nucleus and paraventricular nucleus. Hippocampus also shows a trend for higher expression of the preproglucagon gene by high vs. low-alcohol consuming rats (Vallof et al., 2019a). In a human study, associations between polymorphisms in the GLP-1R gene was associated with AUD diagnosis (Suchankova et al., 2015). Animal models of self-administration generally reflect motivation for alcohol in the chronic use phase, as the animals need to be trained to self-administer alcohol for an extended period before their performance is stable enough to evaluate any pharmacological effects of GLP-1R agonists on this behavior.

Besides decreasing regular alcohol intake, GLP-1 modulates the motivation for alcohol as liraglutide decreases self-administration of alcohol in rats selectively bred to prefer alcohol (Vallof et al., 2015). To the best of our knowledge, only one recent publication defines a GLP-1R expressing brain area important for the motivation to consume alcohol. In this study, local infusion of Ex-4 into the habenula reduces the progressive ratio responding for alcohol in rats (Johnson et al., 2021).

When alcohol is no longer consumed for an extended period, humans as well rodents transition into a withdrawal state associated with specific abstinence symptoms. During withdrawal, rats show an elevated level of anxiety, which can be measured using the elevated plus maze paradigm. While acutely alcohol decreases anxiety measured by this test, chronic use followed by forced abstinence produces an increase in anxiety. Treatment with liraglutide (Sharma et al., 2014b) or a DPP-4 inhibitor, sitagliptin (Sharma et al., 2014a) both decreases the alcohol withdrawal-induced increase in anxiety. Another withdrawal-induced phenomenon that can be modeled in rodents is the post-abstinence escalation in drinking, also called relapse drinking. Ex-4 treatment in socially housed mice (Thomsen et al., 2017) and liraglutide treatment in rats (Vallof et al., 2015) are able to partially curb relapse drinking. On the other hand, using an oral self-administration paradigm, Dixon and colleagues (Dixon et al., 2020) showed no effect of Ex-4 on relapse alcohol self-administration after approximately five sessions of extinction, while Ex-4 did decrease baseline alcohol self-administration before extinction. Finally, repeated cycles of alcohol exposure followed by deprivation cause an even bigger increase in consumption during periods of availability. Using this paradigm, treatment with a GLP-1R agonist AC3174 was introduced during alcohol availability periods following five, six, and seven cycles of exposure-deprivation, showing a significant decrease during the 2nd week of treatment (Suchankova et al., 2015). The decrease persisted after the termination of GLP-1R agonist treatment.

Besides alcohol, GLP-1 signaling modulates the acute or chronic effects of various addictive drugs (Figure 3). In the acute period of pre-addiction, Ex-4 decreases locomotor activation induced by nicotine, amphetamine, cocaine but not morphine (Erreger et al., 2012; Egecioglu et al., 2013a,b; Sorensen et al., 2015; Bornebusch et al., 2019). Ex-4 additionally decreases nicotine-induced locomotor sensitization (Egecioglu et al., 2013a). Amphetamine-evoked hyperlocomotion has also been decreased by inhibiting DPP-4 (Lautar et al., 2005). Conversely, GLP-1R knockout mice show an enhanced locomotor stimulation by cocaine (Harasta et al., 2015) and this exaggerated response can be decreased back to wild-type levels by virally-mediated re-expression of GLP-1R in the lateral septum (LS) (Harasta et al., 2015). The LS contribution is somewhat specific to drug-induced hyperlocomotion; anxiety is increased by the full-body knockout but not rescued by LS overexpression (Harasta et al., 2015).

VTA is a region where fluoro-Ex4 binds to both neurons and astrocytes, and indeed GLP-1R agonists decrease the increased dopamine release from VTA to NAc induced by nicotine, amphetamine, or cocaine (Egecioglu et al., 2013a,b; Sorensen et al., 2015). Within the NAc, cocaine acts both on the core and shell subregions. The cocaine-induced increase in early immediate gene expression in NAc shell and striatum is decreased by Ex-4 (Sorensen et al., 2015), while in NAc core, Ex-4 suppressed the cocaine-induced phasic release of dopamine (Fortin and Roitman, 2017). Dopamine release induced by cocaine is also suppressed by Ex-4 in the lateral septum, and this effect is mediated by a decrease in dopamine transporter, which in turn is reduced via a mechanism involving 2-arachidonoylglycerol and arachidonic acid (Reddy et al., 2016). In the lateral septum, GLP-1R is expressed primarily by GABAergic neurons, and in GLP-1R KO mice, these particular neurons show reduced excitability (Harasta et al., 2015).

Importantly, increasing GLP-1R activation also reduces the reward of cocaine and morphine (Graham et al., 2013; Lupina et al., 2020) using DPP-4 inhibition and the memory of reward conditioned by nicotine, amphetamine, cocaine and morphine (Egecioglu et al., 2013a,b) both with Ex-4, (Lupina et al., 2020) with DPP-4 inhibition. In the case of cocaine, a neuroinflammatory mechanism has been shown to underlie the Ex-4 mediated reduction (Zhu et al., 2021). DPP-4 inhibition also decreases the reinstatement of conditioning following 5 sessions of morphine-free extinction. On the other hand, another study shows no effect of Ex-4 in reward conditioning by morphine in either wildtype or neuronal-specific GLP-1R knockout mice (Bornebusch et al., 2019). Transgenic models have confirmed these reward-reducing results of GLP-1 and narrowed down the effect to neuronal GLP-1R for amphetamine (Sirohi et al., 2016), lateral septum GLP-1R for cocaine (Harasta et al., 2015) and interpeduncular nucleus GLP-1R for nicotine (Tuesta et al., 2017).

As mentioned previously, studies of motivation for drugs in rodent models are usually performed in animals chronically exposed to the drug, since they have to be trained before they will reliably work for the drug. However, one study has performed a self-administration experiment in drug-naïve mice and found that Ex-4 decreases lever pressing for cocaine (Sorensen et al., 2015). Results from humans in a chronic use stage however show no decrease in the number of cocaine infusions self-administered or level of cocaine wanting following Ex-4 (Angarita et al., 2021). On the other hand, another study with cocaine-experienced human subjects found a positive correlation between GLP-1 levels in the blood and subjective high from cocaine, enhanced respiratory rate and elevated heart rate (Bouhlal et al., 2017). The same study found an overall decrease in GLP-1 after cocaine consumption (Bouhlal et al., 2017), a finding confirmed in the other cocaine human study (Angarita et al., 2021). However, in rats' GLP-1 increases after cocaine (You et al., 2019). Results from a different rodent model of drugs, specifically hallucinogenic drugs, show that the mescaline-induced scratching is reduced following a DPP-4 inhibitor (Lautar et al., 2005).

Just as in non-addicted brains, in chronic use rodent models, GLP-1R stimulation decreases responses to drugs. Self-administration models were used to show that Ex-4 or DPP-4 inhibition decreases responding for nicotine, while GLP-1R knockout increases it (Tuesta et al., 2017). Furthermore, nicotine increases the activation of GLP-1 producing neurons in NTS, and chemogenetic activation of this population decreases the response for nicotine (Tuesta et al., 2017). A neural circuit has been identified mediating this effect. Optogenetic stimulation of GLP-1 producing neurons in NTS stimulates interpeduncular nucleus (IPN) neurons while Ex-4 in IPN increases activity in cholinergic inputs from the medial habenula. Knocking down GLP-1R in the neural terminals from the medial habenula that terminate in IPN (which in turn receives GLP-1 from NTS) increases nicotine self-administration. Supportively, Ex-4 in IPN decreases nicotine responses while Ex-9 into this area increases them. One important downstream mechanism for this effect is cAMP, co-administering a non-active cAMP blocks the effect of Ex-4, while a non-active cGMP does not alter the Ex-4 evoked response (Tuesta et al., 2017). The effects of GLP-1 in modulating motivation for cocaine has been associated with VTA as Ex-4 infused into this brain region decreases motivation as measured by progressive ratio responding for cocaine but not sucrose, while knockdown of GLP-1R in VTA increases motivation for cocaine (Schmidt et al., 2016). In cocaine-experienced rats, Ex-4 enhanced intrinsic but not synaptic activity on medial spiny neurons in the NAc (Hernandez et al., 2019). The stress axis has been implied in this effect since cocaine increases the corticosterone levels, which in turn increased activation of GLP-1 producing neurons in NTS. Injecting corticosterone into the fourth ventricle, located close to NTS, decreases cocaine-motivated responding, while Ex-4 into VTA blocks this effect, suggesting that cocaine use activates NTS GLP-1-producing neurons projecting to the VTA through a corticosterone-mediated mechanism (Schmidt et al., 2016). A decrease in motivation for opioids has also been attributed to GLP-1. Oxycodone-experienced rats injected systemically with Ex-4 decrease their self-administration and progressive ratio responding for oxycodone, an effect that can be mimicked by Ex-4 injections specifically into NAc shell (Zhang et al., 2020). While this study used acute injections of Ex-4 in drug-experienced animals, another opioid study instead injected Ex-4 daily starting with drug-naïve mice and throughout the period of learning to self-administer remifentanil. In this context, Ex-4 had no effect on any parameters of responding for remifentanil in either wildtype or neural-knockout of GLP-1R mice (Bornebusch et al., 2019).

For the withdrawal stage of addiction, the effect of GLP-1 has been evaluated for cocaine, heroin and oxycodone. Extinction following cocaine self-administration was associated with decreased precursor preproglucagon mRNA expression in the NTS (Hernandez et al., 2018). In addition, injections of Ex-4 into VTA decreases cocaine-seeking that follows from extinction followed by a single priming dose of cocaine (Hernandez et al., 2018), while Ex-9 reverses this decrease to baseline levels. A similar effect was shown when relapse was triggered with drug-associated cues rather than a priming dose. Other studies report that the equivalent effect can be evoked with Ex-4 injected into NAc core or shell (Hernandez et al., 2019) or LDTg (Hernandez et al., 2020). The effect via LDTg has been identified as mediated via GABAergic neurons projecting to the VTA, as knocking down the GLP-1R in these neurons decreases the ability of Ex-4 to decrease cocaine-seeking after extinction followed by a priming dose of cocaine (Hernandez et al., 2020). Repeated daily Ex-4 injections during extinction in addition to Ex-4 on the day of reinstatement, decreased cue (lights above the levers), and heroin priming dose-induced heroin seeking after 16 days forced abstinence (Douton et al., 2021). After extinction from oxycodone and then drug-priming, reinstatement of the high level of responding for oxycodone seen in control animals is decreased by Ex-4 systemically or into NAc shell (Zhang et al., 2020).



Individual Differences

As we live in the era of personalized medicine, it has become important to understand whether particular characteristics of different individuals can predict how they will respond to treatments. This will allow to develop a better patient stratification strategy and tailor the treatment regimens accordingly. Unfortunately, there is so far limited literature on how sex/gender, age, genetic background, ancestral groups, medical co-morbidities or other factors influence the ability of GLP-1R agonists to aid individuals with alcohol or substance use disorder to reduce their drug intake and curb their addiction.

The majority of rodent studies have been performed on male subjects only, and most human studies do not analyze the results for men and women separately. The effect of dulaglutide on reducing alcohol intake shows that both sexes are responsive, although males show a stronger decrease and continue to decline their intake after treatment termination, which the females do not (Vallof et al., 2020). The effect of Ex-4 injected in NAc on decreasing alcohol intake has been shown in males by two studies (Vallof et al., 2019a; Colvin et al., 2020) and in females by one study (Abtahi et al., 2018). Overall, both sexes show alcohol intake decreases following Ex-4 injections in NAc shell, however only in males when Ex-4 is injected in NAc core instead (Colvin et al., 2020), although this discrepancy could also be explained by minor methodological differences between the two studies. Suchankova and colleagues (Suchankova et al., 2015) reported that certain GLP1R gene polymorphisms were associated with AUD, but only in men. The same study also reveals that individuals with specific GLP1R gene polymorphisms are more likely to suffer from AUD and show higher levels of intravenous alcohol self-administration. Although this study did report the age of participants, no interactions were reported between age and other factors in determining the effect of GLP-1R polymorphisms on alcohol-related outcomes. The relationships between GLP-1 and alcohol were also found to not differ by ancestral group, with both Caucasian and African-American individuals showing the same pattern (Suchankova et al., 2015). In a small pilot study, T2D patients treated with liraglutide decreased alcohol intake (Kalra, 2011); however, we do not know if this constitutes a different mechanism according to co-morbidity or illustrates a general pattern for humans in general, as there is no other published study showing the effect of a GLP-1R agonist on alcohol intake. Although the polymorphisms study, the wealth of data in rodents, one study in non-human primates and the ongoing clinical studies evaluating GLP-1R agonists on AUD are all indicative that GLP-1R agonists indeed would reduce alcohol intake in a majority of humans regardless of T2D status. An interesting study in rats that had undergone Roux-en-Y gastric bypass (RYGB) or sham surgery shows that Ex-4 decreases alcohol intake in sham but not RYGB rats (Davis et al., 2012). The latter had strongly increased their circulating levels of GLP-1 and had also decreased their alcohol intake compared to sham controls, as well as their own pre-surgery baselines. CPP for the alcohol-paired chamber was also decreased by RYGB surgery, indirectly suggesting that the increased GLP-1 action in these rats might be responsible for the decreased alcohol reward (Davis et al., 2012).



Future Perspectives

As mentioned, multiple GLP-1R agonists are used in the clinic, and many of them have also been used in the above research on addiction. Comparing how different or similar they act on various phases and components of addiction is helpful not only to understand their clinical usefulness and limitations, but also to give us clues to the mechanism of GLP-1 action on addiction processes. Since the agonists have differential rates of blood brain barrier penetration and thus different distribution of effects in the brain, we can combine this knowledge with what we know about brain-region specific effects to understand better the neural circuits and mechanisms underlying the effect. Downstream targets of GLP-1R involved in drug addiction reduction could be investigated as candidates for future treatments, possibly more specific to the treatment of a particular addiction. Additionally, two recent developments that could present interesting avenues for research in addiction are the new modality positive allosteric modulators of GLP-1R and co-agonists of GLP-1 and glucose-dependent insulinotropic polypeptide.

Possible limitations to using GLP-1R agonists for treating SUD are nausea, taste aversion and excessive body weight loss. On the other hand, in addition to the brain effects described above, GLP-1R agonists could also act on intestinal hyperpermeability and gut microbiota diversity, probably in a way that protects against the harmful effects of chronic drug use. Dulaglutide might thus be of extra interest as a clinical study with dulaglutide reporting a low number of aversive effects (Winzeler et al., 2021). Finally, GLP-1 also increases anti-inflammatory cytokines, providing another beneficial effect relevant for certain types of addictions.

GLP-1 signaling is implicated in many socio-cognitive-emotional behaviors, and it is important to consider how this regulation will interact with the ability of GLP-1R agonists to treat addiction. GLP-1R activation acts on the stress axis acutely by increasing physiological stress and anxiety-related behavior in rodents. On the other hand, chronic treatments with GLP-1R agonists or genetic knockdown studies tend to show an decrease in the same stress-related parameters, although results from human studies are not as clear (reviewed by Guerrero-Hreins et al., 2021). As we have seen, corticosterone increases activation of GLP-1 producing neurons (Schmidt et al., 2016) but acute stress also decreases preproglucagon gene expression in NTS and GLP-1 availability in the paraventricular nucleus (Zhang et al., 2009). NTS GLP-1 neurons are activated in response to a large unexpected meal but not by ad libitum homeostatic feeding—this evidence has been used to propose that NTS GLP-1 neurons are primarily responsive to stress. Since NTS GLP-1 neurons also express high levels of GLP-1R and, furthermore, are probably accessible to compounds that do not pass the blood brain barrier, treating AUD/SUD patients with GLP-1R agonists will probably also affect their NTS activation. Therefore, it could be relevant to consider the interaction of stress, including chronic intermittent stress and chronic substance use, in terms of activation of NTS GLP-1 neurons. Stress is a well-known factor that predisposes to the development of addiction; therefore, it is important to test the effects of GLP-1R agonists on rodent models of addiction under conditions of chronic stress.

Acutely GLP-1R agonists have no effect on depression-like behavior, but chronically, GLP-1R agonists decrease depression-like behavior (reviewed by Guerrero-Hreins et al., 2021). One study found that GLP-1 increased depressive-like behavior; however, the subjects were diabetic and in a fasting state, suggesting that the anti-depressive effect of GLP-1 could be dependent on metabolic status (Palleria et al., 2017). Overall, the promising anti-depressive effects of GLP-1 could partially explain the positive results seen in treating addiction-like behavior too, and future studies should investigate how much the anti-depressive effect contributes to decreasing substance use in rodent models as well as humans.

Increasing evidence is pointing toward an effect of GLP-1 on improving memory and cognition, and GLP-1R agonists are being investigated for the treatment of neurodegenerative disorders. Some of the neuroprotective effects are mediated by increasing neurogenesis and synaptic plasticity (reviewed by Kim et al., 2020). This opens an intriguing possibility that one beneficial effect that GLP-1R agonists could play in treating addiction is to open new windows of learning through neuroplasticity. An important component of addiction is habit formation. Thus, giving the brain a chance to form new different connections during periods of abstinence could aid in breaking down the learned associations between external and internal cues and substance use.




Amylin in Addiction
 
Stage and Components of the Addiction Cycle and Sites of Action

Although less studied than GLP-1, activation of the amylinergic pathway regulates both the acute and chronic phases of alcohol-related behaviors in the addiction cycle (Figure 5). Initial studies of male mice show that a systemic administration of sCT regulates the acute intoxication phase, which is associated with alcohol's rewarding properties. Specifically, sCT prevents the ability of alcohol to cause a hypermotion, dopamine release in NAc shell and alcohol reward in the CPP test (Kalafateli et al., 2019b). Similarly, repeated sCT pre-treatment attenuates the locomotor stimulation associated with alcohol even when sCT is no longer in the body (Kalafateli et al., 2020). For this interaction, central mechanisms have been implied as immunohistological studies show that systemic administration of sCT penetrates the brain and binds to areas important for reward processing, such as the LDTg, VTA or NAc shell (Zakariassen et al., 2020; Kalafateli et al., 2021b). Supportively, sCT infused locally into the aforementioned areas attenuates the accumbal dopamine enhancement and locomotor stimulation associated with alcohol areas (Kalafateli et al., 2021b) (Figure 6). In chronic models of alcohol use disorder in male rats, a reduced alcohol intake is observed following systemic administration of sCT, either given acutely (Kalafateli et al., 2019b) or repeatedly (Kalafateli et al., 2019a). These initial studies cannot selectively dissociate the importance of AMYR compared to CTR as sCT activates both receptors. However, the findings that an acute systemic administration of the AMYR antagonist (AC187) increases the alcohol intake in male rats (Kalafateli et al., 2019a) and as selective AMYR agonist (AM1213) reduces alcohol drinking in male and female rats (Kalafateli et al., 2021c), supports the higher importance of AMYR than CTR for alcohol consummatory behaviors. In this alcohol drinking model in male rats, local infusion of sCT into the LDTg, VTA, or NAc shell reduces alcohol drinking (Kalafateli et al., 2021b) (Figure 6). On that note, rats consuming high amounts of alcohol display lower expression of the RAMP1 gene in the NAc shell (Kalafateli et al., 2019a) compared to rats consuming low amounts of alcohol. As the chronic phase of AUD involves relapse drinking, the findings that sCT prevents the escalated alcohol intake following abstinence in male rats (Kalafateli et al., 2019a) are of interest. Besides, in male alcohol-preferring rats who self-administer alcohol in the operant model, sCT reduces the motivation to consume alcohol (Kalafateli et al., 2019a). Together these findings display that the amylinergic pathway modulates both the acute intoxicating and the chronic phase of the AUD cycle, whereas studies on the withdrawal phase are missing. The findings that sCT, when infused systemically (Kalafateli et al., 2019b) but not into reward-related areas (Kalafateli et al., 2021b), blocks the memory of alcohol reward in the CPP test, indicating that the amylinergic pathway might prevent AUD processes both through reducing the euphoric properties of alcohol and by reducing the memory thereof.
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FIGURE 5. Schematic illustration of the different phases of the addiction cycle which amylin signaling influence. Amylin or amylin receptor agonists influence behaviors of the addiction cycle, related to alcohol (Alc), nicotine (Nic), Amphetamine (Amph) or cocaine (Coc). Positive association (+), decreases/attenuates (↓), conflicting evidence or no effect (Ø) on drug effect. Dopamine release in nucleus accumbens (DA), locomotor stimulation (LMA), reward of conditioned place preference (rCPP), memory of alcohol reward in the CPP test (mCPP), motivation (FR, and PR), Alcohol and drug intake (Intake), functional magnetic resonance (fMRI).
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FIGURE 6. Schematic illustrations of brain regions important for the interaction between the amylin pathway and addiction processes. Salmon calcitonin (sCT) attenuates behaviors of alcohol (Alc) and cocaine (Coc) like locomotor stimulation (LMA), conditioned place preference (CPP), dopamine release in NAc shell (DA), and alcohol intake (INT) via areas above. Ventral tegmental area (VTA), nucleus accumbens (NAc) shell, laterodorsal tegmental area (LDTg). ↓ Shows an attenuation and Ø reflects no change.


Besides alcohol, there is evidence implying that amylin signaling modulates the behavioral responses to other addictive drugs (Figure 5). Thus, the ability of amphetamine (Twery et al., 1986; Clementi et al., 1996), cocaine (Kalafateli et al., 2021a) or nicotine (Aranas et al., 2021) to cause a hypermotion in male rodents is reduced by systemic administration of either amylin or sCT. The locomotor stimulatory properties of cocaine involve activation of the amylinergic pathway in the LDTg, VTA or NAc shell (Kalafateli et al., 2021a) (Figure 6). Similarly, systemic administration of sCT declines the enhanced dopamine levels in NAc shell induced by cocaine (Kalafateli et al., 2021a) or by nicotine (Aranas et al., 2021). Whereas systemic administration of sCT prevents the memory of nicotine reward (Aranas et al., 2021) in the CPP test, it does not influence this behavior induced by cocaine (Kalafateli et al., 2021a). Although human association studies between drugs of abuse and amylin are limited, one study revealed that the serum concentrations of amylin are associated with the subjective responses (e.g., anxiousness and increased heart rate) following an intravenous infusion of cocaine (Bouhlal et al., 2017).



Individual Differences

While these preclinical studies predominantly are conducted in male rodents, only one study revealed that a selective AMYR agonist reduces alcohol intake in male and female rats (Kalafateli et al., 2021c). It should however be noted that there are some differences in response between genders, as the initial reduction in alcohol drinking returns to baseline consumption in females, whereas the alcohol intake during the later session is elevated in males (Kalafateli et al., 2021c).



Future Perspectives

For the future, both additional preclinical and clinical studies are needed. As there only is one study on female rats, additional studies including both genders are necessary as possible gender similarities and differences must be identified. So far, only one study has used a more selective AMYR agonist; therefore, additional studies separating the role of AMYR versus CTR are important. Furthermore, the plausible role of endogenous amylin for addictive behaviors should be evaluated in experiments using an AMYR antagonist. The exact mechanisms, including the neurocircuits, brain regions and second messenger systems, mediating the interaction between AMYR and addictive drugs remains to be determined in detail. To date, only a few studies have addressed this, and as summarized in Figure 6, the acute and chronic phases of alcohol- (Kalafateli et al., 2021b) or cocaine- (Kalafateli et al., 2021a) related behaviors are mediated via AMYR within the LDTg, VTA and NAc shell, and possibly involving dopamine and serotonin signaling within the VTA (Kalafateli et al., 2020) and other reward-related areas (Kalafateli et al., 2021c). Whereas central mechanisms have been suggested, stress responses and altered metabolism of alcohol have been excluded (Kalafateli et al., 2019b). As the mechanisms modulating this interaction most likely are complex, future molecular and neurochemical studies should address this knowledge gap. Other appetite-regulatory peptides like GLP-1 attenuate the abstinence phase of alcohol; such studies are warranted for amylin.

Besides these additional preclinical studies, human studies are needed as only one plasma-association study reveal some interaction between circulating amylin and cocaine experience (Bouhlal et al., 2017). First, a plausible association between the plasma levels of amylin and the different phases of the addiction cycle, like intoxication, craving, abstinence, and relapse, should be explored, as they have been done for ghrelin. Register studies could tentatively explore the alcohol/drug use in diabetic patients treated with the AMYR agonist, pramlintide, compared to those with other medications. In the long run, the possibility that pramlintide or other more selective AMYR agonists, which currently are being investigated for the treatment of obesity, should be explored as possible anti-AUD cessations. Such studies could be either conducted as an RCT or as human laboratory studies. It should also be considered that AMYR activation might enhance the cognitive deficits observed in some AUD patients, as activation of this pathway increases cognition and memory function (Grizzanti et al., 2018). Another subtype of patients who might benefit from treatment with these amylin compounds is AUD patients with obesity as these compounds also decrease weight (for review see Lutz and Meyer, 2015). Worth mentioning, activation of AMYR increases the latency and decreases the frequency of ejaculation of male rats in a sexual interaction paradigm (Clementi et al., 1999), indicating that AMYR might modulate behavioral addictions. Future studies exploring this possibility should be conducted.




Ghrelin in Addiction
 
Stages and Components of the Addiction Cycle and Sites of Action

Ghrelin substantially modulates the acute rewarding effects associated with drugs of abuse (Figure 7), and GHSR-1A is expressed in key regions of reward circuitry in both rodents (Guan et al., 1997; Zigman et al., 2006; Landgren et al., 2011) and humans (Deschaine et al., 2021). Thus, direct application of ghrelin increases the activity of VTA dopamine cells in both rat and mouse brain slices, an effect mediated by the GHSR-1A (Abizaid et al., 2006). Additionally, ghrelin promotes dopamine release in NAc (Jerlhag et al., 2006), as well as enhances dopamine release caused by nicotine when applied to striatal rat brain slices (Palotai et al., 2013). This effect could be reversed by applying the GHSR-1A antagonist GHRP-6. These results are complemented by an abundance of in vivo studies showing that ghrelin administered either peripherally or centrally, into the intracerebroventricular space (i.c.v.), induces the dopaminergic reward pathway and dopamine release in NAc in rodents (Abizaid et al., 2006; Jerlhag, 2008; Quarta et al., 2009; Jerlhag et al., 2011a; Edvardsson et al., 2021). Furthermore, ghrelin appears to act on several levels of this pathway, as local injections in the VTA or LDTg independently stimulates dopamine release in NAc (Jerlhag et al., 2007). The biochemical and electrophysiological observations that ghrelin stimulates the mesolimbic dopamine pathway is supported by substantial behavioral data. Thus, acute systemic or central administration of ghrelin has been shown to increase locomotor activity (Jerlhag et al., 2006, 2011a; Jensen et al., 2016; Suchankova et al., 2016a; Cornejo et al., 2018) and to induce reward in the CPP test (Jerlhag, 2008).
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FIGURE 7. Schematic illustration of the different phases of the addiction cycle which ghrelin and GHSR-1A influence. Ghrelin (black symbols) and GHSR-1A receptor antagonists or reverse agonists (gray symbols) influence behaviors of the addiction cycle, related to alcohol (Alc), nicotine (Nic), amphetamine (Amph), cocaine (Coc), methamphetamine (Meth), morphine (Mor), fentanyl (Fent), heroin (Her) and Cannabinoids (Can). Dopamine release in nucleus accumbens (DA), locomotor stimulation (LMA), reward of conditioned place preference (rCPP), memory of reward in the CPP test (mCPP), motivation in fixed ratio (FR) or progressive ratio (PR) protocols, alcohol or drug intake (Intake), functional magnetic resonance (fMRI). Positive association (+), increases/enhances (↑), decreases/attenuates (↓), conflicting evidence or no effect (Ø) on drug effect.


Due to its effects on the reward circuitry, ghrelin and the GHSR-1A appear to play essential parts in the rewarding effects of alcohol and drugs of abuse. As such, peripheral treatment of JMV2959, i.c.v. administration of the GHSR-1A antagonist BIM28163, or genetic suppression utilizing GHSR-1A knockout mice, attenuates the acute phase of alcohol as measured by locomotor stimulation, the reward of alcohol in the CPP test and dopamine overflow in NAc (Jerlhag et al., 2009; Suchankova et al., 2016a; Edvardsson et al., 2021). Interestingly, in GHSR knockout mice, alcohol appears to be unable to induce the above-mentioned behaviors (Jerlhag et al., 2011b; Bahi et al., 2013), suggesting that the GHSR-1A might not only play a key role but may even be required for alcohol to elicit its rewarding properties. This is supported by human studies as higher plasma ghrelin levels have been associated with a more subjective intensity and longer response to alcohol in social drinkers (Ralevski et al., 2017).

As antagonists, such as JMV2959 or BIM28163, attenuate these acute alcohol effects, the GHSR-1A emerges as an attractive drug candidate for AUD treatment. However, it is important to distinguish between acute rewarding effects and the long-term effects of alcohol, i.e., addiction and the development thereof. It is therefore of interest that the effect of ghrelin on alcohol consumption is evident even after long periods of consumption (Figure 7). For instance, ghrelin administered i.c.v., or bilaterally into VTA or LDTg enhances alcohol consumption in mice that previously consumed alcohol for 9 weeks (Jerlhag et al., 2009) (Figure 8). In the same study, peripheral administration of JMV2959 reduces alcohol consumption; a finding replicated in a similar study using high-consuming male rats, showing that JMV2959 reduces both alcohol consumption and preference to alcohol (Landgren et al., 2012). Accordingly, systemic administration of the GHSR-1A antagonists JMV2959 or [DLys3]-GHRP-6 decreases alcohol intake in male mice (Bahi et al., 2013; Gomez et al., 2015), male rats (Kaur and Ryabinin, 2010; Gomez and Ryabinin, 2014; Gomez et al., 2015) and male prairie voles (Stevenson et al., 2015), which consumed alcohol for shorter periods of time prior to testing. Additionally, both acute and repeated treatment with JMV2959 reduces voluntary alcohol intake in rats consuming alcohol for two, five and eight months (Suchankova et al., 2013b). Intriguingly, in this study, the treatment effect appeared to have a more marked effect in rats consuming for more extended periods of time, and there did not appear to occur any tolerance for the treatment or rebound increase in alcohol intake following discontinuation. Moreover, expression of GHSR in the VTA was negatively correlated with alcohol consumption with no effect in other brain areas. However, alcohol's effect on the expression of GHSR in the VTA has been subject to debate as a similar study found that GHSR expression was elevated in several other reward areas (Landgren et al., 2011), while a recent post-mortem study showed that central expression of ghrelin-related genes showed no difference between controls and AUD patients (Deschaine et al., 2021). In humans, polymorphisms in the gene encoding for GHSR have been associated with high alcohol intake in a Spanish cohort (Landgren et al., 2008), higher AUD identity score in a Finnish cohort (Suchankova et al., 2016b), and AUD type 2 (i.e., early-onset and heritability onset) in a Swedish female cohort (Landgren et al., 2010).
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FIGURE 8. Schematic illustrations of brain regions important for the interaction between the ghrelin pathway and addiction processes. Ghrelin enhances (black arrows) whereas GHSR-1A antagonists (gray arrows) attenuates behaviors of alcohol (Alc), nicotine (Nic), cocaine (Coc) and heroin (Her) like locomotor stimulation (LMA), reward of conditioned place preference (rCPP), dopamine release in NAc shell (DA), alcohol or drug intake (INT) and seeking behaviors (SB) via areas above. Ventral tegmental area (VTA), nucleus accumbens (NAc), striatum (ST), laterodorsal tegmental area (LDTg). Increases/Enhances (↑), decreases/attenuates (↓), conflicting evidence or no effect (∅) on drug effect.


On a related note, it has been observed that chronic alcohol exposure reduces the levels of circulating ghrelin (Szulc et al., 2013; Yoshimoto et al., 2017) in rodents, whereas another study could not replicate this finding (Landgren et al., 2012). Either way, the relevance of circulating ghrelin in AUD is controversial, as the passage of circulating ghrelin to the brain in general might be limited (Grouselle et al., 2008; Sakata et al., 2009; Furness et al., 2011; Pirnik et al., 2011; Schaeffer et al., 2013). Thus, one study found that systemic administration of ghrelin increases alcohol intake in rats (Cepko et al., 2014). Contrarily, another study found no effect of peripheral ghrelin on alcohol intake (Lyons et al., 2008) and neutralizing circulating ghrelin using the oligonucleotide NOX-B11-2 does not appear to alter alcohol intake or alcohol reward in rodents (Jerlhag et al., 2013). Therefore, no major conclusions should be drawn from these data, and future studies will have to determine the effect circulating ghrelin levels and expression of alcohol-related behaviors.

An important part of chronic alcohol or drug use is the motivation to consume, which can be studied using an operant self-administration procedure. Acute systemic administration of a GHSR-1A antagonist (JMV2959 or [DLys3]-GHRP-6) reduces the operant self-administration of alcohol in male rats (Landgren et al., 2012; Gomez et al., 2015). A finding also obtained after central infusion of JMV2959 in NAc female rats (Abtahi et al., 2018). Accordingly, GHSR knockout rats self-administer less alcohol than wild-type (Zallar et al., 2019). These findings appear to translate into humans as an inverse GHSR-1A agonist, PF-5190457, decreases self-reported cue-elicited craving in AUD patients in a small clinical study (Lee et al., 2020b). Moreover, JMV2959 prevents the memory of alcohol reward in the CPP test (Jerlhag et al., 2009). Arguably, the most critical state of AUD and SUD treatment is during withdrawal, where relapse into alcohol drinking or drug use is a common phenomenon. An important factor for relapse is craving for alcohol or drugs, particularly cue-elicited cravings, which might be a formidable challenge even after long periods of being sober. The mesolimbic dopamine reward circuit has been implicated not only for alcohol reward in general, but specifically for alcohol craving and relapse vulnerability (Heinz et al., 2009; Koopmann et al., 2019). Interestingly, relapsing rats in this model show increased dopamine content in NAc and medial prefrontal cortex (Hadar et al., 2017), further strengthening the role of the dopamine reward circuit during relapse. Since ghrelin has been shown to affect this system substantially, GHSR-1A appears as an appealing target for treating craving and relapse drinking in AUD. Indeed, JMV2959 decreases relapse drinking in alcohol deprived rats (Suchankova et al., 2013b). In fact, alcohol intake was in this study reduced to the same level as the baseline, i.e., before they were re-introduced to alcohol. In humans, an abundance of studies has shown an association between craving and plasma ghrelin. However, such plasma-association studies should be considered carefully, as the role of circulating ghrelin in AUD is unclear. Nevertheless, plasma ghrelin has been positively associated with higher alcohol craving in abstaining AUD patients (Addolorato et al., 2006; Wurst et al., 2007; Leggio et al., 2012). Taking into account that ghrelin can be in both acylated, traditionally called the active, and des-acylated forms, more recent studies have shown that acylated, rather than total, plasma ghrelin was associated with alcohol craving (Koopmann et al., 2012, 2019; Sha et al., 2021). Furthermore, functional magnetic resonance imaging studies have demonstrated a positive correlation between active plasma ghrelin and neuronal alcohol-cue reactivity (Bach et al., 2019; Koopmann et al., 2019). Strikingly, the GHSR-1A inverse agonist, PF-5190457, declines self-reported alcohol cue-elicited craving in a bar-like environment in AUD patients in early withdrawal (Lee et al., 2020b).

In comparison to alcohol, the association between the use of other addictive substances and ghrelin is less explored. Nevertheless, ghrelin and GHSR are key components in the rewarding effects of other addictive drugs (Figure 7). For example, ghrelin enhances dopamine release in NAc caused by nicotine (Palotai et al., 2013). In contrast, the antagonist JMV2959 attenuates nicotine-induced dopamine release in NAc, locomotor sensitization and stimulation as well as attenuates reward in the CPP test in rodents (Jerlhag and Engel, 2011; Wellman et al., 2011, 2013; Palotai et al., 2013). Similarly, systemic or central administration of ghrelin potentiates the effects of central stimulants (e.g., amphetamine and cocaine) on locomotor stimulation and CPP (Wellman et al., 2005; Davis et al., 2007; Jang et al., 2013; Schuette et al., 2013; Dunn et al., 2019), whereas GHSR-1A antagonists attenuate these behavioral responses in rodents (Jerlhag et al., 2010; Abizaid et al., 2011; Clifford et al., 2012; Suchankova et al., 2016a; Havlickova et al., 2018; Wenthur et al., 2019; Edvardsson et al., 2021). Further, the acute rewarding effect of opiates and its relationship with the GHSR-1A is evident as JMV2959 inhibits the dopaminergic release in NAc and CPP caused by morphine or fentanyl (Engel et al., 2015; Sustkova-Fiserova et al., 2016, 2020; Jerabek et al., 2017). Besides, JMV2959 reduces morphine-induced locomotor stimulation and stereotypic behavior in male rodents (Sustkova-Fiserova et al., 2014). Additionally, JMV2959 have been shown to inhibit elevated accumbal dopamine levels and CPP caused by cannabinoids in male rats (Charalambous et al., 2020, 2021). Regarding chronic use and SUD, plasma ghrelin has been associated with cocaine-seeking and expectancy (Tessari et al., 2007; You et al., 2019), whereas systemic administration of JMV2959 reduces self-administration of methamphetamine in rats (Havlickova et al., 2018). Accordingly, JMV2959 reduces intake of fentanyl and fentanyl-seeking behavior in the operant self-administration model in male rats (Sustkova-Fiserova et al., 2020). Furthermore, human genetic studies have determined an association between genetic variation within the GHSR-1A gene and smoking (Landgren et al., 2010; Suchankova et al., 2016b), as well as amphetamine dependence (Suchankova et al., 2013a).

During withdrawal, higher plasma ghrelin appears to increase the risk of relapse during smoking caseation in humans (Al'absi et al., 2014). On the other hand, JMV2959 prevents drug-seeking and relapse behavior to methamphetamine in rats (Havlickova et al., 2018). Similarly, JMV2959 administered peripherally or centrally into the VTA reduces drug-seeking and relapse behavior for opiates in rodents (D'cunha et al., 2020; Sustkova-Fiserova et al., 2020). Further, ghrelin increases the self-administration and seeking behavior for cannabinoids, whereas JMV2959 decreases these behaviors (Charalambous et al., 2021).



Individual Differences

One of the most obvious but relatively unaddressed issues is that of sex differences. For instance, phase 1a/b clinical trials of the inverse GHSR-1A agonist PF-5190457 have recently been reported (Denney et al., 2017; Lee et al., 2020a,b). Although the drug appears promising, only one woman was included in these trials, albeit only a small study population was included in these reports. The male bias is also evident in preclinical research, which may become a translational problem in the future. As reviewed elsewhere (see Becker et al., 2017), sex differences have been established on several components of the addiction cycle and have also been observed for ghrelin in AUD patients (Wurst et al., 2007). Thus, preclinical and clinical research of the ghrelin system and its contribution to addiction disorders must account for possible sex differences.

Another interesting phenomenon is that gastric bypass surgery increases the risk of developing AUD (King et al., 2017). This effect has been partially attributed to changes in gut hormones, including ghrelin, following gastric surgery (for review see Blackburn et al., 2017; Orellana et al., 2019). Thus, obese rats that have undergone a vertical sleeve gastrectomy or RYGB show an increased alcohol intake, an effect reversed by the GHSR-1A antagonists JMV2959 or [DLys3]-GHRP-6 (Hajnal et al., 2012; Orellana et al., 2018, 2021). However, the extent to which gastric surgery affect plasma ghrelin levels is uncertain as current literature reports inconsistent results (Chambers et al., 2013; Orellana et al., 2019). Another hypothesis is that chronically reduced levels circulating of ghrelin caused by obesity (Tschop et al., 2001) lead to increased sensitivity of GHSR-1A, and consequently, D2-receptors (Dunn et al., 2012). This is supported by experimental observations that vertical sleeve gastrectomy or RYGB rats are more sensitive to the reduction of alcohol intake by GHSR-1A antagonists. However, it is important to consider that many of the patients undergoing gastric bypass surgeries display other risk factors for developing AUD or SUD. For instance, binge- and over-consumption behaviors as well as psychiatric comorbidities such as depression (Legenbauer et al., 2009).



Future Perspectives

The above-mentioned data provide strong evidence for ghrelin systems association to addiction, and in particular to AUD. Although the evidence for other addictive substances is not as extensively explored, further studies are warranted to fully establish the relationship between the ghrelin system and SUD.

It appears evident that ghrelin and GHSR-1A are deeply integrated into the mesolimbic dopaminergic reward pathway. GHSR-1A is expressed in several reward-related brain areas, including VTA and LDTg (Guan et al., 1997; Zigman et al., 2006; Landgren et al., 2011; Deschaine et al., 2021), where they, directly and indirectly, regulate VTA dopamine activity and dopamine release [for review, see (Cornejo et al., 2021)]. Furthermore, GHSR-1A can form heterodimer receptor complexes with dopamine receptors and thus directly enhance the effect of dopamine receptors (Kern et al., 2012, 2015; Mustafa et al., 2021). Therefore, up-coming studies should explore the interaction between addiction, reward areas and heterodimerization of GHSR-1A and other receptors.

The GHSR-1A stands out as an attractive target for novel treatments for AUD and SUD. Due to GHSR-1As strong intrinsic activity, inverse agonists may have superior efficacy compared to conventional antagonists and has been proposed as the most attractive approach to treating AUD and SUD (Leggio, 2010). PF-5190457 is the first orally bioavailable GHSR-1A inverse agonist to proceed into clinical development (Bhattacharya et al., 2014). In the initial phase 1a/b trial, it appeared well-tolerated in both healthy individuals and AUD patients (Denney et al., 2017; Lee et al., 2020a,b) and reduced self-reported alcohol cue-elicited craving in a bar-like environment (Lee et al., 2020b). However promising, the small study population should be noted, as well as the fact that only one female was included. Nevertheless, current treatment options for AUD and SUD are few and often ineffective, and extensive clinical studies of GHSR-1A inverse agonist in addiction are warranted.

As such, data presented in this overview provide strong evidence for the GHSR-1A as a novel target for treatment. However promising, it is important to consider possible adverse effects of treatment that aims to inhibit GHSR-1A. With the key role ghrelin has with regards to homeostatic feeding and glucose metabolism (Tschop et al., 2000; Gray et al., 2019), metabolic changes and weight less is to be expected from such a treatment. Beyond ghrelin's traditional role, a recent study showed that the intrinsic activity of GHSR-1A is important for AMPA receptor trafficking and memory formation (Ribeiro et al., 2021). Consequently, an inverse agonist of GHSR-1A, such as PF-5190457, may cause cognitive deficits associated with learning. Furthermore, ghrelin and GHSR-1A have been proposed to have a significant role in the regulation of stress, as well as in anxiety and depression (for review, see Fritz et al., 2020), although much is left to be unraveled in this regard. Thus, possible adverse effects of manipulating GHSR-1A signaling must be carefully explored and considered in order to provide a safe treatment for AUD and SUD.

Nevertheless, the future possibilities and implications for ghrelin in addiction may go beyond that of treatment and could help find biomarkers for AUD and SUD. Naturally, drug exposure and taking are key for addiction development. Although this is a complex interaction of social, environmental, and neurobiological mechanisms, ghrelin's effect should not be disregarded. Interestingly, ghrelin appears to substantially increase novelty-seeking in both rats and humans, which may cause certain individuals to be more prone to drug-taking (Hansson et al., 2012). This fact, together with the association of plasma levels of ghrelin and genetic variations in genes related to ghrelin to AUD and SUD, raises a possibility for identifying high-risk individuals using components of the ghrelin system as possible biomarkers. Additionally, it has been shown that greater alcohol reward may predict the development of AUD in the future (King et al., 2014). This fact further strengthens the possibility for the ghrelin system to act as a predictive biomarker since the effect of ghrelin and GHSR on reward, in particular to alcohol, have been repeatedly demonstrated.

Furthermore, ghrelin may also be used as a way of monitoring AUD progress, withdrawal, relapse risk and treatment response. In fact, plasma ghrelin was recently proposed as a way of monitoring treatment response in AUD patients receiving baclofen (Geisel et al., 2019). Although the observations in plasma-association studies have thus far been unclear, and the role of circulating ghrelin in AUD and SUD is yet to be fully unraveled, there are a few points that need to be considered. Firstly, some, mainly earlier, plasma-association studies measured only total ghrelin and did not consider active acylated ghrelin. As previously mentioned, studies have shown associations between AUD and acylated, rather than total ghrelin (Koopmann et al., 2012, 2019; Sha et al., 2021). Secondly, the so-called inactive form of ghrelin, des-acyl-ghrelin, may have other functions than just being inactive and thus have its own implications for addiction (Delhanty et al., 2014; Ardeshiripur et al., 2018). Lastly, the relatively recent findings show that LEAP2 also acts on the GHSR as an inverse agonist and appears to attenuate the effects of ghrelin and impair dopaminergic signaling (Ge et al., 2018; M'kadmi et al., 2019; Islam et al., 2020; Mustafa et al., 2021). Although the role of DAG and LEAP2 for addiction is yet to be explored, it increases the depth of the ghrelin system and offers the possibility of exciting novel interactions between these three hormones and the reward system. Thus, future plasma-association studies should consider not only ghrelin but DAG and LEAP2 as well and are warranted to determine the relationship between the ghrelin system and addiction. Excitingly, these tools may in the future make it possible to identify high-risk individuals, to aid in the assessment of patients and to monitor and guide treatment for addiction disorders.

In conclusion, understanding the relationship between the ghrelin system and the development and maintenance of addiction is essential and must be further explored as it holds tremendous potential.





LIMITATIONS WITH THE PRESENT OVERVIEW

Although the present overview summarizes the influence of GLP-1, amylin and ghrelin in addiction processes, it should be mentioned that other appetite-regulatory peptides have similar properties and may be promising targets for treatments of addictions as well (for review see Engel and Jerlhag, 2014). In brief, either activation of the leptin pathway or inhibition of orexin signaling reduces the motivation to consume alcohol and the intake thereof as well as stimulatory behaviors associated with other addictive drugs. Besides, suppression of neuropeptide Y2 receptors or cholecystokinin pathway reduces alcohol-related behaviors. Another appetite-regulatory peptide mediating alcohol intake is galanin. The lack of more detailed information on these in the present overview should be considered as a limitation.

This overview includes the most central information for each of the three peptides on behaviors of alcohol and drugs of abuse, without a detailed description of the methods, design, results or limitations for each article. This was done in an attempt not to overwhelm the reader with too much information. Therefore, to gain more detailed insight into this, the reader is guided to the original article. Moreover, the present overview summarizes the most relevant studies on GLP-1, amylin and ghrelin in addiction processes. Although the articles presented herein were not selected using PICOS, PRISM, Cochrane or JBI as they are for a systemic review, they were selected by means of keywords and free text words, as well as by multiple databases. In addition, a brief quality check of the design/results of selected articles was conducted. As a systematic review provides the highest levels of evidence and reliability, the lack of such review design of the present overview should be considered as a limitation.



GENERAL CONCLUSION

As summarized above, upcoming studies should better define the neurocircuits and possible sex differences for each of the appetite-regulatory peptides as well as their modulation of addiction. These preclinical studies further reveal that GHSR-1A antagonists, GLP-R agonists or AMYR agonists individually prevent the acute rewarding properties of alcohol and other drugs. Besides, in chronic alcohol/drug models, they each reduce alcohol/drug intake, relapse and the motivation to consume alcohol and other drugs. However, it is unknown which of these appetite-regulatory peptides has the most profound effect on such behaviors or is associated with the least adverse effects. This is an intriguing question for additional studies doing systematical comparisons.

Social support networks are enormously beneficial for successful treatment of all addictive disorders. Recently, a protective social effect against addiction-like behavior was shown in rodent models (reviewed in Venniro et al., 2020) similarly to what is seen in humans. Experiments that evaluate drug intake in the context of choice between multiple rewards are more closely aligned with the reality of the human trajectory from recreational use to chronic drug use. In fact, in rodent models, the greater proportion of subjects tends to prefer non-drug rewards such as social or palatable food rewards, mimicking the prevalence of AUD/SUD in society. To be successful in treating human AUD/SUD, a treatment needs to target the population of individuals that continue to prefer drug reward over non-drug reward, especially when the drug reward is additionally associated with adverse events, such as pairing the drug reward with foot shocks or contaminating with bitter-tasting quinine. Additional studies should explore the effect of each individual system on choice when exposed to multiple rewards such as drugs, palatable food and social reward. In fact, for GLP-1 there are studies showing that Ex-4 skews the preference for certain types of food when multiple options are presented (Lopez-Ferreras et al., 2018), but alcohol and other drugs options have not been compared to non-drug options until now. This would provide additional information on subtypes of patients with addiction who might benefit from such treatments.

Another interesting perspective would be to evaluate the effect of a combination treatment of appetite-regulatory peptides on alcohol-mediated behaviors. This possible synergistic effect, associated with fewer side effects and tolerance development, would be beneficial in a clinical situation as the combination of sCT and liraglutide, for example, causes a sustained and additive weight loss in obese rats (Liberini et al., 2019). In AUD patients, the combination of pharmacological treatment and social adjustments has beneficial effects on sustained abstinence. Thus, the possibility that intervention with an appetite-regulatory peptide together with an enhanced social environment causes an advantageous reduction in alcohol intake in rodents should be explored.

To date more knowledge on the effect of different diets on the circulating levels of appetite-regulatory peptides are available. The findings that binge intake of high-fat diet alters the intake of palatable foods and blunts the response of appetite-regulatory peptides on hedonic feeding (Arcego et al., 2020), provides further evidence that appetite-regulatory peptides influence reward. Supportively, ketogenic diet decreases alcohol withdrawal symptoms in humans and reduces alcohol intake in rodents (Wiers et al., 2021). Therefore, upcoming studies should evaluate the effects of different diets and intake patterns (such as binge) on behaviors induced by alcohol or addictive drugs.
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Rationale: Stress plays a dual role in substance use disorders as a precursor to drug intake and a relapse precipitant. With heroin use at epidemic proportions in the United States, understanding interactions between stress disorders and opioid use disorder is vital and will aid in treatment of these frequently comorbid conditions.

Objectives: Here, we combine assays of stress and contingent heroin self-administration (SA) to study behavioral adaptations in response to stress and heroin associated cues in male and female rats.

Methods: Rats underwent acute restraint stress paired with an odor stimulus and heroin SA for subsequent analysis of stress and heroin cue reactivity. Lofexidine was administered during heroin SA and reinstatement testing to evaluate its therapeutic potential. Rats also underwent tests on the elevated plus maze, locomotor activity in a novel environment, and object recognition memory following stress and/or heroin.

Results: A history of stress and heroin resulted in disrupted behavior on multiple levels. Stress rats avoided the stress conditioned stimulus and reinstated heroin seeking in response to it, with males reinstating to a greater extent than females. Lofexidine decreased heroin intake, reinstatement, and motor activity. Previous heroin exposure increased time spent in the closed arms of an elevated plus maze, activity in a round novel field, and resulted in object recognition memory deficits.

Discussion: These studies report that a history of stress and heroin results in maladaptive coping strategies and suggests a need for future studies seeking to understand circuits recruited in this pathology and eventually help develop therapeutic approaches.

Keywords: addiction, substance use disorders, comorbidity, stress-related disorders, sex differences, heroin, PTSD, lofexidine sex and stress interactions on heroin seeking


INTRODUCTION

Opioid use is at epidemic proportions in the United States (CDC/NCHS, 2019). Studies of opioids have identified numerous sex differences, with females having a higher risk for prescription opioid misuse, increased susceptibility to addictive properties of opioids, and more severe withdrawal syndromes (Bonar et al., 2020; Dunn et al., 2020; Knouse and Briand, 2021). As prescription opioids have become more tightly regulated, individuals have switched to heroin, a cheaper non-prescription alternative (Compton et al., 2016). Individuals with stress or anxiety disorders are particularly vulnerable to drug abuse, especially opioids (Conway et al., 2006). One such example is post-traumatic stress disorder (PTSD), a disorder caused by exposure to a traumatic event followed by an inability to extinguish the traumatic memory (McCauley et al., 2012). Various circumstances, such as experiencing or witnessing a frightful, shocking, or dangerous event, can precipitate PTSD development (APA, 2013). PTSD is characterized by intense psychological distress and physiological reactivity when exposed to internal or external cues that symbolize or resemble an aspect of the traumatic event (APA, 2013). These “triggers” include sights, sounds, or smells that induce physical sensations or memories of the trauma (Friedman et al., 2011). Sex differences have also been described in PTSD, as females have an elevated risk for PTSD (Kessler et al., 1995; Kilpatrick et al., 2013) and, despite lower rates of substance use disorder (SUD, “addiction”) overall, are more likely to have a comorbid SUD, especially involving opioids (Meier et al., 2014; Smith et al., 2016).

As with PTSD, an integral component of SUD pathophysiology is a heightened reactivity to conditioned cues. These drug-related cues can potently elicit relapse behaviors, making drug abstinence difficult (Gisquet-Verrier and Le Dorze, 2019). Abstinence is also marked by aversive withdrawal symptoms, due to a physiologic imbalance after removal of the drug (Srivastava et al., 2020). For opioids, the withdrawal syndrome is characterized by a wide variety of symptoms, including depressed mood and increased anxiety. Females are especially sensitive to this withdrawal-induced stress (Kohtz and Aston-Jones, 2017; Vazquez et al., 2020). One contributing mechanism to this withdrawal syndrome is enhanced noradrenergic neurotransmission. Opioids bind the μ opioid receptor on noradrenergic neurons, inhibiting norepinephrine release at downstream targets; but, once the opioid is removed, these neurons become hyperactive (Srivastava et al., 2020). The locus coeruleus and smaller accessory nuclei in the brainstem supply norepinephrine to numerous brain regions involved in both SUD and PTSD, including the frontal cortex, hippocampus, central nucleus of the amygdala, ventral tegmental area, and nucleus accumbens (Weinshenker and Schroeder, 2007). Traditional approaches to relieving these symptoms and assisting with long-term maintenance of abstinence have targeted opioid receptors themselves. In 2018, the first non-opioid treatment for opioid withdrawal syndrome, lofexidine, was approved by the FDA. Lofexidine is an α2-adrenergic receptor agonist, which binds these presynaptic autoreceptors, thereby inhibiting norepinephrine release and normalizing noradrenergic transmission disrupted by opioid abstinence (Gowing et al., 2016). Noradrenergic hyperactivity is also a cardinal feature of PTSD, suggesting that lofexidine could have clinical utility as a treatment for both disorders (Rasmusson and Pineles, 2018), but no published studies have investigated lofexidine’s impact on comorbid SUD and PTSD (Gowing et al., 2016). Prior work has demonstrated that lofexidine attenuates acute stress-induced reinstatement for cocaine and cocaine + heroin, but not drug-cue induced reinstatement (Erb et al., 2000; Highfield et al., 2001). Clinical studies have found that lofexidine + naltrexone increased abstinence and diminished both stress and drug-cue induced opioid craving (Sinha et al., 2007; Hermes et al., 2019). Here, we predict that lofexidine will prevent stress cue and heroin cue reinstatement.

Previously, we paired a novel odor with the acute restraint stress experience [resulting in a stress conditioned stimulus, (CS)], then used this CS to activate stress associated memories in rats following heroin self-administration (SA; Carter et al., 2020). Presentation of the stress CS was sufficient to induce heroin-seeking in drug-treated rats. We have also shown that presentation of the stress CS dysregulates coping strategies in a defensive burying task (Carter et al., 2020; Garcia-Keller et al., 2021) increases corticosterone, and potentiates maladaptive plasticity in the nucleus accumbens core (Garcia-Keller et al., 2021). Importantly, these responses did not involve exposure to the primary stressor, but to a CS or “trigger” associated with the original stressor. Here, we extend this work to include heroin seeking in the presence of a stress CS relative to a novel stimulus (NS), determine the viability of lofexidine as a treatment for stress related heroin seeking across the addiction cycle, and determine if a history of stress and/or heroin exposure impacts anxiety and cognitive function.



MATERIALS AND METHODS


Subjects

A total of 64 male and 64 female, age matched, Sprague-Dawley rats (Envigo, Indianapolis, IN, United States) were used in these experiments. Details are provided in Supplementary Material.



Restraint Stress and Scent Exposure

Rats from each sex were randomly assigned into two different groups: sham or stress. Rats underwent a single restraint stress episode or were sham treated. Details are provided in Supplementary Material and previously published methods (Carter et al., 2020; Garcia-Keller et al., 2021). A schematic representation of the stress protocol is in Figure 1A.
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FIGURE 1. Experiment 1: sex and stress impacts reinstated heroin seeking in response to a stress conditioned stimulus and a novel stimulus. (A) Visual depiction of sham/stress groups and their relationship with the odor stimuli. (B) Experiment 1 timeline. (C) Heroin intake adjusted for body weight (mg/kg) over 12 self-administration sessions. (D) Total heroin intake (mg/kg) over all 12 days. Stress females took more heroin than sham females, stress males, and sham males. (E) Active lever responding during stress Cue reinstatement tests. Males responded more than females over the test sessions. All rats increased responding to the stress CS and NS relative to extinction and discriminated between the CS and the NS. (F) Active lever presses during stress Cue + heroin cue test. All rats reinstated responding to the CS and NS. Data are represented as group means ± SEM with individual values. * indicates significant difference from stress females, p < 0.05. # indicates significant difference from CS detected by a main effect of test, p < 0.05. + indicates significant difference from extinction detected by a main effect of test, p < 0.05. @ indicates main effect of sex, p < 0.05.




Surgery, and Heroin/Saline Self-Administration

Catheter implantation surgery and SA procedures are provided in Supplementary Material and follow previously published methods (Carter et al., 2020).



Abstinence, Extinction, and Reinstatement Testing

Following SA, rats underwent drug abstinence with or without extinction. The specific procedure for each experiment is described numerically below. In general, abstinence was a 2-week period, during which they were weighed and handled daily but were not placed back into the SA context. Contrastingly, extinction sessions were 3 h daily for a minimum of 8 days, where responses on both the active and inactive receivers were recorded, but no stimulus or drug were presented. Extinction criterion was less than 25 active responses for the final 2 days of extinction, consecutively. After meeting extinction criterion, rats then underwent reinstatement tests, specific to each experiment (described below).


Experiment 1: Reinstated Heroin Seeking in Response to a Stress Conditioned Stimulus and Novel Stimulus

Rats went through stress or sham conditioning, surgery, heroin or saline SA, abstinence, and extinction [see Figure 1B (heroin) or Supplementary Figure 2A (saline) for timelines]. During abstinence, rats underwent the behavioral tests described in Experiment 4. All tests were within-subjects, counterbalanced with a minimum of 2 days of extinction between each test. During 2-h reinstatement testing, an odor dish placed within the SA apparatus containing the odor initially present during the restraint period (CS) or a novel odor (NS). Presses on both levers were recorded, but no stimulus or drug was given. Next, subjects underwent cue test sessions with the CS or NS, where a response on the active lever resulted in the presentation of the light + tone stimulus previously paired with heroin/saline infusion, however, no infusion was delivered.



Experiment 2: Behavioral Patterns in Response to a Stress Conditioned Stimulus During Reinstatement Testing

Male and female rats went through stress conditioning, surgery, heroin SA, and extinction (see Figure 2A for odor associations during stress protocols, Figure 2B for a timeline, and Figure 2C for a schematic of the operant chamber with camera). Reinstatement tests occurred as described in Experiment 1, except that the time was reduced to a 15 min session. This reduction was to observe the initial response to the CS and to limit extinction of the stress CS with multiple exposures. In addition to nose poke responding, we conducted an analysis of exploration within the task, including time spent near the heroin associated nose poke and scent dish, as well as motor activity and immobility during the session.
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FIGURE 2. Experiment 2: behavioral patterns in response to a stress conditioned stimulus during reinstatement testing. (A) Visual depiction of stress group and their relationship with the odor stimuli. (B) Experiment 2 timeline. (C) Visual depiction of operant self-administration chamber. (D) Heroin intake (mg/kg) over 15 self-administration sessions. Intake increased over the sessions, and females had greater intake than males. (E) Total heroin intake over 15 sessions; females took more heroin than males. (F) Active nose pokes during 15 min stress CS reinstatement tests. Both males and females increased active nose pokes in response to the stress CS. (G) %Time in scent zone during stress CS reinstatement tests. Rats spent less time in the scent zone when the stress CS was present. (H) %Time in active zone during stress CS reinstatement tests. Rats spent more time in this zone when the stress CS was present relative to the NS. (I) Heat-map of %time spent in the four different zones during stress CS tests. Time in zone interacted with the stimulus (CS or NS) and sex. Cell data is the group mean for comparison purposes (J) Active nose pokes during 15 min stress CS + heroin cue reinstatement tests. During stress CS + heroin cue test, rats elevated active nose pokes in response to the CS and NS relative to extinction. (K) %Time in scent zone during stress CS + heroin cue reinstatement tests. Rats spent less time in the scent zone when the stress CS was present. (L) %Time in active zone during stress CS + heroin cue reinstatement tests. There was no difference in time spent in the active zone between CS and NS. (M) Heat-maps of %time spent in the four different zones during stress CS + heroin cue tests. All groups spent more time in the active zone relative to the inactive nose poke, stress CS, and other. Cell data is the group mean for comparison purposes. Data are represented as group means ± SEM with individual values. * indicates significant difference from CS, p < 0.05. + indicates significant difference from extinction, p < 0.05. # indicates significant sex difference, p < 0.05. @ indicates significant difference from all other zones, p < 0.05.




Experiment 3: Effects of Lofexidine on Heroin Taking, Seeking, and Motor Activity

Male and female stress and sham rats went through stress conditioning, surgery, heroin SA, extinction, and reinstatement (see Figure 3A for timeline). Rats received lofexidine during heroin SA. The 4 doses were administered in a counterbalanced order [vehicle (veh), 100, 150, 200 μg/kg, ip] 1 h before chamber placement during maintenance of heroin taking on an FR5. Between tests, rats had 1 day of heroin SA. After completion of these tests, rats went through extinction and reinstatement testing. All tests were within-subjects, counterbalanced with a minimum of 2 days on extinction between each test. Lofexidine (100 or 200 μg/kg) or veh was administered prior to a 15 min test session with the stress CS present. Nose pokes in both receivers were recorded, but no stimulus or drug were given. Next, subjects underwent a 15 min heroin cue test session with veh or lofexidine (no stress CS present).
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FIGURE 3. Experiment 3: effects of lofexidine on heroin taking, seeking, and motor activity. (A) Experiment 3 timeline. (B) Heroin intake (mg/kg) over 15 self-administration sessions. Intake increased over sessions and females had higher intake than males. (C) Total heroin intake (mg/kg) over 15 sessions. Both sham and stress females had higher total intake than sham and stress males. (D) Active nose pokes during heroin self-administration with vehicle or varying doses of lofexidine (100, 150, 200 μg/kg). All doses of lofexidine decreased active nose pokes relative to vehicle regardless of sex or stress, so data were collapsed (see Figure 3E). (E) Lofexidine decreased active nose pokes regardless of dose. Active nose pokes (F) and motor activity (G) during 15 min stress CS reinstatement tests with vehicle or lofexidine. Lofexidine decreased active nose pokes relative to vehicle in sham. Lofexidine also decreased locomotor activity regardless of stress group or sex. Active nose pokes (H) and motor activity (I) during 15 min heroin cue reinstatement tests. Active nose poke responding resulted in an interaction between stress, sex, and lofexidine treatment. Lofexidine decreased active nose pokes in both sham and stress males and sham females. Lofexidine decreased locomotor activity regardless of stress or sex. Data are represented as group means ± SEM with individual values. @ indicates significant sex difference, p < 0.05. # indicates significant difference between stress and sham males, p < 0.05. * indicates significant difference from vehicle, p < 0.05.




Experiment 4: Behavioral Testing

Rats underwent assessments of locomotor activity (day 6), object recognition memory (days 7–9), and elevated plus maze (EPM) (day 10) during abstinence from heroin/saline. The complete methods are provided in Supplementary Material.




Data Analysis

Analysis of variance (ANOVA) were used to analyze the SA, extinction, and reinstatement data, activity during the sessions as well as elevated plus, activity, and object recognition data. The between subjects’ independent variables in all analyses were sex (male/female), stress condition (sham/stress), and drug (saline/heroin). Lever presses or active nose pokes were the primary dependent measures during heroin maintenance, extinction, and reinstatement. Drug intake in mg/kg was another dependent variable during heroin maintenance. Responding during reinstatement tests were analyzed with a 2 × 2 × 3 mixed variable ANOVA with sex and stress condition (sham/stress) and as the between subject variables and test (ext/CS/NS) as the within subject variable. Heroin intake data on lofexidine was analyzed with 2 × 2 × 4 mixed variable ANOVA with sex and stress as between subject’s variables and lofexidine dose as within subject’s variable. Lofexidine reinstatement data and motor activity were 2 × 2 × 2 mixed variable ANOVAs with sex and stress as between subjects and test session as within. Extinction values are the means of the last 2 days of extinction responding. A planned comparison was conducted between vehicle and lofexidine tests for sham male rats because this group was the only group included in prior lofexidine research on stress reinstatement (see section “Discussion”). We had the a priori hypothesis that lofexidine would decrease responding in this group. EPM, open field activity, and object recognition memory were all analyzed with 2 × 2 × 2 between subjects’ ANOVAs with sex, stress, and drug group as the variables. Holm-Sidak’s post hocs were used unless stated otherwise. Assumptions for ANOVA, statistical analyses, and graphs were completed with GraphPad Prism 9 software. The results narrative primarily details significant effects, but the complete F statements for all ANOVAs are supplied in Supplementary Table 1. The significance level was α ≤ 0.05 unless otherwise noted.




RESULTS


Experiment 1: Sex and Stress Impacts Reinstated Heroin Seeking in Response to a Stress Conditioned Stimulus and a Novel Stimulus

The goal of the first experiment was to determine if rats would reinstate heroin seeking to a conditioned stress odor (triggering a stress memory) and/or a novel odor.


Heroin Self-Administration

Rats self-administered heroin (40 μg/infusion) or saline over 12 days. There were no group differences or interactions between sex, stress group, or day in Active (Supplementary Figure 1A) or Inactive (Supplementary Figure 1B) lever responding. However, heroin intake (mg/kg) resulted in a sex × stress interaction {Figure 1C, [F(1,36) = 4.32, p = 0.045]}. Follow up comparisons (Figure 1D) show that the Female/Stress group differed from Female/Sham (Holm-Sidak’s, p = 0.029), Male/Stress (Holm-Sidak’s, p = 0.009), and Male/Sham (Holm-Sidak’s, p = 0.004). Saline data is represented in Supplementary Figure 2.



Extinction and Stress Reinstatement Tests

Active lever responding decreased for all groups over the 8 extinction days (Supplementary Figure 1C). Females responded more on the active lever than males on the first day [day × sex interaction, F(7,308) = 3.37, p < 0.0018]. Inactive lever responding also decreased across days (Supplementary Figure 1D) with males responding more than females [sex main effect, F(1,44) = 11.87, p < 0.0013]. The stress group also interacted with day [F(7,308) = 69.72, p < 0.0001], but there were no significant comparisons. On the stress CS reinstatement tests (Figure 1E), males responded more than females [sex main effect, F(1,43) = 20.42, p < 0.0001] over the test sessions [test main effect, F(2,84) = 14.25, p < 0.0001]. Post hoc comparisons on the marginal mean show significant differences between Ext vs. CS (p < 0.0001), Ext vs. the NS (p < 0.026), and CS vs. NS (p < 0.006). There were no significant interactions. All rats reinstated when the stress CS and heroin cue were combined (Figure 1F). In summary, we found females with a history of stress exposure take more heroin than males. Presentation of the stress CS following heroin SA and extinction can discriminately motivate heroin seeking in both males and females. When heroin cues are combined with the stress CS and NS, all groups reinstate equally to the drug cues.




Experiment 2: Behavioral Patterns in Response to a Stress Conditioned Stimulus During Reinstatement Testing

We have previously shown that stress rats adopt an avoidant coping strategy in the presence of stress cues (Carter et al., 2020; Garcia-Keller et al., 2021). The goal of this experiment was to determine patterns of compartment placement, activity, and immobility in response to the stress CS or an NS during reinstatement testing.


Heroin Self-Administration and Extinction

Rats self-administered heroin over 15 days. There were no group differences between sex, but animals increased active nose pokes in response to the change in FR value (Supplementary Figure 3A). There were no sex differences or changes in inactive responding (Supplementary Figure 3B). However, heroin intake (mg/kg) also increased over days {Figure 2D, [F(14,182) = 7.55, p < 0.0001]} with greater intake in female rats {Figures 2D,E, [F(1,13) = 56.85, p = 0.0001]}. During extinction, active nose pokes decreased for male and female rats over the 10 extinction days (Supplementary Figure 3C). Females responded more on the active receiver than males on the first day (Supplementary Figure 3C). Inactive responding also decreased across days (Supplementary Figure 3D).



Behavioral Repertoire During Stress Conditioned Stimulus and Stress Conditioned Stimulus + Heroin Cue Reinstatement

Male and female rats both increased active nose pokes in response to the stress CS {Figure 2F, [test main effect, F(2,26) = 5.21, p = 0.013; Holm-Sidak’s p = 0.016, Ext vs. CS]} during a 15 min reinstatement test. Interestingly, rats spent less time in the chamber zone housing the stress CS relative to the stress NS {Figure 2G, [stimulus main effect, F(1,13) = 40.99, p < 0.0001]} and more time by the active nose poke during the stress CS session {Figure 2H [stimulus main effect, F(1,13) = 2.83, p < 0.004]}. A complete analysis of activity during the session shows that time spent in each zone (active nose poke, inactive nose poke, stress CS, and other) revealed that time in zone interacts with the stimulus (CS or NS) [zone × stimulus interaction, F(1,26) = 6.17, p < 0.0008] and sex [sex × stimulus interaction, F(3,78) = 4.72, p < 0.004]. Heat maps depict these interactions, representing the mean time spent in each compartment (Figure 2I). Post hoc tests are listed in Supplementary Table 2. Time spent immobile during the CS test was increased relative to the NS (Supplementary Figure 3F). There were no differences in the time spent moving (Supplementary Figure 3E) or total distance traveled (Supplementary Figure 3G).

During the CS + Heroin cue reinstatement test, rats elevated active nose pokes in response to the CS or NS combined with the heroin cue relative to extinction {Figure 2J, [test main effect, F(2,26) = 21.46, p < 0.0001]}. Both stimuli increased lever responding relative extinction (Holm-Sidak’s, p < 0.0001) and the NS was significantly above the CS (Holm-Sidak’s, p < 0.02). During this test, rats still spent less time in the chamber zone housing the stress CS relative to the stress NS {Figure 2K, [stimulus main effect, F(1,13) = 9.5, p < 0.009]}, but the time spent by the active nose poke did not differ regardless of stimulus (Figure 2L). A complete analysis of activity during the session shows that all groups spent more time in the active nose poke zone {Figure 2M, [F(3,38) = 30.76, p < 0.0001]} relative to the inactive nose poke, stress CS, and other (Holm-Sidak’s, p < 0.0001). Heat maps depict this interaction representing the mean time spent in each compartment (Figure 2M). Females spent more time immobile during this test than males (Supplementary Figure 3I); whereas males spent more time moving (Supplementary Figure 3H) and had a higher total distance traveled (Supplementary Figure 3J).

In summary, both males and females reinstated heroin seeking in response to the stress CS, avoided the stress CS, and spent more time immobile in its presence relative to the NS, resulting in the greatest amount of time being spent near the active nose poke. Interestingly, when the heroin cue was presented, all groups spent most of the time near the drug associated lever.




Experiment 3: Effects of Lofexidine on Heroin Taking, Seeking, and Motor Activity

The first two experiments demonstrated that the stress CS reinstates heroin seeking and can induce compartment placement away from the stress paired odor. In this next experiment, we sought to determine whether the α2-adrenergic agonist, lofexidine would influence heroin related behaviors.


Heroin Self-Administration, Lofexidine Treatment, and Extinction

Rats self-administered heroin over 15 days. There were no group differences between sex, but animals increased active nose pokes in response to the change in FR value (Supplementary Figure 4A). There were no sex differences or changes in inactive nose pokes (Supplementary Figure 4B). However, heroin intake (mg/kg) also increased over days {Figure 3B, [F(14,332) = 2.99, p = 0.0002]} with greater intake in female rats {Figures 3B,C, [F(1,24) = 18.9, p = 0.0002]}. After reaching stable heroin SA, rats were tested with 4 doses of lofexidine (veh, 100, 150, 200 μg/kg, ip) in a counterbalanced order with injections 60 min before chamber placement. Overall, there were no interactions between sex or stress group (Figure 3D); however, there was a main effect of sex [F(1,12) = 6.18, p < 0.03]. Subsequently, we analyzed males and females separately. For males there was a main effect of lofexidine dose [F(3,18) = 6.39, p < 0.004] and a main effect of stress [F(1,6) = 6.87, p < 0.04] with sham males taking more heroin than stress males. For females, there was only a main effect of lofexidine dose [F(3,18) = 8.8, p < 0.006]. Lofexidine also decreased active nose pokes across all groups {Figure 3E, [dose main effect, F(3,36) = 12, p < 0.0001]}. During extinction, active nose pokes (Supplementary Figure 4C) and inactive nose pokes (Supplementary Figure 4D) decreased for all groups over the 10 days.



Reinstatement and Activity in Response to the Stress Conditioned Stimulus: Impact of Lofexidine

Rats were given 100 or 200 μg/kg lofexidine before the reinstatement test. Responding was similar between groups during reinstatement and activity, so the groups were collapsed for subsequent analysis (see Supplementary Tables 3a,b for comparisons). There were no interactions between stress, sex, or lofexidine treatment (Figure 3F) on active receiver responding; however, lofexidine did decrease active nose pokes relative to vehicle in sham males [t(7) = 2.9, p < 0.03]. There was no interaction between stress, sex, or lofexidine treatment on the inactive receiver (Supplementary Table 4). During this 15-min reinstatement test, lofexidine decreased locomotor activity relative to vehicle regardless of stress group or sex {Figure 3G, [main effect of drug group, F(1,22) = 59.6, p < 0.0001]}.



Reinstatement and Activity in Response to the Stress Conditioned Stimulus + Heroin Cues: Impact of Lofexidine

Rats were given 100 or 200 μg/kg lofexidine before the reinstatement test. Responding was similar between groups during reinstatement and activity so the groups were collapsed for subsequent analysis (see Supplementary Table 3a,b). In response to the heroin cue, there was an interaction between stress, sex, and lofexidine treatment {Figure 3H, [3-way interaction, F(1,24) = 43.75, p < 0.04]}. In males, lofexidine decreased active nose pokes in both sham (Holm-Sidak’s, p < 0.007) and stress (Holm-Sidak’s, p < 0.007) groups. In females, lofexidine only decreased active nose pokes in sham rats (Holm-Sidak’s, p < 0.007). On the inactive nose poke (Supplementary Table 4), there was a test × sex interaction [F(1,246.62, p < 0.017]. For males, lofexidine decreased inactive responses for sham (Holm-Sidak’s p < 0.012) and stress (Holm-Sidak’s p < 0.05) rats relative to vehicle. For females, inactive responding did not change in response to lofexidine for either group. During the 15-min reinstatement test, lofexidine decreased locomotor activity regardless of stress group or sex {Figure 3I, [main effect of drug group, F(1,22) = 59.6, p < 0.0001]}.

Combined, this experiment showed that lofexidine can reduce heroin intake, stress, and drug cue reinstatement through sedation. Interestingly, these effects are sex and stress-experience dependent. Lofexidine consistently suppressed nose pokes in sham males during both tests, but only suppressed nose pokes in stress males and sham females during the heroin cue test. Uniquely, lofexidine did not impact stress females on any measures. However, all groups were impacted by significant locomotor suppression from lofexidine. We analyzed inactive nose poke responding during the reinstatement test to provide insight into the locomotor suppressant effects. On the stress CS test there were no differences in inactive responding, more than likely due to an already low level of responding. On the cued reinstatement test, inactive responding was decreased in males substantiating sedation effects. However, there were no changes in inactive responding for females which further adds a level of complexity to the study of sex, stress, and heroin interactions.




Experiment 4: Anxiety and Memory Following Stress and Heroin Exposure

To access anxiety and cognition, rats underwent the following tests during abstinence from heroin (same rats in Experiment 1). Rats tested for locomotor activity on abstinence day 6, object recognition on days 7–9, and EPM on day 10.


Elevated Plus Maze

On the EPM, time spent in the center compartment, open arm, and closed arm were recorded (Figure 4A). In saline rats, there was a main effect of arm [Figure 4B, F(2,24) = 25.6, p < 0.0001]. Saline rats spent more time in the open and closed arms relative to the center area (Holm-Sidak’s, p < 0.001). In heroin self-administering rats, there were no differences between sex or stress or any interactions on the EPM. However, all groups differed in the amount of time spent in the center, closed, and open arms indicated by a main effect of arm [Figure 4B, F(2,24) = 56.37, p < 0.0001]. Specifically, time in the center area was less than the open (Holm-Sidak’s, p < 0.001) and closed arms (Holm-Sidak’s, p < 0.001). Also, heroin rats spent more time in the closed arms relative to the open arms (Holm-Sidak’s, p < 0.001). Direct comparisons between saline and heroin rats revealed similar amounts of time spent in the open arms reflective of no interactions or main effects on this measure. However, heroin rats spent more time in the closed arm relative to saline rats, evidenced by a main effect of drug group [Figure 4B, F(1,24) = 4.65, p < 0.04]. There were no other significant interactions or main effects on this measure. There were no differences in the number of arm entries between the open and closed arms (Supplementary Figure 5A). Heroin rats were more active on the apparatus than saline rats indicated by a main effect of drug group [Figure 4C, F(1,12) = 57.6, p < 0.0001]. There were no other main effects or interactions on activity.
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FIGURE 4. Experiment 4: anxiety and memory following stress and heroin exposure. (A) Schematics of behavioral apparatuses used in Experiment 4. (B) Time spent in the center compartment, open and closed arms of the elevated plus maze. Heroin rats spent more time in the closed arm relative to the open arm and to saline rats in the closed arm. (C) Total distance traveled on the elevated plus maze. Heroin rats were more active on the maze than saline rats. (D) Distance traveled on the habituation day of object recognition memory in a round open field. Heroin rats were more active than saline. (E) Recognition index (approach to novel object/approach to both objects) during object recognition memory test. Heroin rats had lower recognition indices than saline rats. Data are represented as group means ± SEM with individual values. * indicates significant difference from time in center, p < 0.05. # indicates significant difference from time in open arm, p < 0.05. @ indicates significant difference from time in closed arm relative to saline, p < 0.05. + indicates significant difference from saline, p < 0.05.




Activity in a Square Open Field

Saline rats decreased activity over time (Supplementary Figure 5B) but there were no other effects. Heroin rats decreased locomotor activity over time and females were more active than males (Supplementary Figure 5C). We also recorded vertical activity in the heroin animals (Supplementary Figure 5D). Vertical activity decreased over time for all groups and females engaged in greater vertical activity during the first 5 min (Supplementary Figure 5D).



Object Recognition Memory

During habituation on the object recognition apparatus, heroin rats were more active regardless of sex or stress group [Figure 4D, main effect of drug, F(1,24) = 21, p < 0.0001]. Consistently, during the test session heroin rats had increased motor activity relative to saline [Figure 4E, main effect of drug, F(1,24) = 10.78, p < 0.0031]. On the recognition memory test, heroin rats had impaired recognition memory regardless of stress experience or sex {Figure 4F, [main effect of drug group, F(1,24) = 11.81, p < 0.0022]}. There were no other effects or interactions. There were no differences in approach to the objects (Supplementary Figure 5E).

In summary, heroin abstinence created an anxiogenic phenotype indexed as increased time on the EPM, increased activity in a novel round open field, increased activity on the EPM and during the object recognition task.





DISCUSSION

There is a high comorbidity among stress-related/anxiety disorders and addiction. Individuals with PTSD are at an elevated risk of not only developing OUD, but also in relapsing after cessation of drug taking (Bremner et al., 1997). To better understand this phenomenon, we used restraint stress to study anxiety-like behaviors and cognitive function in rodents (Yamamoto et al., 2009; Deslauriers et al., 2018) and classically conditioned a neutral odor with the stress experience in male and female rats.

Consistent with our reports involving cocaine and methamphetamine (Bernheim et al., 2017; Leong et al., 2017; Weber et al., 2018), females took more heroin than males when measured in mg/kg body weight, but did not differ on the behavioral output to receive the drug (Carter et al., 2020). Stress potentiated heroin intake in females suggesting greater vulnerability in females following a traumatic event. Clinical evidence supports this finding, as women seeking treatment for SUD are 30–60% more likely to have a comorbid PTSD diagnosis (Najavits et al., 1997; Cohen and Hien, 2006). Consistent with cocaine studies (Kohtz and Aston-Jones, 2017), females demonstrated enhanced reactivity on Extinction Day 1, the day that initiates drug abstinence as operant responding no longer results in drug delivery. The changes in drug contingency demark a stressful time point in which drug craving may be enhanced. As such, females may be particularly vulnerable to stress effects on this day (Cason et al., 2016; Kohtz and Aston-Jones, 2017). Since both groups of females had higher responding on this day, increased stress responsivity is likely attributed to the change in drug contingency rather than a result of restraint stress. The first 16–48 h of abstinence from heroin are marked by increased anxiety and hyperactivity, effects that females are especially sensitive to, which may explain their increased seeking behaviors during the first day of extinction (Gipson et al., 2020).

We tested cue reactivity during reinstatement testing in response to the stress CS by placing the CS or a novel odor in a dish within the chamber under extinction conditions. During 2-h test sessions (Experiment 1), there were no interactions between any of the variables which limits interpretation of these tests. However, it appears that males had enhanced responding relative to females in the presence of the CS. In fact, sham female rats did not respond above extinction values to the CS or a novel odor, while sham males reinstated to both, suggesting that sham males and females have a generalized pattern of responding to any odor introduced into the SA context (seek heroin for males, do not seek heroin for females). The presence of novel cues during a reinstatement session can reinstate drug seeking behavior to the same extent as the original conditioned reinforcer (Bastle et al., 2012), condition a place preference (Thiel et al., 2008), compete with conditioned drug reward (Reichel and Bevins, 2008, 2010) and shift compulsive responding away from drug associated stimuli (Peters et al., 2016, 2018). Contrastingly, stress males and females reinstated to the CS discriminately, only seeking heroin when the stress-associated odor is introduced. The presence of the heroin-associated cue surpassed any effects of the CS or NS on responding. Reinstatement to stress associated cues appears to be drug specific because the stress CS has reinstated heroin, alcohol, and cocaine (Garcia-Keller et al., 2019; Carter et al., 2020) but not sucrose (Garcia-Keller et al., 2021).

To address sex differences in responding in the presence of the CS, we recorded the reinstatement tests to examine activity within the session, as well as compartment placement. We suggest the stress response in females is expressed through inhibition of responding rather than reinstated drug seeking, due to freezing behavior in response to the CS (Elliott and Richardson, 2019) or inhibition in response to novel stimuli (Dunsmoor et al., 2015). During 15-min test sessions (Experiment 2) male and female rats both reinstated to the stress CS. Notably, subjects spent less time near the stress CS relative to the NS, an effect that could be attributed to the novelty of the NS. This interpretation is challenged by the persistence of this difference during the stress CS + heroin cue test, when the novelty of the NS is diminished. This pattern of compartment placement suggests that rats are avoiding the stress CS as a coping strategy (Carter et al., 2020).

Given the clinical comorbidity between OUD and PTSD and the pattern of heroin seeking in response to the CS that we have described, we evaluated the effects of an α2-adrenergic receptor agonist, lofexidine, on stress-related heroin seeking. Lofexidine’s suppression of lateral tegmental noradrenergic projections to the bed nucleus of the stria terminalis (BNST) underlies its effects on stress-induced reinstatement (Shaham et al., 2000). Impacts of lofexidine on the dopaminergic system were previously thought to alter drug cue-induced reinstatement (Grenhoff and Svensson, 1989), but a more recent study suggests α2 receptors do not influence dopaminergic neuron firing in the ventral tegmental area (Pradel et al., 2018). Thus, the neural mechanism by which lofexidine may suppress cue-induced reinstatement remains undefined.

At the behavioral level, lofexidine only suppressed stress CS heroin seeking in sham males, whereas lofexidine suppressed cued heroin seeking in sham and stressed males and sham females. Stress females were impervious to lofexidine’s effects on heroin seeking. Lofexidine also had pronounced sedative effects in all groups, presenting a hurdle for interpretation of its effects on heroin seeking and for its clinical use. Lofexidine and the accompanying locomotor suppression was not sufficient to suppress heroin seeking in stress females during heroin cue test, suggesting that stress and sex interact to produce a unique behavioral phenotype. The neurobiology underlying this resistance should be investigated in future studies. Putative mechanisms include sex differences in the noradrenergic system (Joshi and Chandler, 2020), stress processing (Goel et al., 2014; Maeng and Milad, 2015; Heck and Handa, 2019), and/or reward pathways (Kokane and Perrotti, 2020; Knouse and Briand, 2021). Importantly, prior studies of lofexidine only included male rats and did not evaluate locomotor suppression, so the inclusion of females may help refine the possible mechanisms of lofexidine (Erb et al., 2000; Highfield et al., 2001).

Evaluation of lofexidine on drug-cued reinstatement found no impact for cue induced reinstatement of cocaine + heroin seeking (Highfield et al., 2001). Perhaps these findings can be attributed to heroin-specific effects of lofexidine, as opioids have a unique impact on the noradrenergic system that may not be reproduced by co-administration with cocaine. Lofexidine attenuated footshock stress-primed reinstatement (Erb et al., 2000; Highfield et al., 2001) in males, consistent with our findings that lofexidine suppressed heroin seeking in response to a stress CS. In the other groups, lack of a lofexidine effects on stress-related heroin seeking could be due to the relative weakness of the stress CS to induce a noradrenergic stress response compared to an acute footshock stress. Importantly, though, we have previously shown that presentation of the stress CS alone is sufficient to activate the corticosterone stress response (Garcia-Keller et al., 2021). So, the most parsimonious conclusions about lofexidine effects, suggests profound sedation mediates reduced reinstatement responding. Our findings agree somewhat with clinical studies of lofexidine, but are complicated by different dosing regimens, clinical combination with naltrexone, and differing evaluation metrics for outcomes (Sinha et al., 2007).

Throughout this project, male and female rats performed similarly, with some expected sex differences emerging. In general, females were more active in the locomotor chamber than males regardless of stress or drug exposure (Figure 4B). This finding is not surprising given that females have greater baseline activity relative to males (Zhou et al., 2015; Leong et al., 2016). However, it is interesting to note that during the habituation session for the object recognition memory test, heroin exposed rats had the highest activity counts. This did not occur in a square apparatus. For object recognition testing, we used a round apparatus without corners in which to hide. Locomotor activity in a novel chamber is considered one assessment of anxiety-like behavior (Seibenhener and Wooten, 2015). We suggest a round apparatus to be a stronger measure of anxiety in an open field relative to a square activity chamber because there are no corners in which a rat can hide. Heroin rats were more active during the EPM and the object recognition memory test. Elevated activity during these tests combined with finding that heroin rats spent more time in the closed arm of the EPM suggests that heroin abstinence results in an anxiogenic phenotype. We found that heroin rats also had deficits in object recognition memory. These deficits occur at a consistent timepoint that produces methamphetamine induced cognitive deficits (Bernheim et al., 2016). Further, higher locomotor counts in heroin rats begs the question of whether the deficit in object recognition memory was due to actual memory impairment or increased anxiety-like behaviors during heroin abstinence. Locomotor activity can become a competitive behavior in an object recognition memory task. Interestingly, we predicted that stress would impair object recognition memory based on impaired attentional performance in a set-shifting task following stress (Garcia-Keller et al., 2019). Our lack of effect suggests that stress impacts specific cognitive domains, rather than cause global cognitive decline (Garcia-Keller et al., 2019). We conducted these tests during a very short window during heroin abstinence (i.e., 6–10 days of abstinence). The observed anxiogenic phenotype in heroin-exposed subjects suggests that abstinence may be contributing to these behaviors, however the extent to which this phenotype persists was not tested in these studies. Notably, both anxiety and activity are elevated during the acute heroin withdrawal period (16–48 h), but have largely not been described during protracted withdrawal (Gipson et al., 2020).



CONCLUSION

In conclusion, stress is a well-known precipitant to relapse in human and animal models; our study expands current research on stress and addiction by demonstrating that reinstatement to a conditioned stressor does not translate to a non-conditioned stimulus. Importantly, we also found that (1) females take more heroin than males, (2) females respond more during early extinction than males, (3) lofexidine has sex-specific impacts on heroin-seeking behaviors following stress or drug cue exposure, accompanied by potent suppressant effects that confound interpretation of its efficacy, and (4) heroin results in an anxiogenic phenotype assessed by classic behavioral paradigms. Taken together, our combined use of male and female sham and stress rats self-administering heroin or saline results in complex patterns of responding for heroin seeking, anxiety-like behaviors and cognitive function. These findings, along with our previous reports of stress and heroin induced maladaptive coping strategies (Carter et al., 2020), suggest future studies seeking to understand circuits recruited in this pathology and eventually help develop therapeutic approaches.
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Post-traumatic stress disorder (PTSD) is initiated by traumatic-stress exposure and manifests into a collection of symptoms including increased anxiety, sleep disturbances, enhanced response to triggers, and increased sympathetic nervous system arousal. PTSD is highly co-occurring with alcohol use disorder. Only some individuals experiencing traumatic stress develop PTSD and a subset of individuals with PTSD develop co-occurring alcohol use disorder. To investigate the basis of these individual responses to traumatic stress, single prolonged stress (SPS) a rodent model of traumatic stress was applied to young adult female rats. Individual responses to SPS were characterized by measuring anxiety-like behaviors with open field and elevated plus maze tests. Rats were then allowed to drink ethanol under an intermittent two bottle choice procedure for 8 weeks, and ethanol consumption was measured. An artificial intelligence algorithm was built to predict resilient and vulnerable individuals based on data from anxiety testing and ethanol consumption. This model was implemented in a second cohort of rats that underwent SPS without ethanol drinking to identify resilient and vulnerable individuals for further study. Analysis of neuropeptide Y (NPY) levels and expression of its receptors Y1R and Y2R mRNA in the central nucleus of the amygdala (CeA), basolateral amygdala (BLA), and bed nucleus stria terminalis (BNST) were performed. Results demonstrate that resilient rats had higher expression of Y2R mRNA in the CeA compared with vulnerable and control rats and had higher levels of NPY protein in the BNST compared to controls. The results of the study show that an artificial intelligence algorithm can identify individual differences in response to traumatic stress which can be used to predict subsequent ethanol drinking, and the NPY pathway is differentially altered following traumatic stress exposure in resilient and vulnerable populations. Understanding neurochemical alterations following traumatic-stress exposure is critical in developing prevention strategies for the vulnerable phenotype and will help further development of novel therapeutic approaches for individuals suffering from PTSD and at risk for alcohol use disorder.

Keywords: anxiety, machine learning, posttraumatic stress disorder (PTSD), alcohol, single prolonged stress (SPS), neuropeptide Y (NPY), extended amygdala, female


INTRODUCTION

Post-traumatic stress disorder (PTSD) is a debilitating condition initiated by traumatic stress exposure and is marked by a constellation of symptoms including indelible memories and heightened sympathetic nervous system arousal (Atwoli et al., 2015). In the United States 60% of males and 50% of females are exposed to at least one traumatic stress during their lifetime (Kessler et al., 1995). However, of these individuals only 15–30% go on to develop PTSD (Kessler et al., 1995). While males are exposed to more traumatic stress during life, women have a greater incidence of PTSD (Kessler et al., 1995). There is a 2:1 female to male ratio of individuals with PTSD (Kessler et al., 1995). PTSD is highly co-occurring with other disorders including alcohol use disorder (Kessler et al., 1997), and the rates of co-occurrence vary depending on factors such as sex, age, military/civilian, and location (for review see Gilpin and Weiner, 2017). American veterans diagnosed with PTSD are 3–4.5 times more likely to have a co-occurring AUD (Carter et al., 2011; Seal et al., 2011). PTSD usually precedes the development of an AUD, and when PTSD and AUD present together, individuals have worse outcomes and report more severe symptomologies of both disorders compared to individuals with only PTSD or AUD (Carter et al., 2011; Seal et al., 2011).

Sex differences in the incidence of PTSD and co-occurring AUD exist. Women are more likely to develop an AUD during the same year as they developed PTSD than men (Kessler et al., 1997; McCauley et al., 2012). Women show higher levels of excessive drinking after a traumatic-stress exposure than men (Olff et al., 2007). The average alcohol intake in women with PTSD is significantly correlated with coping motives whereas it is not a significant indicator for men (Lehavot et al., 2014). Sex differences may be present due to differential neurobiological mechanisms (Pineles et al., 2017). Pathways that are affected differently by stressors in males versus females include corticotropin releasing factor (CRF), neuropeptide Y (NPY), glucocorticoid negative feedback, and response to stimuli in the corticolimbic brain region (Rasmusson and Friedman, 2002; Bangasser and Valentino, 2014).

Many useful animal models of PTSD exist, one of which is single prolonged stress (SPS) (Liberzon et al., 1997; Cohen et al., 2011; Zoladz et al., 2012; Enman et al., 2015). SPS recapitulates PTSD symptomology which is marked by increased negative feedback in the hypothalamic-pituitary-adrenal axis (HPA), and increased anxiety and fear behaviors [for review see Daskalakis et al., 2014]. Male and female rats respond differently to SPS (Keller et al., 2015; Pooley et al., 2018; Mancini et al., 2021). Female rats have lower fear retention and enhanced glucocorticoid expression compared to males (Pooley et al., 2018). Unlike male rats, female rats showed enhanced glucocorticoid receptor levels in the dorsal hippocampus and no fear extinction deficits following SPS (Keller et al., 2015). Similar to humans where only a subset of traumatic-stress exposed individuals develop PTSD and co-occurring alcohol abuse, only a subset of rats exposed to stress develop a robust phenotype (Edwards et al., 2013; Manjoch et al., 2016). One objective of this study was to develop a method to identify sub-populations of rats based on behavioral phenotypes that could be used to predict individuals that were vulnerable to the transition from traumatic stress exposure to high ethanol consumption. Artificial intelligence analytical methods were used to achieve this goal.

The second objective of this study was to investigate neurobiological mechanisms that may underlie differences in individual susceptibility to ethanol consumption after exposure to traumatic stress. NPY has been shown to buffer highly stressful stimuli by increasing resiliency to traumatic-stress exposure (Wu et al., 2013). Humans with PTSD have lower levels of NPY compared to controls in both cerebral spinal fluid and plasma (Yehuda et al., 2006; Sah et al., 2009, 2014; Rasmusson et al., 2010). Further, when PTSD goes into remission, NPY levels recover (Yehuda et al., 2006). Importantly, promising results have been obtained from clinical trials suggesting that intranasal NPY can reduce anxiety in persons with PTSD (Sayed et al., 2018). In animal models of traumatic stress, NPY intranasal administration as an early intervention prevents development of PTSD-like symptoms in male rats (Serova et al., 2013; Laukova et al., 2014; Sabban et al., 2015). NPY has also been associated with ethanol consumption. Administration or overexpression of NPY decreases ethanol intake in humans and rodents (Thiele et al., 1998; Badia-Elder et al., 2001; Sparrow et al., 2012; Thorsell and Mathe, 2017). Likewise, ethanol preferring male rats have lower NPY levels in the amygdala, frontal cortex, and hippocampus than non-preferring rats (Ehlers et al., 1998; Hwang et al., 1999). NPY binds to Y1, Y2, Y4, Y5, and Y6 GPCR receptor subtypes with equal binding affinity (Michel et al., 1998). In the central nervous system, Y1R and Y2R are the most predominantly expressed receptors with Y1R located on post-synaptic dendrites and Y2R located on pre-synaptic terminals. As such, Y2R are inhibitory to the release of NPY, glutamate or GABA depending on the cell type. In general, Y1R activation produces anxiolytic effects, whereas Y2R agonists are anxiogenic (for review see Tasan et al., 2016). Y1R and Y2R are found in regions of the amygdala and extended amygdala including the basolateral amygdala (BLA), central nucleus of the amygdala (CeA), and bed nucleus stria terminalis (BNST; Tasan et al., 2016; Wood et al., 2016; Mackay et al., 2019). These regions were chosen for this study because they are critical for fear- and anxiety-related behaviors and ethanol consumption (Hawley et al., 2010; Gilpin et al., 2015; Pleil et al., 2015; Langevin et al., 2016; Young and Tong, 2021).

The goals of this study were to, first, develop a method to reliably forecast which individual rats would consume greater amounts of ethanol following SPS exposure, based on their behavioral phenotype. The second goal of this study was to use this classification to investigate levels of NPY and gene expression its receptors, Y1R and Y2R in brain regions associated with processing fear stimuli, anxiety, and ethanol consumption in rats predicted to be resilient or vulnerable to heightened ethanol consumption following traumatic stress exposure, but prior to exposure to ethanol. As women are twice as likely as men to have PTSD and use ethanol as a significant coping mechanism (Lehavot et al., 2014), female rats were selected for the completion of this study. Results are presented herein that demonstrate that an artificial intelligence algorithm reliably identified individuals based on anxiety-like behaviors after traumatic stress exposure that go on to consume higher or lower amounts of ethanol, and that these populations had differences in NPY in the amygdala and extended amygdala.



MATERIALS AND METHODS


Subjects

Female Sprague-Dawley rats, ordered at 8 weeks of age (Charles River Laboratories, Wilmington, MA, United States), were used in all studies. Rats were allowed to acclimate to the new environment after arriving for 2 days, followed by 4–8 days of minimal handling and daily weighing in preparation for experiments. Rats were housed in a humidity-controlled environment on a 12-h light/dark cycle (lights on at 0700). Animals had continuous access to food and water except during behavioral testing and were housed in pairs with no enrichment devices. All studies were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council of the National Academies, 2011). Temple University Institutional Animal Care and Use Committee of Temple University approved all experimental protocols.



Experiment 1: Phenotypical Analysis of Anxiety-Like Behaviors and Subsequent Ethanol Consumption in Female Rats Exposed to Traumatic Stress


Modified Single Prolonged Stress

Following acclimation to the facility, rats went through a modified single-prolonged stress (SPS) procedure (N = 17) based on the methods of Liberzon et al. (1997); Toledano and Gisquet-Verrier (2014), and Enman et al. (2015) or control handling (N = 16); see Figure 1 for the experimental timeline. On experimental day 1, rats were exposed to a novel chamber for 10 min, during which an intermittent tone played (70–80 dB; average frequency 1,000 Hz, range 550–1,500 Hz) for the last 5 min. Rats in the SPS group were then placed into individual decapicone devices for 2 h. Immobilization stress was followed by a group swim of 6–8 rats (round swim tank: 42 cm tall × 55 cm diameter, water 23–25°C) for 20 min. Rats were dried and put back into the novel chamber for 10 min following the same protocol as above (i.e., tone present for last 5 min). Then rats were rendered unconscious with isoflurane. Rats were returned to home-cages, housed in pairs and left undisturbed for 7 days except for addition of food and water (experimental days 2–8). Control animals were exposed to the novel chambers twice for 10 min each and otherwise remained in home-cages in the experimental room according to the same time schedule as the SPS rats. Control rats were housed in pairs, minimally handled and weighed during the 7-day period that SPS rats were undisturbed.
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FIGURE 1. Timeline for Experiment 1.





Behavioral Phenotyping


Open Field Test

After SPS or control handling was complete, animals were tested with the open field test on day 9 in order to assess anxiety-like behavior after traumatic-stress exposure or control handling. On day 9, rats were individually placed in the center of the open field arena (45 cm × 45 cm) and their behavior was video recorded for 10 min. The lighting in the center of the open field was approximately 75 lx and the corners were approximately 45 lx. Videos were scored by two investigators, one blind to experimental group, and the number of entries and amount of time spent in center which was defined as head and shoulders across the threshold of the center area (15 cm × 15 cm) were measured.



Elevated Plus Maze Testing

Elevated plus maze performance was tested on day 10 following SPS or control handling as a second measure of anxiety-like behavior. The apparatus was constructed of black plastic (San Diego Instruments). The dimensions of the closed arms of the maze were 48.3 cm × 10.2 cm × 50.8 cm (L × W × H), the open arms were 48.3 cm × 10.2 cm (L × W), and the maze was 35.6 cm off the ground. Light levels in the closed arms were approximately 50 lx and the open arms were approximately 150 lx. Rats were placed in the center of the maze and video recorded for 10 min. Videos were scored for time and entries into the closed and open arms which was defined by the head, shoulders, and front paw entering an arm.



Reactivity to Trauma-Associated Cues

Using cues paired during SPS or control handling, cue-reactivity responses were measured using methods similar to Toledano and Gisquet-Verrier (2014). On day 11, rats were placed into a chamber for 10 min and during the last 5 min, an intermittent tone (70–80 dB) was played following the same SPS and control handling procedures described above. Behaviors in the chamber were video recorded for 10 min. Videos were scored for freezing behavior which was defined as the absence of any movement except respiration; time spent freezing and the number of freezing episodes were measured during the two 5-min periods.



Forced Swim Test

Depression-like behaviors were measured using a one-trial forced swim test on day 12. The swim test occurred in glass cylinders (46 cm × 20 cm diameter) filled with 23–25°C water to a depth of 36 cm. Rats were placed in the swim tank for 5 min and their behaviors were video-recorded. Rats were removed from the water, dried, and returned to their home cages. Behavior was classified as immobile if the rat exhibited no additional activity other than that necessary to remain afloat, swimming if there was forward movement through the tank, and climbing if there was upward movements of the forepaws against the tank sides. For all behavioral phenotyping, videos were scored by two investigators, at least one blind to treatment group. Scores were averaged for the final data set.




Two-Bottle Choice Intermittent Access to 20% Ethanol

After traumatic-stress (SPS) or non-stressed control handling and behavioral testing, rats had intermittent access to 20% ethanol using a two-bottle choice procedure (Wayner et al., 1972; Simms et al., 2008; Vasudeva et al., 2015). Beginning on day 13, rats were singly housed in standard rat cages with two drinking bottles secured to the wire top of the cage. On Mondays, Wednesdays, and Fridays, one bottle contained drinking water and the other contained 20% ethanol in drinking water for 24 h. On the remaining days, the two bottles contained drinking water. The bottles were weighed every 24 h and ethanol bottle presented in a counterbalanced way to avoid side preference. Ethanol was available in this manner for 24 sessions over 8 continuous weeks, beginning on day 15 after SPS. The amount of ethanol consumed during each 24-h session was calculated as follows: [ethanol fluid (g) consumed × 0.162]/kg body weight to account for the specific density of ethanol in a 20% ethanol solution (Fisher et al., 2017). In addition to total ethanol consumption, ethanol preference was calculated as [ethanol fluid intake (g)/(ethanol fluid intake (g) + water fluid intake (g)] *100 to indicate what percent of daily fluid intake was derived from the ethanol solution.



Artificial Intelligence- Support Vector Machine

In order to predict which animals were vulnerable, resilient, or neutral to subsequent ethanol consumption following traumatic stress in a reliable and reproducible way, an artificial intelligence algorithm was developed. A support vector machine which is a supervised machine learning algorithm was chosen. The support vector machine was trained and tested to classify and predict which rats would be resilient, neither, or vulnerable for heightened ethanol consumption based on data from open field time in center and elevated plus maze number of open arm entries. Training and test data included the cohort of rats (N = 17) exposed to SPS described in Experiment 1. The variables used to complete this were open field time in center, elevated plus maze number of open arm entries, and average ethanol consumption during weeks 6–8 (sessions 16–24). These endpoints were chosen based on results from Pearson correlations and multiple linear regressions between behavioral endpoints and ethanol consumption (see below). All variables were converted to z-scores for algorithm development. Using the behavioral scores, the algorithm was trained to predict ethanol consumption subsets as resilient, neither, or vulnerable from the K-means cluster. Labeled data for the support vector machine came from the unsupervised k-means cluster and formed the 80% of training data and 20% of test data used to build the support vector machine. The individual animals were randomly selected for training or test groups by the algorithm and this is reproducible if using a set.seed(125) function. This allowed the training and test data to be randomly selected and it is reproducible. This trained machine learning algorithm was used in Experiment 2 (below) to identify resilient and vulnerable animals for the molecular experiments without requiring subsequent ethanol exposure for phenotyping. Training data from a cohort of control rats (N = 16) were collected, and the same methods as described above were applied to generate a second support vector machine algorithm to filter out animals with naturally higher ethanol consumption.



Experiment 2: Investigation of Neuropeptide Y as a Factor Underlying Vulnerability or Resilience to Heightened Ethanol Consumption Following Traumatic Stress

Female rats in a second experiment underwent SPS (N = 56) or control handling (N = 24) followed by testing for anxiety-like behaviors on the open field test on day 9 and elevated plus maze on day 10 as described above for Experiment 1 (Figure 2). Values for time in center of the open field test and entries into the open arms of the elevated plus maze were analyzed by the algorithm developed from Experiment 1 in order to identify individual rats that classified as vulnerable or resilient to the traumatic stress and subsequent ethanol drinking. Values from control rats were analyzed by the algorithm developed in Experiment 1.
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FIGURE 2. Timeline for Experiment 2.




Brain Tissue Collection

On day 12, 48 h after behavioral testing, rats were briefly exposed to CO2 and decapitated in an unconscious state. Brains were rapidly removed, immersed in isopentane cooled to −40°C for 30 s and stored at −80°C. Frozen brains were sectioned in a cryostat at −15°C into 300 μm sections. The BLA (interaural 6.24 mm), CeA (interaural 6.24 mm), and BNST (interaural 8.76 mm) were collected using 1 mm diameter punches taken bilaterally from two adjacent 300 μm sections according to the rat atlas of Paxinos and Watson (2007). Dissected brain samples were stored at −80°C until processed for RNA and protein isolation.



RNA and Protein Extraction From Brain Tissue

Protein and RNA were extracted from frozen tissue samples using the mirVana PARIS RNA and Native Protein Purification Kit according to the manufacturer’s instructions (#AM1556, Life Technologies, Carlsbad, CA, United States). All protein and gene expression assays were performed by an experimenter who was blinded to experimental group.



qRT-PCR

RNA concentrations were measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). Before synthesizing cDNA with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, United States), RNA samples were diluted to the same RNA concentration. RT-PCR quantification was completed using TaqMAN Fast Advanced Master Mix and TaqMAN Gene Expression Assays (Thermo Fisher Scientific, Warrington, United Kingdom) for neuropeptide Y (Rn00561681_m1), neuropeptide Y Y1 receptor (Y1R, Rn02769337_s1), neuropeptide Y Y2 receptor (Y2R, Rn00576733_s1), and control 18s rRNA (Rn4319413E). The ΔΔ Ct method was used to calculate relative fold change (Livak and Schmittgen, 2001) between controls, resilient and vulnerable rats.



ELISA

Neuropeptide Y (NPY) levels were measured in individual brain regions using protein that was extracted by the miRVANA kit. Total protein was quantified using a BCA analysis (Rn23227, Thermo Fisher Scientific, Waltham, MA, United States). NPY was quantified by ELISA [S-1145, Peninsula Laboratories International, Inc. (San Carlos, CA, United States)]. Protein from each tissue sample was run in triplicate on 96-well microplates lined with neuropeptide Y selective polyclonal antibody specific for rats, together with NPY standards. Optical densities were measured using FluoroStar spectrophotometer (BMG Labtech, Ortenberg, Germany). NPY values in the samples were calculated by comparison to the NPY standard curve using linear regression analysis (GraphPad Prism).



Data Analysis

Behavioral data were analyzed using an unpaired two-tailed t-test or one-way analysis of variance (ANOVA) with Bonferroni post hoc tests. Ethanol consumption across sessions was analyzed by two-way repeated measures ANOVA and Bonferroni post-tests. Pearson correlations and multiple linear regression were used in the analysis of the relationship between behavioral endpoints and ethanol consumption. Sub-populations were analyzed with k-means cluster and predictive categorization of resilient and vulnerable populations was completed by training a support vector machine (SVM). In the analysis of gene expression and protein levels, a priori exclusion criteria were set as >2 standard deviations from the means. Such samples were considered to be outliers and were removed from the data sets. This resulted in removal of 7 out of 279 values from qRT-PCR assay. GraphPad Prism 8 (La Jolla, CA, United States) was used for unpaired two-tailed t-test, ANOVAs, and Pearson correlation. SPSS (IBM, Armonk, NY, United States) was used for the multiple linear regression and k-means cluster. R version 3.5.2 (Vienna, Austria) and RStudio (RStudio Team, Boston, MA, United States) were implemented for the construction and use of the support vector machine.




RESULTS


Experiment 1: Anxiety-Like Behaviors and Ethanol Drinking Following Single Prolonged Stress

The first aim of this study was to determine if behavioral phenotyping following traumatic stress exposure in female rats could be used to predict individual vulnerability or resilience to ethanol drinking. The prediction was there would be inter-subject variability in anxiety-like behaviors and enhanced ethanol consumption after SPS exposure and that these two factors would be related. In experiment 1, SPS and control handled rats were tested on the open field test (day 9) and elevated plus maze (day 10) to assess anxiety-like behaviors. Analysis of group means revealed a trend toward less time in center of the open field for SPS rats compared to controls, however, this difference was not statistically significant [Figure 3A; two-tailed unpaired t-test: t(31) = 1.864, P = 0.0718]. Results from the elevated plus maze showed that there were no significant differences in open arm entries [Figure 3B; t(31) = 0.1782, P > 0.05], time in open arms [SPS: 140.0 s ± 18.05 vs. controls: 130.3 ± 15.29; mean + SEM t(31) = 0.4070, P > 0.05], or total number of arm entries [SPS rats: 32.65 ± 2.369 vs. controls: 30.75 ± 2.25 number of entries; t(31) = 0.5792, P > 0.05] between SPS and control groups. There were no significant differences between control and SPS rats in bouts of freezing to cues (SPS: context 46.82 ± 7.72, context + tone 127.06 ± 17.91 vs. control: context 46.69 ± 11.45, context + tone: 95.31 ± 15.41; mean + SEM) or immobility on the forced swim test (SPS: 31.91 ± 2.23 s vs. controls: 36.7 ± 2.47 s).
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FIGURE 3. Anxiety-like behaviors were measured 8–9 days following SPS (N = 17) or control handling (N = 16). (A) Time spent (sec) in the center of the open field test is shown for control and SPS-exposed rats (control vs. SPS, P = 0.0718). (B) Number of open arm entries on the elevated plus maze testing is shown for SPS and non-stressed control rats (control vs. SPS, P > 0.05).


Following testing for anxiety-like behaviors, rats were provided access to ethanol in a two-bottle choice procedure. Twenty-four hour ethanol consumption was measured three times per week for 8 weeks for a total of 24 sessions commencing on day 15. Figure 4 shows mean ethanol consumption for SPS and control rats for each drinking session. Using a mixed-effect two-way ANOVA, there was a significant main effect of session [F(6,183) = 6.853, P < 0.0001], no significant main effect of experimental group [F(1,31) = 0.2637, P > 0.05], and a significant interaction [F(23,663) = 1.711, P = 0.0207]. Post hoc analys is revealed that SPS rats drank significantly more ethanol than controls on session 20 (P < 0.05).


[image: image]

FIGURE 4. Ethanol consumption (g/kg/24 h session) for traumatic-stress exposed (SPS, N = 17) and non-stressed control rats (N = 16) is shown across 24 drinking sessions. There was a significant main effect of session (P < 0.0001), and a significant interaction between session and control/SPS main effects (P < 0.05). Post hoc tests revealed a significant difference in ethanol consumed between SPS and control rats during session 20 (*P < 0.05). Data are expressed as means + SEMs.




Anxiety-Like Behaviors in Single Prolonged Stress Population Identified to Predict Subsequent Ethanol Consumption

Analysis of group means for open field testing and elevated plus maze did not show significant differences between SPS and control-handled rats. However, there was high variability in anxiety-like behaviors and ethanol drinking suggesting individual differences in response to traumatic stress exposure. Subsequent analyses were performed to identify predictive factors linked to heightened ethanol consumption following traumatic stress exposure. In order to determine which measures were most predictive of ethanol consumption during weeks 6–8 when ethanol drinking was well-established, correlation analyses were performed. Individual control and SPS animals’ scores for open field time in center were strongly correlated with ethanol consumption in weeks 6–8, with a large effect size (Figure 5A; P = 0.0026, r = −0.5076, N = 33). Separate analyses for SPS and control groups reveal a significant correlation between time in center and ethanol consumption for the controls (P = 0.0034, r = −0.6848, N = 16) but not for SPS (P > 0.05, r = −0.1456, N = 17). Elevated plus maze number of open arm entries was not significantly correlated with ethanol consumption in weeks 6–8 when both SPS and control groups were considered together (Figure 5B; P > 0.05, r = −0.2431, N = 33). However, analysis of SPS data only reveal a significant correlation between open arm entries and ethanol consumption (P = 0.0041, r = −0.6579, N = 17); correlation analysis for the control group was not significant (P > 0.05, r = 0.123, N = 16). There was no significant correlation between any measures of cue reactivity or forced swim and ethanol drinking. These results indicate that the endpoint of time in center of the open field test was most predictive of subsequent ethanol consumption.
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FIGURE 5. Correlation analyses between ethanol consumption during weeks 6–8 (sessions 16–24) and anxiety-like behaviors on the open field test and elevated plus maze. Both controls and SPS-exposed rats (N = 33) were included in the correlation analyses. (A) Time in center during open field testing was a significant indicator of ethanol consumption with a large effect size (**P = 0.0026, r = –0.5076). (B) Open arm entries during elevated plus maze testing was not significantly correlated with ethanol consumption (P > 0.05, r = –0.2431).


To determine if multiple behavioral variables after control handling or SPS were significantly related to ethanol drinking and would provide a better predictive model, a multiple linear regression was conducted. When used together, open field time in center and elevated plus maze number of open arm entries factors were significantly correlated to ethanol drinking during weeks 6–8 [F(2,32) = 8.93, P = 0.001]. The predictive power of these factors was moderately large based on the R2 = 0.37, adjusted R2 = 0.33 (Table 1). Other combinations including reactivity to trauma-associated cues and immobility on the forced swim test were assessed using correlation and multiple linear regression analysis, however, they were not significant predictors of ethanol consumption during weeks 6–8. When a multiple linear regression analysis was applied to anxiety-like endpoints of open field time in center and elevated plus maze number of open arm entries, these factors were most predictive of subsequent ethanol consumption with a moderate effect size. As such, these two variables were used to develop an algorithm to identify individuals that were resilient or vulnerable to SPS-induced anxiety and ethanol drinking.


TABLE 1. Results of correlation analyses of individual responses to traumatic-stress exposure characterized by open field test time in center and elevated plus maze number of open arm entries predicting subsequent ethanol consumption during weeks 6–8.
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K-Means Cluster Unsupervised Machine Learning Algorithm Identified Three Subpopulations Within the SPS Group Based on Anxiety-Like Behavior and Subsequent Ethanol Consumption

To determine if different populations existed within the SPS group (N = 17), an unsupervised machine learning algorithm, k-means cluster was completed to identify subpopulations in an unbiased way. The machine learning algorithm was implemented using SPSS software (IBM, Armonk, NY, United States). K-means is a non-hierarchical clustering analysis that separates subpopulations (Forgy, 1965; Hartigan and Wong, 1979; Nanetti et al., 2009). Open field time in center (sec), elevated plus maze number of open arm entries, and average ethanol consumption during weeks 6–8 (gm/kg body weight) were converted into z-scores for this analysis to ensure equitable comparison.

The population classification revealed the SPS groups clustered into 3 distinct subpopulations (Figure 6 and Table 2). One cluster, which was classified as the resilient group, had both low anxiety-like behavior and low ethanol consumption (N = 4), whereas another cluster, termed the vulnerable group, had high anxiety-like behavior and high ethanol consumption (N = 7). As seen in Figure 6 and Table 2, the k-means factors were significant for open field time in center [F(2,14) = 11.810, P = 0.001], elevated plus maze number of open arm entries [F(2,14) = 9.081, P = 0.003] and average ethanol consumption during weeks 6–8 [F(2,14) = 13.9987, P < 0.001]. A similar algorithm was generated for the rats exposed to control handling (N = 16) in order to determine if a subset of the control population was predisposed to an ethanol preference (data not shown, cluster N = 4). Results identified 3 rats that showed high anxiety on open field time in center and high ethanol consumption.
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FIGURE 6. A 3 cluster k-means analysis for resilient (N = 4), neither (N = 6), and vulnerable (N = 7) groups. Mean + SEM Z-scores for open field time in center, elevated plus maze open arm entries, and weeks 6–8 ethanol consumption are shown for the 3 clusters.



TABLE 2. Resilient, neither, and vulnerable K-means cluster for open field test (OFT) time in center, elevated plus maze (EPM) number of open arm entries, and ethanol consumption during weeks 6–8.
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K-Means Cluster Subpopulation Validation

In order to further demonstrate that the k-means cluster analysis identified different subpopulations of SPS rats, resilient and vulnerable groups were compared for anxiety-like behaviors and ethanol consumption during weeks 6–8. The vulnerable rats spent significantly less time in the open field center [Figure 7A, t(9) = 3.386, P = 0.008] and had significantly less elevated plus maze open arm entries [Figure 7B, t(9) = 4.197, P = 0.0023]. Analysis of mean ethanol consumed and mean ethanol preference during weeks 6–8 for each rat showed that vulnerable rats consumed significantly more ethanol than resilient rats [Figure 7C, t(9) = 4.197, P = 0.0023] and likewise, vulnerable rats had a greater preference for ethanol than resilient rats 6–8 [Figure 7D, t(9) = 2.759, P = 0.0221]. These results demonstrate that the unsupervised machine learning algorithm successfully identified two populations of rats, labeled as ‘resilient’ and ‘vulnerable,’ that were phenotypically different in terms of anxiety-like and ethanol drinking behaviors. As such, the algorithm could be used in Experiment 2 to predict which rats would be resilient or vulnerable to high ethanol consumption based on their anxiety scores alone following SPS exposure.
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FIGURE 7. Behavioral phenotype of rats classified as resilient (N = 4) or vulnerable (N = 7). (A) Vulnerable rats spent significantly less time in center during the open field test compared to the resilient group (**P < 0.01). (B) Vulnerable rats had significantly lower numbers of open arm entries during elevated plus maze testing (**P < 0.01). (C) Vulnerable rats consumed significantly more ethanol than resilient rats during weeks 6–8 (**P < 0.01). (D) Vulnerable rats had significantly higher ethanol preference during weeks 6–8 compared to the resilient group (*P < 0.05). Data are expressed as means ± SEM and analyzed by two-tailed t-test.




Artificial Intelligence Algorithm Using a Supervised Machine Learning Support Vector Machine to Predict Resilient and Vulnerable Phenotypes

Using the subpopulations from the k-means cluster analysis, a support vector machine was programmed to predict resilient, neither, or vulnerable phenotypes based on anxiety-like behavior scores. A support vector machine is a supervised machine learning algorithm that can be trained to effectively predict outcomes with future data sets (Noble, 2006). The classification support vector machine used a cost function of 10 and a gamma function of 2 with a radial kernel. 80% of the data was used for training the algorithm and 20% was used to test the accuracy. The support vector machine was highly significant and accurately predicted vulnerable, neither, or resilient individuals 75% of the time using open field time in center and elevated plus maze number of open arm entries classifiers (confidence interval = 75–100%, P < 0.00001).



Experiment 2: Neuropeptide Y System Regulation in Vulnerable and Resilient Subpopulations Following Single Prolonged Stress. Phenotype of Resilient and Vulnerable Populations Following Single Prolonged Stress

A separate cohort of female rats underwent SPS (N = 56) or control handling (N = 24), followed by assessment of anxiety-like behaviors on the open field test and elevated plus maze. Data on open field time in center and elevated plus maze number of open arm entries were subjected to analysis by the algorithm developed in Experiment 1 in order to identify individual rats predicted to be vulnerable or resilient to high ethanol drinking. Of the 56 rats that underwent SPS exposure, 10 were identified as vulnerable and 9 as resilient using the algorithm. The algorithm applied to the control group (N = 24) predicted 5 rats to be high drinkers (i.e., ‘vulnerable’), 13 rats to be low drinkers (i.e., ‘resilient’) and 6 rats as ‘neither.” Further analysis of Z-scores for open field time in center and elevated plus maze open arm entries was used to select the final control group (N = 12) which consisted of the 6 subjects from the ‘neither’ designation and 6 subjects from the ‘resilient’ designation with the lowest mean Z-scores from the two measures.

Analysis of behavioral scores for subjects identified as vulnerable, resilient or controls demonstrated group differences in anxiety-like phenotypes. A one-way ANOVA of open field time in center revealed a significant difference [F(2,28) = 11.52, P = 0.0002; Figure 8A]. Bonferroni post hoc tests showed the resilient group spent significantly more time in center than the control (P < 0.01) and vulnerable group (P = 0.0005); the control and vulnerable groups were not significantly different (P > 0.05). A one-way ANOVA of open arm entries on the elevated plus maze revealed a significant difference [F(2,28) = 31.66, P < 0.0001; Figure 8B]. Bonferroni post hoc tests showed the resilient group had significantly more open arm entries than the controls (P < 0.0001) and vulnerable group (P < 0.0001). Open arm entries for the control and vulnerable groups were not significantly different (P = 0.3680). Thus, rats identified as resilient versus vulnerable following SPS exposure had significant differences in anxiety-like behaviors.
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FIGURE 8. A separate cohort of rats were tested for anxiety-like behaviors on the open field test and elevated plus maze after control handling or SPS exposure. SPS rats were classified as vulnerable or resilient based on anxiety scores using the algorithm developed. (A) During open field, the resilient group spent significantly more time in center of the open field test than the vulnerable group (***P < 0.001) and control group (**P < 0.01). (B) The elevated plus maze test showed the resilient group had significantly higher open arm entries than the vulnerable (****P < 0.0001) or control (****P < 0.0001) groups. Data are expressed as means ± SEM; controls N = 12, resilient N = 9, vulnerable N = 10.




Neuropeptide Y, Y1R, and Y2R Levels in the Amygdala and Extended Amygdala of Resilient and Vulnerable Female Rats

Levels of NPY protein, and Y1R and Y2R mRNA were measured by ELISA and qRT-PCR, respectively, in three brain regions involved in stress responses and ethanol drinking, the BLA, CeA, and BNST. Brain regions were obtained 48 h following their final behavioral testing. Results are shown in Figure 9.
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FIGURE 9. Levels of NPY protein, Y1R mRNA, and Y2R mRNA in the BLA, CeA and BNST in control and SPS-exposed rats classified as vulnerable or resilient. Traumatic stress exposure differentially effected the NPY pathway in resilient and vulnerable rats in a brain region-specific manner. (A–C) In the basolateral amygdala (BLA), Y1 mRNA was higher in vulnerable compared to the control group. (D–F) In the central nucleus of the amygdala (CeA), resilient rats had higher Y2 mRNA levels than control and vulnerable groups. (G–I) In the bed nucleus stria terminalis (BNST), resilient rats had higher levels of NPY protein than the control group. Data are expressed as means ± SEM; Controls N = 12; resilient N = 9; vulnerable N = 10. Post hoc tests: *P < 0.05, **P < 0.01.


In the BLA, the levels of NPY were not significantly different between control, resilient and vulnerable groups [F(2,27) = 1.681, P > 0.05; Figure 9A]. There was a significant difference in Y1R mRNA expression [F(2,26) = 6.304, P = 0.0059; Figure 9B]. Bonferroni post hoc analysis revealed that the vulnerable group had significantly higher expression of Y1R mRNA than the control group in the BLA (P < 0.01); there were no significant differences between the control and resilient (P > 0.05) or the resilient and the vulnerable group (P > 0.05). A one-way ANOVA showed no difference between controls, resilient, or vulnerable rats in Y2R mRNA expression [F(2,26) = 0.7155, P > 0.05; Figure 9C].

In the CeA, a one-way ANOVA showed no significant differences in NPY levels between groups [F(2,27) = 0.5877, P > 0.05; Figure 9D]. Likewise, there were no differences in Y1R mRNA expression [F(2,27) = 2.019, P > 0.05; Figure 9E]. However, Y2R expression was significantly different between groups [F(2,27) = 6.979, P = 0.0036; Figure 9F]. Bonferroni post hoc analysis revealed that the resilient group had significantly higher Y2R mRNA than the control (P < 0.01) and vulnerable groups (P < 0.05).

In the BNST, a one-way ANOVA determined that NPY protein levels were significantly different between groups [F(2,27) = 6.497, P < 0.01; Figure 9G]. The resilient group had higher NPY levels compared to controls (P < 0.01); all other comparisons were not significantly different (P > 0.05). There was a significant difference in Y1R expression [F(2,27) = 3.543, P < 0.05; Figure 9H], however, Bonferroni post hoc test was not significant. There was no differences between controls, resilient, or vulnerable rats in Y2R mRNA in the BNST [F(2,28) = 2.644 P > 0.05; Figure 9I]. Taken together, these data indicate changes in the NPY system following SPS occurred in a brain region-specific manner and were dependent on behavioral phenotype.




DISCUSSION

The current study investigated individual responses to traumatic stress exposure and a potential neurochemical mechanism underlying these differences. Individual differences in response to traumatic stress were hypothesized to influence subsequent ethanol consumption. A novel artificial intelligence algorithm was trained to predict resilient, neither and vulnerable phenotypes for ethanol drinking following SPS based on anxiety-like behaviors. Using this algorithm, resilient and vulnerable subpopulations were found to coexist within rats exposed to SPS. The experimental subjects used in this study were young adult female rats. Females were chosen based on the clinical literature which reports a higher incidence of PTSD and co-occurring alcohol use disorder in women than men when corrected for the level of trauma exposure (Kessler et al., 1995), and because of the dearth of information on females from preclinical studies of traumatic stress and ethanol.

Using the SPS rat model of PTSD, female rats were exposed to the stressors and their behaviors characterized by four tests that evaluated anxiety- and depression-like responses, and reactivity to stress-related cues: open field test, elevated plus maze, forced swim test, and cue-reactivity. Following behavioral phenotyping, ethanol consumption using the intermittent ethanol two-bottle choice method, was measured for 8 weeks. These procedures were selected to model the transition from traumatic stress exposure to alcohol use disorder seen in clinical populations. Using this model, the study was designed to create a method to predict individual differences in ethanol preference following traumatic stress in order to investigate the neurobiological underpinnings driving enhanced drinking behavior. A limitation to most preclinical studies using PTSD models has been the failure to consider individual responses to the stressor and how these individual responses influence neuroplasticity and subsequent behavior, including alcohol-seeking. The approach developed in this study provides a methodological advance to the investigation of co-occurring stress disorders and ethanol drinking. Similar to humans, only a subpopulation of experimental animals develops symptoms akin to PTSD (Toledano and Gisquet-Verrier, 2014) and heavy alcohol ingestion following exposure to traumatic stress. Combining stress-exposed experimental subjects with and without the desired phenotype (in this case, heightened anxiety and ethanol preference) could impact the validity of subsequent analysis investigating the biological underpinnings of these disorders.

To investigate potential molecular mechanisms of heightened ethanol drinking following traumatic stress, it was predicted that the NPY pathway would be altered following stress exposure in a way consistent with vulnerability to the traumatic stress and ethanol drinking. The study focused its investigation of the NPY system in areas of the amygdala and extended amygdala that are known to be involved in fear response, anxiety-like behaviors, and ethanol consumption. The BLA, CeA, and BNST are nuclei in the amygdala and the extended amygdala (Tye et al., 2011; Jennings et al., 2013). The BLA receives sensory information from thalamic and cortical areas about the perception of fear stimuli. The CeA integrates sensory information from the BLA and other areas, then sends output projections to multiple regions that drive behavioral responses to fear stimuli. The BNST, an area that receives BLA projections and is reciprocally connected with the CeA, is responsible for the development of anxiety states and sustained fear (Pape and Pare, 2010; Rodríguez-Sierra et al., 2016). They play key roles in fear learning, and dysregulated fear learning is a hallmark of PTSD (Careaga et al., 2016). NPY, Y1R, and Y2R are expressed in the amygdala and extended amygdala (Tasan et al., 2016; Wood et al., 2016; Mackay et al., 2019). In general, activation of postsynaptic Y1R reduces anxiety, whereas activation of presynaptic Y2R increases anxiety-like behaviors (Sørensen et al., 2004; Bowers et al., 2012; Reichmann and Holzer, 2016). NPY administration or overexpression is anxiolytic in several rodent models, including in the elevated plus maze and open field tests (Heilig et al., 1989; Broqua et al., 1995; Sørensen et al., 2004; Kornhuber and Zoicas, 2021), and this is mediated primarily through activation of Y1R (Bowers et al., 2012). The findings presented herein demonstrate the NPY pathway is differentially regulated in areas of the amygdala and extended amygdala of vulnerable and resilient populations. Vulnerable rats had higher levels of Y1R mRNA in the BLA compared with controls. Resilient rats had significantly higher Y2R expression in the CeA and NPY levels in the BNST than non-stressed controls.

In the BLA, NPY neurotransmission has been shown to play a role in modulating anxiety and fear-related behaviors (Sajdyk et al., 2002; Tasan et al., 2010). When NPY is directly injected into the BLA, animals show resilience to restraint stress and display greater social behaviors compared to vehicle-injected shams (Sajdyk et al., 2008). Likewise, intra-amygdala NPY attenuates conditioned fear expression (Fendt et al., 2009) and enhances fear extinction, whereas Y1R antagonist inhibits fear extinction (Gutman et al., 2008). In contrast, genetic knockdown of Y2R in the BLA decreases anxiety (Tasan et al., 2010). These findings support the contention that Y1R decrease and Y2R increase anxiety states and the regulation occurs, at least in part, at the level of the BLA. Our results indicate that vulnerable rats were more anxious and had higher levels of Y1R mRNA in the BLA than controls but had similar levels of NPY. Our results are in contrast to those Cui et al. (2008) who report increased NPY-immunoreactivity in neurons in the BLA 7 days following SPS in male rats. The rats were not behaviorally phenotyped as vulnerable or resilient which may contribute to the differences in the findings; our rats were at the two extremes in terms of behavioral responses to SPS. There also may be differences between males and females in the regulation of NPY following traumatic stress. Males and females need to be investigated side-by-side to establish important sex differences in the biological responses to traumatic stress.

The CeA receives sensory inputs from the BLA and cortex, and in turn provides behavioral output through the BNST. The BNST has reciprocal connections with the CeA that are important in anxiety responses and ethanol consumption (Gilpin et al., 2015). As a central component to this circuit, the CeA is critical for processing responses to traumatic stress and regulating anxiety valence and alcohol drinking (Gilpin et al., 2015). The results presented herein indicate that resilient rats had higher levels of Y2R mRNA in the CeA than vulnerable rats. Elevated Y2R in resilient rats may result in lower fear responses in agreement with the findings of Verma et al. (2015) who demonstrated that over-expression of a Y2R agonist, NPY3-36, specifically in the CeA diminishes acquisition and recall during cued fear conditioning. The finding of lower Y2R mRNA in the vulnerable group may indicate a down-regulation of presynaptic control of local GABA interneurons or reduced Y2R expression by CeA projection neurons. Prior work shows that genetic knockdown of Y2R mRNA in the CeA results in down-regulation of Y2R binding within the CeA, but also in the BNST, nucleus accumbens shell, and locus coeruleus (Tasan et al., 2010). Reductions of Y2R expression by CeA GABAergic interneurons could result in disinhibition of GABAergic projection neurons from the CeA to the BNST, thus potentially reducing anxiety and ethanol consumption in the resilient group (Pati et al., 2020). This possibility needs to be further explored. Although there is a paucity of prior studies that have investigated the regulation of Y2R following SPS or other traumatic stress models, it has been reported that SPS results in a reduction of Y2R mRNA in the locus coeruleus of male rats compared with controls (Sabban et al., 2018); Y2R mRNA in the amygdala was not measured in that study.

The BNST has afferent and efferent connections with the CeA, which are critically involved in the subjective feeling of anxiety and linked to alcohol consumption (Gilpin, 2012; Avery et al., 2016). Results from the present study show that NPY levels were higher in the BNST in the SPS-exposed resilient subpopulation compared to non-stressed controls. This is consistent with previous work showing that NPY, stress, and ethanol consumption are related. Higher NPY levels in the BNST are associated with increased adaptive coping in response to swim stress following chronic variable stressors (Hawley et al., 2010). NPY signaling through Y1R in the BNST reduces ethanol binge drinking (Pleil et al., 2015) and central administration of NPY suppresses alcohol seeking after stress exposure (Cippitelli et al., 2010). High drinking in the dark (HDID-1) mice have significantly lower NPY levels in the BNST compared to heterogeneous stock mice (Barkley-Levenson et al., 2016). Thus, NPY expression in the BNST is inversely related to stress responses including anxiety and ethanol consumption. In the present study, the higher levels of NPY in the BNST of resilient rats may be neuroprotective against harmful stressful stimuli and prevent increased anxiety and ethanol consumption.

Sex differences in tests of anxiety-like behaviors have been reported. Male and female rats show different behavioral responses to aversive or threatening stimuli; female rats show more active responding and higher locomotion while males express behavioral inhibition (Albonetti and Farabollini, 1995; Fernandes et al., 1999; Scholl et al., 2019). These divergent responses appear during testing on the elevated plus maze and warrant caution in interpretation. Thus, high activity of females on the elevated plus maze may reflect their active coping strategy and not reduced anxiety-like behavior (Fernandes et al., 1999). This is similar to responses in fear conditioning paradigms where females are more likely to show ‘darting’ behaviors rather than freezing (Gruene et al., 2015), but may differ from open field testing where sex differences are not always apparent (Scholl et al., 2019). Sex differences in ethanol consumption during two bottle choice also occur, with female rats drinking more ethanol than male rats (Priddy et al., 2017). Further, different responses to SPS and other models of traumatic stress have been reported between male and female rodents (Keller et al., 2015; Pooley et al., 2018; Albrechet-Souza et al., 2020).

The results presented here support prior work demonstrating that high anxiety is predictive of ethanol consumption, and that a positive relationship exists between anxiety-like behaviors and ethanol intake in females (Izídio and Ramos, 2007; Ornelas et al., 2021). The present study revealed that the phenotype after SPS that was most predictive of high ethanol drinking in females was anxiety scores on the elevated plus maze and open field test. Some studies, although not all, indicate that anxiety is predictive of ethanol consumption also in male rodents (Izídio and Ramos, 2007; Bahi, 2013; Barchiesi et al., 2021; Makhijani et al., 2021). Other work has shown that female rats are more likely to drink during social isolation which is anxiogenic and males are more likely to drink in groups, demonstrating anxiety is a more important driver for female ethanol consumption than for males (Varlinskaya et al., 2015). Thus, it is possible that different phenotypes may be more predictive of ethanol consumption in males and this needs further investigation. The NPY pathway also shows sex-dependent regulation in response to various types of stressors (Forbes et al., 2012; Karisetty et al., 2017). These studies suggest there are inherent differences in male and female responses to stress, including expression of anxiety-like behaviors, ethanol consumption and NPY pathway regulation. Future investigations measuring the predictive factors for later ethanol consumption in males is needed.

In summary, exposure to traumatic stress produces a range of responses in both animal and human populations. It is important to study individual responses to stress exposure in order to elucidate molecular mechanisms responsible for resilience and vulnerability, as well as to consider effective prevention and treatment approaches. This study developed and applied an artificial intelligence algorithm to identify individual differences following exposure to traumatic stress in female rats that enabled prediction of resilience or vulnerability to subsequent ethanol consumption. Investigation of the NPY pathway revealed that resilient animals had significantly higher levels of NPY in the BNST and higher expression of Y2R in the CeA. This suggests that enhanced NPY transmission in areas of the amygdala and extended amygdala may be important for resilience to traumatic stress exposure and in preventing high ethanol consumption in females. Artificial intelligence algorithms could be developed to detect and predict individual differences in humans exposed to traumatic stress in order to apply a therapeutic intervention that shifts vulnerable individuals to a resilient phenotype.
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In the United States, the number of people suffering from opioid use disorder has skyrocketed in all populations. Nevertheless, observations of racial disparities amongst opioid overdose deaths have recently been described. Opioid use disorder is characterized by compulsive drug consumption followed by periods of withdrawal and recurrent relapses while patients are participating in treatment programs. Similar to other rewarding substances, exposure to opioid drugs is accompanied by epigenetic changes in the brain. In addition, genetic factors that are understudied in some racial groups may also impact the clinical manifestations of opioid use disorder. These studies are important because genetic factors and epigenetic alterations may also influence responses to pharmacological therapeutic approaches. Thus, this mini-review seeks to briefly summarize what is known about the genetic bases of opioid use disorder in African Americans.
Keywords: epigenetics, opioid use disorder (OUD), DNA methylation, mu opioid (MOP) receptor, African Americans
INTRODUCTION
Opioid overdose is one of the leading causes of deaths in the United States (U.S.) (Jalal et al., 2018). The over-prescription of opioids and the illicit use of these drugs are amongst the factors that have contributed to the rise in opioid overdoses and the development of opioid use disorder (OUD) (CDC, 2020; Blackwood and Cadet, 2021b; Mattson et al., 2021). OUD is a chronic relapsing neuropsychiatric disorder characterized by compulsive drug intake despite negative life consequences (DSM-V, 2013). Importantly, there are reported racial differences in people suffering from OUD (Terry et al., 2008; Nielsen et al., 2010; Xu et al., 2018). In addition, certain African American populations are reported to be dying from opioid overdoses at higher rates than other ethnic groups (Carlesso and Kara, 2019; Chau, 2020; DeLaquil, 2020; Furr-Holden et al., 2021). It is therefore important to understand the potential causes for these observations of differential overdose rates for prevention purposes.
Opioid drugs have their biological effects by stimulating opioid receptors that are members of the G protein coupled receptor (GPCR) family (Shippenberg et al., 2008; Pasternak and Pan, 2013; Gendron et al., 2016). These receptors include mu(μ)-, delta(Δ)-, and kappa(Κ)-opioid receptors that can form homo- and heterodimeric complexes and transduce intercellular signals through various cellular pathways (Fujita et al., 2014; Bruchas and Roth, 2016). Among these, the μ-opioid receptor appears to be more relevant to addictive processes (Bossert et al., 2018; Blackwood et al., 2019) and is the main target for FDA-approved drugs used to treat OUD (Schuckit, 2016).
The μ-opioid receptor is encoded by the OPRM1 gene (Chen et al., 1993; Thompson et al., 1993). The receptor is expressed throughout the brain (Hirvonen et al., 2009; Johansson et al., 2019) and has high affinity to endogenous opiates including ß-endorphin (Zadina et al., 1997). Stimulation of μ-opioid receptor is responsible, in part, for opioid-induced euphoria and rewarding effects (Wang, 2019). Repeated stimulation of the μ-opioid receptor is also mainly responsible for the development of tolerance and physical dependence on opioid drugs (Kieffer and Evans, 2002). In clinical settings, various pain syndromes are treated with μ-opioid receptor agonists (Basbaum and Fields, 1984; Pasternak, 1993). Therefore, factors that interfere with the pharmacokinetics and signaling of the μ-opioid receptor could impact the treatment of pains syndrome and/or the manifestation of OUD in various ethnic populations.
Here, we provide a short review of potential genetic and epigenetic factors that impact the μ-opioid receptor gene. These include mutations reported in the μ-opioid receptor gene and some epigenetic factors including DNA methylation and transgenerational epigenetic inheritance that might impact gene expression in the brain. Finally, we consider the possibility that these might impact clinical course of OUD in African American populations.
SINGLE NUCLEOTIDE POLYMORPHISMS
Genetic variations due to single nucleotide polymorphisms (SNPs) are factors that can influence susceptibility to substance use disorders (SUDs) (Oslin et al., 2003; Haerian and Haerian, 2013). Most SNPs are not necessarily associated with any discernible functional changes in mRNA expression or protein functions. However, some SNPs can result in amino-acid substitutions that change the functionality of proteins that can result in susceptibility to brain diseases or adverse consequences during exposure to stressful environmental stimuli (Shi et al., 2011; Lee et al., 2017).
SNPS IDENTIFIED IN THE Μ-OPIOID RECEPTOR GENE
Several groups of investigators have reported on potential links between OUD and SNPs identified in the human μ-opioid receptor gene (Bond et al., 1998; Zhang et al., 2005). These SNPs include C17T, G24A, G799A, G942A, and A118G (Bond et al., 1998), with the A118G variant being the most commonly reported. This SNP is located at position 118 (A118G) and corresponds to an amino-acid conversion from asparagine to aspartate at position 40 of the N terminus site of the receptor protein (Bond et al., 1998). Interestingly, Bond et al. (1998), reported that the A118G variant showed greater affinity for ß-endorphin. In addition, activation of the A118G variant is much more potent at the G-protein-coupled protein potassium ion channels than the normal variant (Bond et al., 1998). Of further clinical relevance, the A118G variant is an important mediator of endocytosis and desensitization of the human μ-opioid receptor (Beyer et al., 2004), implicating it in the development of greater tolerance in individual patients who use or misuse opioid drugs. Postmortem tissues that have revealed decreased mRNA expression and protein levels of the human μ-opioid receptor in humans with the A118G variant (Zhang et al., 2005) further implicate them in the clinical course of OUD patients.
POTENTIAL IMPLICATIONS OF A118G IN AFRICAN AMERICAN PATIENTS WITH OUD
It has been reported that the occurrence of the A118G variant may vary across ethnic groups (Bond et al., 1998; Hastie et al., 2012; Abijo et al., 2020). Specifically, allele frequencies of the A118G variant have been investigated in healthy and opioid-exposed African Americans (Bond et al., 1998; Hastie et al., 2012). Bond et al. (1998) used heroin-exposed and non-drug exposed subjects found an overall allelic frequency (A/G and G/G) of 3.3% in African Americans compared to 21.2 and 25.4% in Whites and Hispanics, respectively. A subsequent study by Hastie et al. (2012) who included healthy young adults in their paper documented that the frequency of the A118G variant was less common in African Americans (7.4%) compared to Whites (28.7%) and Hispanics (27.8%). The presence of A118G polymorphisms in African Americans and other ethnic groups might affect the binding affinity of the μ-opioid receptor. The changes in binding affinity might hamper pain perception, reduce response to analgesic drugs, and increase self-administration of opioid drugs (Beyer et al., 2004; Janicki et al., 2006; Sia et al., 2008).
A118G polymorphism removes a highly conserved N-glycosylation site in protein’s extracellular domain (Beyer et al., 2004) that may hamper pain perception in chronic diseases (Janicki et al., 2006), reduce response towards analgesic drugs (Oertel et al., 2006), and tend to increase administration of opioids (Sia et al., 2008).
DNA METHYLATION IN EUKARYOTIC CELLS
Repeated exposure to drugs that lead to SUD in some individuals is related, in part, to neuroadaptive epigenetic alterations that occur in the brains of exposed individuals (Robison and Nestler, 2011; Cadet, 2016; Cadet and Jayanthi, 2021). Epigenetic events occur through DNA methylation, chromatin remodeling, non-coding RNA, and histone modifications (Robison and Nestler, 2011). The next paragraphs focus on the role of DNA methylation in OUD because DNA methylation plays an important role in the transcription of the μ-opioid receptor gene (Figure 1) (Hwang et al., 2007; Chidambaran et al., 2017).
[image: Figure 1]FIGURE 1 | Opioid-induced DNA methylation of mu opioid receptor gene. Agents such as opioids have been shown to cause epigenetic alterations in the brain. This cartoon illustrates how exposure to a mu opioid agonist can cause hypermethylation at CPG sites located in the promoter regions of the mu opioid receptor gene. DNA methylation is followed by the recruitment of co-repressors including HDAC1, DNMTs, and/or MBD proteins (MeCP2). Together these protein form complexes that can repress gene transcription repression by preventing binding of transcription factors on the DNA promoters or relevant transcription sites of relevant genes.
DNA methylation refers to the addition of methyl groups to cytosine residue. This reaction is catalyzed by the enzymes, DNA methyltransferases (DNMTs) (Kinney and Pradhan, 2011; Smith and Meissner, 2013). Changes in DNA methylation can occur in enhancers and promoters of genes (Kinney and Pradhan, 2011; Smith and Meissner, 2013). DNA methylation is required for normal development in humans (Kim et al., 2009; Smith and Meissner, 2013). Changes in DNA methylation may lead to repression of gene expression through the recruitment of histone deacetylases (HDACs), histone methyl/lysine-transferases (HMATs/KMTs), as well as DNA methyl-binding domain proteins (MBDs) methyl-CpG binding protein 2 (MeCP2) (Hyun et al., 2017; Voss and Thomas, 2018). Alterations in DNA methylation are influenced by environmental stress and chemical exposure. DNA methylation plays important roles in the pathobiology of cancer and neurodevelopmental disorders (Robertson and Wolffe, 2000).
DNA METHYLATION AND Μ-OPIOID RECEPTORS
Alterations in DNA methylation have been reported after chronic exposure to several rewarding drugs including opioids (Hwang et al., 2007; Host et al., 2011; Manzardo et al., 2012; Pol Bodetto et al., 2013; Chidambaran et al., 2017; Jayanthi et al., 2020). Specifically, Hwang et al. (2007) had reported that increased DNA methylation of CpG sites in the promoter regions of the μ-opioid receptor gene led to increased binding of MeCP2 followed by recruitment of the repressors, histone deacetylase 1 (HDAC1) and SIN3 transcription regulator family member A (mSin3A), thus leading to downregulation of the μ-opioid receptor gene. Their findings and interpretation are consistent with observations that MeCP2 can negatively regulate the expression of the μ-opioid receptor gene (Lu et al., 2009; Garcia-Concejo et al., 2016).
DNA METHYLATION AND OPIOID USE DISORDER
Aberrant alterations in DNA methylation have been reported to be associated with various neuropsychiatric diseases including heroin use disorder (Nielsen et al., 2008; Cadet, 2016; Wang et al., 2016; Cadet and Jayanthi, 2021). For example, Nielsen et al. (2008) reported that DNA taken from lymphocytes of patients suffering from heroin use disorder showed increased levels of DNA methylation. Similarly, Xu et al. (2018) reported DNA hypermethylation in former patients suffering from heroin use disorder compared to healthy controls who had no history of opioid consumption. The results of these two papers are consistent with those of other investigators who have found that patients suffering from heroin use disorder showed altered DNA methylation at CpG sites located in the promoter region of the μ-opioid receptor (Chorbov et al., 2011; Doehring et al., 2013; Ebrahimi et al., 2018). Specifically, Chorbov et al. (2011) reported that former patients suffering from heroin use disorder stabilized in methadone treatment showed increased DNA methylation in two CPG sites at +182 and +186 loci of the promoted of the μ-opioid receptor. In addition, Doehring et al. (2013) documented increased DNA methylation in one CpG site at +136 loci of the receptor promoter in heroin-dependent patients and in opioid-treated pain patients in comparison to the non-opioid exposed individuals (Doehring et al., 2013). Taken together, these results implicate a role of DNA methylation of the opioid receptor gene in OUD.
DNA METHYLATION AND AFRICAN AMERICANS
Although limited, it has been suggested that there are differential changes in DNA methylation levels across individuals from various racial groups exposed to opioids (Nielsen et al., 2009; Nielsen et al., 2010). Nielsen et al. (2009) had initially reported that hypermethylation at CpG sites located in the promoter of the μ-opioid receptor was linked to long-term heroin consumption. Subsequently, they observed that African American individual patients showed higher levels of DNA methylation upstream of the promoter region of the μ-opioid receptor in comparison to Hispanic or White patients (Nielsen et al., 2010). These observations need to be replicated in much larger patient populations before any rigorous interpretations can be made with confidence.
INTERGENERATIONAL AND TRANSGENERATIONAL EPIGENETIC INHERITANCE
Opioid exposure is thought to be associated with changes in a germline, which may be transmitted to subsequent generations in a process called intergenerational or transgenerational epigenetic inheritance (Cicero et al., 1995; Sarkaki et al., 2008; Byrnes et al., 2012; Byrnes et al., 2013; Vassoler et al., 2017; Toorie et al., 2021). Intergenerational and transgenerational epigenetic inheritance refers to phenotypic variation that does not stem from variations in DNA base sequences that are transmitted through the germline to the immediate offspring even in the absence of direct opioid exposure (Vassoler et al., 2014; Odegaard et al., 2020). Some of these ideas are illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Transgenerational and Multigenerational epigenetic inheritance of opioid exposure. The ability to transmit epigenetic changes from one generation to the next in experiments done in animal models. There is very little direct evidence of similar occurrences in humans. Opioid use by mothers (or fathers) might lead to permanent changes in the DNA found in their ovaries (or sperm) that are transmissible to later generations even in the absent of direct drug exposure (transgenerational epigenetic inheritance). Multigenerational epigenetic inheritance coincident direct exposure of multiple generations to an environmental factors promoting alterations in the multiple generations exposed.
In an interesting study, adolescent female rats injected with increasing dosages of morphine were mated with drug-free males (F0 animals) (Byrnes et al., 2013). The F1 and F2 offsprings that derived from the F0 female were then investigated for locomotor defects after injection with a dopamine D2 receptor (D2R) activator, quinpirole. Repeated administration of quinpirole in the F1 and F2 progenies reduced locomotor sensitization in activity testing chambers (Byrnes et al., 2013). In the same study, the F1 and F2 progenies showed increased expression of D2R and Κ-opioid receptors in the nucleus accumbens. Using a similar model with morphine, F1 offspring from the morphine-exposed female showed decreased anxiety-like behavior in open field activity experiments and increased sensitivity to opioid rewarding effects (Byrnes et al., 2011).
In another interesting study, performed by Vassoler et al. (2017), females adolescent rats exposed to morphine were bred with drug-naïve males. In this study, F1 and F2 offsprings from the maternal line were found to have lower levels of morphine self-administration and reduced relapse-like behavior. Additionally, they showed altered expression of genes associated with synaptic plasticity in the nucleus accumbens (Vassoler et al., 2017). A study performed by Odegaard et al. (2020) found that pregnant mothers exposed to oxycodone showed developmental impairments that were displayed in multiple generations. These findings illustrated the potential transgenerational and multigenerational influences of opioids exposure in females.
GENERAL SUMMARY AND CONCLUSION
The prevalence of OUD and its associated consequences including overdose deaths have increased in recent years. Unfortunately, African Americans have been reported to have suffered some of the largest increases in opioid-related overdose deaths (Patel et al., 2021). The potential ramifications of these changes in the course of the COVID-19 infection has also been discussed (Blackwood and Cadet, 2021a). Some of these complications may be related to the lack of access of African American individual patients to psychiatric care that has been shown to be an area of major racial inequities (Hall et al., 2021; Stahler et al., 2021). This discussion suggests the need to increase available resources to increase access to treatment programs by African Americans who seem to be suffering from the brunt of the disasters associated with the opioid epidemic in the United States.
It needs to be further commented that more expansive genetic and epigenetic studies are needed in order to compare individual and group racial differences in the susceptibility to or resistance against OUD. This statement is based on some initial studies that have reported differences in genetic and epigenetic markers across various ethnic groups (Nielsen et al., 2010; Abijo et al., 2020). For example, it will be important to investigate the potential connections between the A118G variant and the clinical course of OUD in populations that include large numbers of patients and non-patients from various ethnic American groups. So far, it is very obvious that most of these genetic studies have focused on white populations and have neglected the African American communities in the United States. Without engaging these populations, the racial inequities in diagnosis, treatment, and mortality will continue to rise. Similarly, the initial findings of differences in DNA methylation of the opioid receptor gene need to be investigated further in similar large population of controls and patients from various ethnic groups. Without these studies, it is possible that prevention approaches that treat all populations based on findings in white populations will fail. The suggested approaches are also relevant to the practice of precision medicine that will take the treatment of SUD into the next decades.
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Drugs of abuse are widely known to worsen mental health problems, but this relationship may not be a simple causational one. Whether or not a person is susceptible to the negative effects of drugs of abuse may not only be determined by their addictive properties, but also the users’ chronotype, which determines their daily activity patterns. The present study investigates the relationship between chronotype, drug use and mental health problems in a cross-sectional community sample. Participants (n = 209) completed a selection of questionnaires online, including the Munich Chronotype Questionnaire, the Depression Anxiety Stress Scale, the Alcohol Use Disorder Identification Test, the Cannabis Use Disorder Identification Test and the Fagerström Test for Nicotine Dependence. We conducted multiple regression models to determine relationships between participants’ chronotype and their reported mental health symptoms and then estimated mediation models to investigate the extent to which their drug consumption accounted for the identified associations. Chronotype was significantly associated with participants’ overall mental health (β = 0.16, p = 0.022) and their anxiety levels (β = 0.18, p = 0.009) but not with levels of depression or stress. However, both relationships were fully mediated by participants’ overall drug consumption. Thus, late chronotypes, so-called “night owls”, not only use more drugs but consequently have an increased risk for developing anxiety and deteriorating mental health status. This group may be particularly vulnerable to the negative psychological effects of drugs. Our results point toward the importance of considering chronotype in designing preventative and therapeutic innovations, specifically for anxiety, which at present has been largely neglected.
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INTRODUCTION

The relationship between drug use and mental health has been well established. Tobacco, alcohol and cannabis are the most widely used drugs of abuse, and each of them has been associated with mood disorders (Boden and Fergusson, 2011; Jamal et al., 2012; Lev-Ran et al., 2014; Hser et al., 2017; Mathew et al., 2017). The relationship between drug use and mental health has become even more obvious during the COVID-19 pandemic, when not only the use of cannabis and alcohol increased but also the prevalence of mental health symptoms (Vanderbruggen et al., 2020; Xiong et al., 2020). This recent increase in mental health problems warrants further investigation into the relationship between drug use and mental health. The present study aims to provide the necessary understanding for the improvement and development of treatment strategies for mental health conditions.

Previous research has mainly focused on the specific effects of certain drugs of abuse on their own, yet drugs are often combined together concurrently and simultaneously (Roche et al., 2019); this is often due to common sociocultural influences (Bobo and Husten, 2000). Concurrent drug use is thought to reduce treatment efficacy by increasing drug cravings and drug intake, and has been linked with greater risk of mental health problems (McKee and Weinberger, 2013; Subbaraman and Kerr, 2015; Roche et al., 2019). Importantly, the relationship between drug consumption and mental health is not a simple causational one (NIDA, 2021). Risk factors may render some people more vulnerable to the effect of drugs. Of course, there are many types of risk factor which can influence this relationship, mainly those that are associated with the individual, such as family history, or environmental factors, such as poor socioeconomic status or a stressful environment (NIDA, 2021). One factor that falls in-between these factors is a person’s chronotype, which influences their daily activity patterns. The pattern of daily activity levels is determined by an individual’s circadian clock. The calibration of these circadian clocks vary from person to person, with a wide range of patterns throughout the population. Those with earlier behavioral patterns are termed early chronotypes and their later counterparts being late chronotypes, colloquially known as “early larks” and “night owls,” respectively (Roenneberg et al., 2003). The factors that determine an individual’s chronotype can be intrinsic, such as genetic influences or age, but these influences are not fixed. Chronotype can also change, even on a daily basis, in response to extrinsic factors (“Zeitgebers”) such as light exposure or working patterns (Roenneberg et al., 2004). Changes in working patterns and light exposure may have been influential in many peoples’ shift to a later chronotype during the pandemic.

Late chronotypes have been associated with impaired emotional and reward processing, which may impact on their wellbeing, specifically on their susceptibility to developing anxiety and depression (Díaz-Morales, 2015; Merikanto et al., 2015; Antypa et al., 2016; Taylor and Hasler, 2018; Cox and Olatunji, 2019). As drugs of abuse also influence the same systems by producing a pleasurable buzz or relaxation, it is not surprising that individuals with altered emotional and reward processing, as seen in late chronotypes, are more likely to use drugs (Patterson et al., 2016; Hasler et al., 2017a,b; Hug et al., 2019). Both factors, chronotype and drug consumption, are likely to be linked to alteration of reward processing, and it has been hypothesized that there may be a relationship between them, i.e., they may have a combined effect on the same systems and may cause an even greater impact on mental health. In fact, chronotype seems to be an under-recognized link between drug use and mental health (Hasler et al., 2017a). The present study aims to elucidate the effects of chronotype on mental health and the influence of drug consumption on this relationship, using data collected before the pandemic. We hypothesize that the increased use of substances such as tobacco, cannabis and alcohol in late chronotypes will mediate the relationship between late chronotype and poorer mental health.



MATERIALS AND METHODS


Study Sample

The protocol was approved by the Cambridge Psychology Ethics Committee. A total of 449 individuals participated in the study using the online Qualtrics survey platform.1 The study was advertised by posting on websites and printed adverts in Cambridge (United Kingdom) and the surrounding regional area. After exclusion due to incomplete responses or invalid responses, two hundred and nine participants (50% male) with a mean age of 25.4 (± 8.4 standard deviation, SD) were included in the final sample. The age range and gender distribution were not significantly different in included and excluded groups. The identities of the participants remained anonymous, who were not paid for their contribution. This method of online data collection has been validated in previous studies (Ersche et al., 2017, 2019; Strickland and Stoops, 2019).



Study Measures

All participants provided information about their demographics and completed five questionnaires to assess chronotype, alcohol and cannabis consumption, tobacco use, and mental health status.


Chronotype

The Munich Chronotype Questionnaire (MCTQ) is one of the most widely used measures to assess individual variation of the chronotype and has been validated with other chronotype measures (Roenneberg et al., 2003; Santisteban et al., 2018). The MCTQ contains 19 questions examining wake and sleep timing (for both work and free days). This continuous measure is unique in its ability to evaluate chronotype by using the midpoint between sleep onset and offset on free days (Wittmann et al., 2010). Midsleep on free days (MSF) is used as a measure for chronotype, which should be corrected due to potential sleep debt that has been incurred on weekdays. Sleep debt on week days leads to sleep recovery on free days, which increases sleep duration on free days (SDf), which would confound the measure of MSF. Weekend sleep recovery has thus been suggested to serve as a protective factor, reflecting the individual’s ability to catch up on lost sleep over the weekend. Weekend sleep recovery is calculated using the formula: weekend recovery (WR) = SDf- SDweek, and MSF is corrected by using the difference between SDf and average sleep duration (SDweek). Sleep-corrected MSF (MSFsc) is then calculated using the formula: MSFsc = MSF – (SDf – SDweek)/2. In the present study, we used MSFsc as our final measure for chronotype.



Alcohol Consumption

Was assessed using the Alcohol Use Disorders Identification Test (AUDIT), recommended by the World Health Organization to measure harmful alcohol use (Saunders et al., 1993). The AUDIT contains ten items covering alcohol consumption, drinking behaviors and alcohol-related problems. Assessment of both alcohol consumption and drinking patterns can differentiate between binging and daily behaviors. Each item is scored 0 to 4, giving a maximum score of 40. Higher scores indicate more harmful use of alcohol, and a score of 8 or higher can be used to diagnose hazardous or harmful alcohol consumption.



Cannabis Consumption

Was assessed using the Revised Cannabis Use Disorders Identification Test (CUDIT-R). This is an eight-item questionnaire based on the AUDIT developed to screen for problematic cannabis use (Adamson et al., 2010). Each item is scored 0 to 4, giving the questionnaire a maximum score of 32. The CUDIT-R assesses frequency of use, cannabis consumption and cannabis-related problems. Higher scores indicate more harmful use of cannabis, with a score of 9 or higher indicating cannabis use disorder (Marshall, 2013).



Tobacco Use

Was as evaluated using the Fagerström Test for Nicotine Dependence (FTND), which is a well-established instrument to assess the intensity of physical addiction to nicotine (Heatherton et al., 1991). It is a six-item questionnaire with a maximum score of 10; a higher score indicates more harmful cigarette consumption and, by extension, nicotine dependence. Scores of 6 and above are seen as an indicator of high dependence (Hall et al., 2018). The FTND mainly assesses cigarette consumption and timing of smoking habits.



Combined Drug Use

Tobacco, alcohol and cannabis use scores were summed together to generate a measure of combined drug use, reflecting total drug burden on each participant. Scores from the FTND, AUDIT and CUDIT-R were summed together and then standardized to generate the combined drug use variable.



Mental Health

We have used the Depression, Anxiety and Stress Scale (DASS-21), which is a 21-item questionnaire to assess symptoms of depression, anxiety and stress (Lovibond and Lovibond, 1995). Each item has a statement that requires a rating with regard to frequency, with responses “Did not apply to me at all”, “Applied to me to some degree, or some of the time”, “Applied to me to a considerable degree, or a good part of the time” and “Applied to me very much, or most of the time” corresponding to 0, 1, 2, and 3 points, respectively. This questionnaire has three sections, with scales that distinguish well between depression, anxiety and stress-related pathologies. Each subscale has a maximum score of 21, and these scores can be summed to generate an overall mental health score. The three subscales for depression, anxiety and stress include items that measure dysphoric mood, such as sadness or worthlessness; physical arousal, panic attacks and fear as well as tension and irritability and overreaction to stressful scenarios, respectively. On each subscale, higher scores indicate higher severity of depression, anxiety or stress, and are summed up to a total score. The DASS-21 can be used to identify subclinical levels of these conditions, with established cut-off values for mild, moderate, severe and extremely severe depression, anxiety or stress (Lovibond and Lovibond, 1995). The detection of subclinical symptoms will allow us to more precisely determine the mechanism of chronotype’s effect on mental health.




Statistical Analysis

First, we created multivariate linear regression models between chronotype (MSFsc) and total DASS-21 score, depression, anxiety and stress subscales. Chronotype was used as the dependent variable and the DASS-21 scores were the independent variables. As chronotype has a strong link to age, with changes in chronotype being observed from childhood to adolescence to adulthood (Roenneberg et al., 2004), age was included as a co-variate. We also included education level, which is often related to drug use and should be controlled for in the analysis (Crum et al., 1993; Fergusson et al., 2003; Tomioka et al., 2020). Our sample was gender balanced, with 50% male and female participants, but we decided not to explore the effects of gender as the link between gender and chorotype has been questioned (Randler and Engelke, 2019). To ensure that our findings are not confounded by gender, we ran a separate analysis using gender as a covariate (see also Supplementary Material).

Significant multivariate associations between chronotype and mental health scores were taken forward to mediation analysis. This is a statistical technique that determines whether the variance in the relationship between a dependent variable, X, and an independent variable, Y, can be explained by a mediating variable, M (Imai and Yamamoto, 2013). Statistical analyses were completed using R 3.6.1 and the “mediation” package 4.4.7.17 (Imai and Yamamoto, 2013; R Core Team, 2019). All tests were two-tailed with α = 0.05. We deliberately used the same method of analysis as previously described by Wittmann et al. (2010) to make our findings comparable with prior work.




RESULTS


Sample Characteristics

The study sample was representative of the national average with regard to ethnicity (76% white), native language (85% native English speaking) and employment (6% unemployed). The education levels were above the national average as 70% have attended/are attending higher education. The majority of participants (81%) subjectively related their health status as either excellent or good, whereas only 0.9% considered their health to be rather poor. The sample had a large proportion of harmful alcohol (49%) use and harmful cannabis use (39%), with comparatively lower high dependence smoking (3%). It is of note that female participants reported significantly poorer mental health compared with their male counterparts (DASS-21 total; t = 2.77, p = 0.006), which was driven by significantly higher scores on both the anxiety subscale (t = 2.85, p = 0.005) and the stress subscale (t = 2.91, p = 0.004). By contrast, male participants reported significantly higher levels of nicotine (FTND; t = 2.84, p = 0.005) and cannabis use (CUDIT-R; t = 3.21, p = 0.002) compared with their female peers.



Relationships Between Chronotype and Mental Health Measures

Table 1 shows the results of the multivariate regression analyses. Chronotype (MCTQ) was associated with total DASS-21 score (β = 0.16, p = 0.022) and anxiety (β = 0.18, p = 0.009). MCTQ was not statistically associated with depression or stress. During each regression analysis, both variables age and education were used as covariates. Importantly, the significant associations did not change when gender was used as an additional covariate (see Supplementary Table 1). Weekend sleep recovery was not correlated with DASS-21 total score (p = 0.986) or any of the subscales [DASS-21 anxiety (p = 0.688), DASS-21 depression (p = 0.700) or DASS-21 stress (p = 0.884)] suggesting that increased sleep over the weekend was unrelated to participants’ mental health. Consequently, weekend sleep recovery was not used in any further analyses. Combined drug use was used as a mediating variable to further investigate the multivariate relationships that were found.


TABLE 1. Multivariate associations between chronotype (as assessed by the MCTQ) and mental health (as assessed by the DASS-21).

[image: Table 1]
The relationship between chronotype and total DASS-21 score (β = 0.15, p = 0.024) became non-significant when smoking, alcohol use and cannabis use were controlled for (β’ = 0.10, p = 0.138), showing a full mediation effect. When tobacco, alcohol and cannabis use were used as a combined mediator, the relationship between chronotype and anxiety disappeared (β = 0.17, p < 0.01; β’ = 0.10, p = 0.11) (see Figure 1). This full mediation effect was also present when gender was used as an additional covariate in the analyses (see Supplementary Figure 1).
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FIGURE 1. Combined variable of smoking, alcohol and cannabis use fully mediates the relationship between chronotype and mental health score (A) and the relationship between chronotype and anxiety (B). β is the coefficient before mediation and β’ is the coefficient after mediation. All β coefficients are standardized. Age and education were used as covariates in this model but were not included in the figure. Significant paths are highlighted in bold.





DISCUSSION

In light of the steady increase in drug use and mental health problems worldwide (Twenge et al., 2019; UNODC, 2021), we aimed to elucidate the relationship between these phenomena and the possible influence of individual variation in chronotype on this relationship. As predicted, we identified multivariate associations between chronotype and mental health more generally, and with anxiety in particular. Late, or evening, chronotype was associated with higher anxiety and poorer overall mental health, suggesting that higher anxiety levels experienced by late chronotypes may have driven their significantly poorer overall mental health status. Whether or not participants had the chance to catch up on sleep over the weekend (weekend sleep recovery) did not seem to affect their mental health, suggesting that it had no protective effect. Specifically, the combined consumption of tobacco, alcohol and cannabis, which is highly prevalent not just in the United Kingdom (UNODC, 2021), fully mediated both of these relationships. These results suggest that the association between late chronotype and poorer mental health is driven by increased overall drug consumption in late chronotypes, rather than chronotype itself.


Poor Mental Health in Late Chronotypes Is Influenced by Drug Use

Prior research suggests that the effects of chronotype on mental health are determined by tobacco smoking alongside alcohol use (Wittmann et al., 2010). Our work not only replicated these effects using different measures, but also showed that concomitant cannabis use, which is highly prevalent worldwide (Hall and Degenhardt, 2007; Hasler et al., 2017b; UNODC, 2021), has a strong influence on the relationship between chronotype and mental health. In other words, with the inclusion of cannabis in the model, variation in overall drug consumption has shown to be fully responsible for the relationship between chronotype and mental health. The increased combined use of drugs in late chronotypes, rather than the use of any particular drug, plays a causal role in their poorer mental health status. This combined drug use, either simultaneously or concurrently, also predicts worse mental health outcomes and treatment efficacy (Subbaraman and Kerr, 2015).



Melatonin-Dopamine Interaction: A Putative Mechanism Underlying the Mediation

Although the influence of chronotype on mental health and drug use is known, the mechanism by which they interact is still elusive. A biological mechanism may explain such interactions. Both chronotype and drug use have been linked to alterations in reward processing (Hasler et al., 2017a; Taylor and Hasler, 2018), which are modulated by dopamine signaling (Arias-Carrión et al., 2010). Changes in dopamine transmission could thus mediate the relationships between the effects of the drugs of abuse, mental health and chronotype. Interestingly, late chronotype has also been associated with delayed melatonin release (Lack et al., 2009). Melatonin acts as a biochemical “signal of darkness” which entrains the sleep-wake and neuroendocrine cycles, even in the absence of environmental light changes (Zisapel, 2018). Consequently, melatonin has been linked with depression, as exemplified by the high prevalence of sleep and circadian changes in this condition (Tonon et al., 2021). The effects of melatonin are likely to extend beyond depression, as sleep changes are very common in many psychiatric disorders, and are often used as a diagnostic criterion (APA, 2013). The biochemical interaction between melatonin and dopamine may be responsible for this link in mental health disorders (Zisapel, 2001). It is therefore tempting to speculate that late chronotypes have disrupted signaling of both of these molecules, which may contribute to their increased susceptibility to the drug-related effects on mental health. Importantly, the effects of drug consumption on late chronotypes may be two-fold; evening types may not only use more drugs but they may also be more susceptible to the negative psychological effects of drugs.

Possibly, higher drug consumption in later chronotypes is due to the lack of synchrony between their biological alertness and their societal responsibilities (Wittmann et al., 2006). It is also of note that consumption patterns differ with stimulant and depressant drugs. For example, increased use of nicotine and caffeine may increase morning alertness in late chronotypes, whereas alcohol and possibly also cannabis, may decrease their high alertness at night time in order to sleep (Adan, 1994). Indeed, drug consumption is commonly used as a remedy for people with sleep problems, a common challenge for late chronotypes (Gulick and Gamsby, 2018). Interestingly, chronic use of alcohol, cannabis and tobacco have been reported to decrease rapid-eye-movement sleep duration, potentially leaving these late chronotypes even less rested, perpetuating their existing sleep problems and contributing to poorer mood and cognition (Yules et al., 1967; Stein and Friedmann, 2005; Bolla et al., 2008; Jaehne et al., 2009; Gulick and Gamsby, 2018).

Late chronotypes may also have increased sensitivity to the negative mental health effects of these drugs. Evening chronotypes have a 2–3 h delay in their circadian melatonin release and this delay is associated with higher negative emotion (Lack et al., 2009; Dolsen and Harvey, 2018). Melatonin has been shown to inhibit dopamine signaling, which may cause the increased presence of anxious or depressive symptoms in those with dysregulated melatonin (Zisapel, 2001; Zarrindast and Khakpai, 2015; Belujon and Grace, 2017). Drugs of abuse including alcohol, cannabis and tobacco dysregulate both dopamine and melatonin release, highlighting that overall drug consumption may exacerbate the existing signaling disruption in late chronotypes (Ursing et al., 2005; Koch et al., 2006; Rupp et al., 2007; Oleson and Cheer, 2012; Le Foll et al., 2014; Budygin and Weiner, 2015). Both late chronotype and high overall drug consumption could have an additive effect on dysregulating melatonin, which may in turn impact on dopamine-dependent reward signaling in the brain of late chronotypes to an even greater extent.

Existing mental health problems can also be a strong predictor of future drug abuse, with drug use and mental health having a bidirectional relationship (Swendsen et al., 2010). Both factors in this relationship can give rise to a negative spiral (Burdzovic Andreas et al., 2015). Late chronotypes may be more vulnerable to falling into this behavioral cycle via the proposed melatonin-dopamine interaction. However, further research is clearly warranted to support this assertion.



Possible Implications for Treatment

Our study has highlighted that the association between late chronotype and poorer mental health is driven by increased anxious symptoms. Anxiety disorders are one of the most common psychiatric disorders, with a high burden of illness (Bandelow et al., 2017). Treatment for anxiety is necessary, yet many patients do not receive great benefit from treatment. Most clinical trials of treatments for anxiety disorders only report response rates of 50–60%, and remission rates of only 25–35% (Roy-Byrne, 2015). The identification of risk factors may allow us to recognize vulnerable individuals early and potentially stratify patients to define the most efficacious treatments for the various subdivisions within this heterogeneous anxious population.

Patients can be assessed for chronotype, allowing for intentional screening for anxious symptoms during consultations of late chronotypes that report harmful drug use. Local support groups and talking therapies can then be recommended to reduce drug use and anxious symptoms, respectively. With patient chronotype information, treatments can become more personalized; efficacy of treatments may change depending on chronotype (Oldham and Ciraulo, 2014). This understanding of the relationship between chronotype, mental health and drug use may also be influential in the management of current public mental health, with both drug use and late chronotype having increased since the beginning of the COVID-19 pandemic.



Strengths, Weaknesses, and Future Outlook

The present study has several strengths in terms of measures and practical implications. The continuous measures of drug use (AUDIT, CUDIT-R, and FTND) assess not only presence, or absence, of drug use but the severity of drug use, which would be a more accurate indicator of the resultant mental health effects. Drug use was assessed in parallel as drugs are often used concurrently, which provides a more accurate representation of use patterns in the general public. We also measured participants’ mental health status using a continuous measure, i.e., the DASS-21 score, which is able to detect subclinical symptoms of depression, anxiety and stress as well as generating separate scores for each of these aspects of mental health. This allowed us to elucidate the relationship between chronotype and anxiety specifically. We also would like to point out the relatively large sample size of the present study, which was representative of the general population of East Anglia (United Kingdom).

Clearly, it would have been desirable to assess the relationships between chronotype, mental health and drug use longitudinally, as mental health and drug use have a bidirectional relationship. A future longitudinal study would be able to adequately investigate whether there is a causal relationship between increased drug use and poorer mental health in late chronotypes. For our study, it was not possible to adequately substantiate this claim as baseline mental health prior to drug use was not recorded. Clearly, the findings of this study may be more speculative than results obtained by longitudinal research. However, we have discussed the most likely interpretations of these data but also acknowledge that there may be even more. Moreover, the timing of drug use has not been recorded in this study, which would have been informative regarding the daily motivations for drug consumption, which could aid in the design of future therapeutic interventions. The age of our sample was relatively young (mean = 25 years), most likely due to the method of data collection being an online survey. Although the elderly are less likely to consume drugs, especially cannabis, the relationships shown in this study are currently limited to younger adults. Future studies may want to consider using multiple data collection methods to reach a wider age range, to allow our investigations to yield results that are generalizable amongst the wider population. However, these findings are still potent as the co-occurrence of mental health disorders and high levels of drug use are particularly prevalent in young people.




CONCLUSION

We have shown that later chronotype is associated with poorer mental health, primarily through increased anxiety. These relationships are fully mediated by combined use of alcohol, tobacco and cannabis. This understanding suggests that monitoring and treatment, especially for anxiety, can be personalized using patient chronotype information in order to optimize the efficacy of future interventions. Late chronotypes with mental health disorders can be recommended counseling and mutual support groups to minimize their drug intake, which may act to relieve their symptoms.
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Understanding risk factors for substance use disorders (SUD) can facilitate medication development for SUD treatment. While a rich literature exists discussing environmental factors that influence SUD, fewer articles have focused on genetic factors that convey vulnerability to drug use. Methods to identify SUD risk genes include Genome-Wide Association Studies (GWAS) and transgenic approaches. GWAS have identified hundreds of gene variants or single nucleotide polymorphisms (SNPs). However, few genes identified by GWAS have been verified by clinical or preclinical studies. In contrast, significant progress has been made in transgenic approaches to identify risk genes for SUD. In this article, we review recent progress in identifying candidate genes contributing to drug use and addiction using transgenic approaches. A central hypothesis is if a particular gene variant (e.g., resulting in reduction or deletion of a protein) is associated with increases in drug self-administration or relapse to drug seeking, this gene variant may be considered a risk factor for drug use and addiction. Accordingly, we identified several candidate genes such as those that encode dopamine D2 and D3 receptors, mGluR2, M4 muscarinic acetylcholine receptors, and α5 nicotinic acetylcholine receptors, which appear to meet the risk-gene criteria when their expression is decreased. Here, we describe the role of these receptors in drug reward and addiction, and then summarize major findings from the gene-knockout mice or rats in animal models of addiction. Lastly, we briefly discuss future research directions in identifying addiction-related risk genes and in risk gene-based medication development for the treatment of addiction.
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INTRODUCTION

While many individuals are exposed to alcohol and other substances, not all develop substance use disorders (SUD; Marel et al., 2019). Multiple factors have been associated with alcohol use disorder (AUD) and SUD, including individual traits such as impulsivity, stress reactivity, novelty seeking, family history, socioeconomic status, and trauma exposure (Dawe and Loxton, 2004; Nower et al., 2004; Tucci et al., 2010; Marel et al., 2019; Cook et al., 2021). In addition, alcohol and SUD are associated with variations in specific gene expression (Goldman et al., 2005). Understanding such risk genes can prompt the development of new pharmacotherapies for the prevention and treatment of AUD and SUD.

Early family-based linkage studies indicate that people with first-degree relatives with AUD or SUD are generally at greater risk for the development of substance use and addiction (Goldman et al., 2005). However, these studies cannot distinguish whether the difference in addictive behavior among family members is caused by genetic or environmental factors. This limitation has been addressed by twin and adoption studies based upon the assumption that similarity between offspring and biological parents is suggestive of genetic influences on that behavior, while similarity between offspring and adoptive parents is suggestive of environmental influences (Cadoret et al., 1986; Agrawal and Lynskey, 2008). Reviews of the evidence from twin and adoption studies indicate that the heritability of addictive disorders range from a low of 0.39 (hallucinogens) to a high of 0.72 (cocaine), with drugs like alcohol, opioids, and smoking in between (Goldman et al., 2005; Schuckit, 2009). However, such family-based studies cannot identify specific genes underlying vulnerability to AUD or substance use disorders.

While genetic linkage and association approaches such as Genome-Wide Association Studies (GWAS) have been widely used to identify candidate genes in humans (Hall et al., 2013, 2020; Serafine et al., 2021), to date few genes identified by GWAS have been verified by clinical or preclinical studies. Another major approach used to identify specific risk genes has been the examination of candidate genes that encode proteins that are critically involved in the pharmacological action of misused drugs, such as genes related to brain dopaminergic, GABAergic, opioid, and cholinergic systems (Hall et al., 2013; Serafine et al., 2021). Transgenic approaches have been valuable in identifying genes and proteins relevant to SUD, such as μ opioid receptors (MOR) for opioid action, dopamine transporters (DAT) for cocaine action, and the vesicular monoamine transporter 2 (VMAT2) for amphetamine and methamphetamine action (Sora et al., 2010). However, findings in transgenic animals do not necessarily indicate that variation in these genes constitute addiction risk factors; instead, some genes/proteins may simply act as the targets of addictive drugs, or even as protective factors against SUD. For example, genetic deletion of DAT, dopamine D1 receptors or mGluR5 caused a dramatic decrease in cocaine self-administration (Rocha et al., 1998; Chiamulera et al., 2001; Caine et al., 2007; Thomsen et al., 2009a,b), suggesting that a reduction in these genes is unlikely to lead to risk for SUD. Conversely, a few other mouse strains, such as dopamine D2 or D3 receptor knockouts (KO) express elevated drug-taking and drug-seeking behaviors (Caine et al., 2002; Song et al., 2012), suggesting that a reduction in such gene expression may increase vulnerability to drugs of use, promoting the development of SUD.

In this mini-review, we focus on a few candidate genes that may be particularly associated with the development of drug use and addiction. A guiding hypothesis is that if a particular gene variant (e.g., resulting in a reduction or absence of a protein) is associated with an increase in drug taking and drug seeking in self-administration paradigms, this gene variant may constitute a risk factor for drug use and addiction. Based on this hypothesis, we identified several genes such as dopamine D2 or D3 receptors, mGluR2, M4 muscarinic acetylcholine receptors, and α5 nicotinic acetylcholine receptors, that may act as potential SUD risk genes. Here, we briefly describe the functional role of these genes in drug reward and addiction and then summarize major findings from these transgenic gene KO animals. Lastly, we briefly discuss future research directions in further identifying the addiction risk genes and the importance of gene-based medication development for the treatment of addiction.



REDUCED D2 AND D3 RECEPTOR EXPRESSION ARE RISK FACTORS FOR STIMULANT, OPIOID AND ALCOHOL USE

There are five known dopamine receptor subtypes, categorized into excitatory ‘D1-like’ (D1 and D5) receptors and inhibitory D2-like (D2, D3, and D4) receptors, based on their intracellular signaling effects (Albert et al., 1990; Bouthenet et al., 1991; Huang and Kandel, 1995; Robinson and Caron, 1997; Rankin et al., 2006; Beaulieu and Gainetdinov, 2011). Of these, little is known regarding the role of the D5 receptors in SUD, while deletion of D4R appears to have little impact on SUD risk and deletion of the D1R may represent a protective, rather than risk factors for drug use. Accordingly, we briefly describe findings in transgenic animals with manipulation of D1, D4, and D5 receptors in relation to addiction-related behaviors, but focus primarily on the inhibitory D2 and D3 receptors, which appear to match the risk gene profile for drug misuse and addiction.


D1 Receptors

The D1R is expressed widely in the brain, including striatum, nucleus accumbens, substantia nigra, olfactory bulb, amygdala, prefrontal cortex, hippocampus, cerebellum, thalamus and hypothalamus (Aizman et al., 2000; Beaulieu and Gainetdinov, 2011). Extensive investigations of the role of D1R in substance use have been conducted (Hummel and Unterwald, 2002). The D1R is critically important in mediating cocaine’s action, as blockade of D1R reduces sensitization to cocaine, suppresses cocaine conditioned place preferences and cocaine seeking during self-administration, and decreases cocaine-related changes in striatal gene expression (McCreary and Marsden, 1993; Caine et al., 2007; Guan et al., 2009; Kim and Lattal, 2019; Gu et al., 2020).

Human in situ hybridization studies did not show significant changes in D1 expression in post-mortem brains with a history of cocaine use (Meador-Woodruff et al., 1993). Mice lacking D1 receptors die shortly after weaning unless they are provided hydrated food (Drago et al., 1994). At basal levels, D1R KO mice show higher dopamine turnover and higher levels of dopamine in the midbrain compared to controls (El-Ghundi et al., 1998). Mice with deletion of the D1R fail to acquire cocaine self-administration, while opioid and food self-administration are comparably unaffected (Caine et al., 2007). Mutation or KO of D1R also reduces cocaine-induced locomotor activity and nucleus accumbens dopamine, and suppresses cocaine-induced changes in gene expression in the nucleus accumbens and caudate/putamen (Xu et al., 1994; Zhang et al., 2002; Karlsson et al., 2008). However, other studies suggest that D1R KO mice do not show significant differences from wild type mice in cocaine place preferences (Miner et al., 1995). In addition, D1R mutant mice showed reduced sensitivity to morphine-induced locomotor activity and did not acquire morphine conditioned place preferences compared to both wild type and D3R KO mice (Becker et al., 2001; Wang et al., 2015). Similarly, D1R KO mice do not show methamphetamine-related hyperthermia or neurotoxicity (Ares-Santos et al., 2012). D1R KO mice also fail to show amphetamine-induced locomotor sensitization (El-Ghundi et al., 1998). With respect to alcohol, D1R KO mice exhibit reduced alcohol consumption and place preferences compared to wild type controls in free-choice limited and continuous access paradigms (El-Ghundi et al., 1998). Taken together, these findings from D1R-KO mice suggest that the D1R is fundamental to cocaine seeking behaviors, but may also play a more subtle role in opioid, food, and other reward-seeking. Reduced D1R expression appears to be protective against drug reward-related behaviors.



D2 Receptors

The role of D2R in addictions has also been studied and reviewed extensively (Volkow and Morales, 2015). Briefly, in Positron Emission Tomography (PET) imaging studies, D2R levels predict “liking” the effects of psychostimulants such as methylphenidate (Volkow et al., 1999). Chronic cocaine use/misuse as well as alcohol misuse attenuates D2R/D3R availability in the striatum and blunts dopamine responses to psychostimulant administration (Volkow et al., 2014, 2017). In post-mortem studies, people with alcohol use disorder showed reduced D2R binding in the cortex (Tupala et al., 2004). Alcohol preferring rodents also show lower D2R mRNA and protein expression in the nucleus accumbens, striatum, and hippocampus (Thanos et al., 2004; Bice et al., 2008). Administration of D2R antagonists to rats causes a compensatory increase in cocaine self-administration (Caine et al., 2002).

The impact of D2R deletion on drug reward-related behaviors is mixed. In electrical brain stimulation reward paradigms, stimulation of the forebrain bundle in the lateral hypothalamus is defined as rewarding, since rodents will lever-press to earn this stimulation [also known as operant intracranial self-stimulation (ICSS)]. ICSS is reduced by deletion of D2R in D2R KO mice, indicating that D2R KO mice require more stimulation to sustain reward-related responding (Elmer et al., 2005). Strikingly, D2R KO mice self-administer more cocaine than wild type controls (Caine et al., 2002) and exhibit stronger cocaine place preferences (Bello et al., 2011), suggesting that reduced D2R expression in the brain could be a risk factor in promoting cocaine use. By contrast, D2R KO mice exhibit attenuated locomotor sensitization to cocaine and methamphetamine (Solis et al., 2021), reduced acute stimulant effects of methamphetamine compared to controls (Kelly et al., 2008), and reduced responding for food (Caine et al., 2002; but see Bello et al., 2011), suggesting an important role of D2R in mediating psychostimulant and non-drug reward.

D2R KO mice do not respond differently for intravenous (i.v.) saline vs. i.v. morphine, and fail to increase responding for i.v. morphine under a progressive ratio schedule (Elmer et al., 2002). However, both cocaine and morphine increased dopamine levels in the striatum to a greater degree in D2R KO mice compared to wild type controls (Rouge-Pont et al., 2002; Bello et al., 2011). With respect to alcohol, D2R KO mice consume and respond less for alcohol compared to wild type controls, and show no evidence of place preferences for alcohol (Phillips et al., 1998; Cunningham et al., 2000; Risinger et al., 2000). Together, these findings suggest the D2R plays an important role in regulating behavioral responses to addictive drugs. As such, reduced D2R expression in humans could be a risk factor for the development of drug misuse.



D3 Receptors

Although D1 and D2 receptors have received the most attention for their involvement in SUD (Volkow and Morales, 2015), the D3R subtype has also received increasing attention for its role in drug use and addiction, and as a therapeutic target for the treatment of SUD (Heidbreder and Newman, 2010; Sokoloff and Le Foll, 2017; Galaj et al., 2020). In contrast to the lack of changes in D1 and D2 receptor expression in post-mortem human brains (Meador-Woodruff et al., 1993), cocaine overdose victims displayed significant D3R overexpression in the striatum, particularly the ventral nucleus accumbens (Staley and Mash, 1996). In addition, people who used cocaine and methamphetamine also exhibited increased D3R availability and binding in the midbrain (Matuskey et al., 2014; Boileau et al., 2016; Prieto, 2017), suggesting that D3R may play an important role in psychostimulant misuse.

The D3R is an inhibitory G-protein coupled receptor expressed in midbrain dopamine neurons, striatal GABAergic neurons, and glutamate neurons in amygdala, hippocampus, and prefrontal cortex (Diaz et al., 2000; Li and Kuzhikandathil, 2012; Clarkson et al., 2017). D3R regulates cocaine effects on extracellular signal-regulated kinase (ERK) and inhibits NMDA activation of CaMKIIα (Jiao et al., 2007). Chronic ethanol intake increases D3R expression in the striatum (Leggio et al., 2014). Lentiviral overexpression of D3R in the nucleus accumbens suppresses cocaine-induced locomotor sensitization (Bahi et al., 2005), augments voluntary ethanol intake, and enhances alcohol place preferences (Bahi and Dreyer, 2014). By contrast, lentiviral knockdown of D3R in the nucleus accumbens reduces voluntary alcohol consumption and blocks alcohol place preferences in rats (Bahi and Dreyer, 2014).

D3R-deficient mice show higher basal dopamine levels in the striatum (Koeltzow et al., 1998), increased DAT expression, and higher basal locomotor activity and rearing, most notably in response to novel environments (Accili et al., 1996; Boyce-Rustay and Risinger, 2003; Li et al., 2010). D3R KO mice are also more impulsive on the 5-choice serial reaction time task (5-CSRTT) (Wang et al., 2017). These findings suggest that presynaptic D3R tonically modulates dopamine release. Deletion of presynaptic D3R may cause an increase in basal dopamine release and altered dopamine responses to various stimuli (Song et al., 2012).

While some evidence suggests that the D3R may play a subtle or very small role in cocaine self-administration (Caine et al., 2012), other findings suggest that genetic deletion of D3R in mice causes a significant increase in cocaine self-administration behaviors, coupled with reductions in cocaine-induced dopamine release in the nucleus accumbens compared to controls (Song et al., 2012). Specifically, mice with D3R deletion exhibit increases in cocaine intake during acquisition and maintenance of self-administration, upward shifts in cocaine dose-response curves, increased motivation to earn cocaine under a progressive ratio schedule of reinforcement, and faster extinction of cocaine-seeking behaviors (Song et al., 2012). Cocaine cue-conditioned hyperactivity is also enhanced following D3R KO (Le Foll et al., 2002). Furthermore, D3R KO mice show faster acquisition of cocaine and amphetamine place preferences (Xu et al., 1997; Kong et al., 2011; but see Song et al., 2013), along with delayed extinction of place preferences (Chen and Xu, 2010). These altered behavioral responses to cocaine coincided with elevated ERK activation in the nucleus accumbens and prefrontal cortex (Chen and Xu, 2010), and increased c-fos responses to cocaine in the striatum (Carta et al., 2000). In addition, D3R mutant mice (Xu et al., 1997) express increased activation of ERK and CAMKIIα in the nucleus accumbens, amygdala, and prefrontal cortex in response to low doses of cocaine (Kong et al., 2011), as well as increased locomotor responses to low, but not high, doses of cocaine (Xu et al., 1997) compared to wild type controls. D3R-deleted mice also demonstrate increased cocaine-induced stereotypic behavior, elevated locomotor sensitization to cocaine and methamphetamine, and elevated c-fos and dynorphin in the nucleus accumbens and striatum (Carta et al., 2000; Chen et al., 2018), suggesting that decreased D3R expression may constitute a risk factor in the development of cocaine use and addiction.

The indication that low D3R expression may constitute a SUD risk factor is further supported by the findings that D3R deletion increases heroin seeking and heroin intake. Specifically, mice with KO of the D3R took more heroin, exhibited upward-shifted heroin dose-response functions, and increased motivation to self-administer heroin under a progressive ratio schedule compared to controls, as well as elevated heroin seeking during extinction and reinstatement testing (Zhan et al., 2018). D3R-deleted mice show stronger place preferences for morphine, even at doses that do not induce CPP in wild type mice (Narita et al., 2003; Frances et al., 2004). However, D3R KO mice express less locomotor sensitization following acute and repeated morphine exposure (Li et al., 2010; Lv et al., 2019). D3R KO mice do display increased basal extracellular dopamine levels in the nucleus accumbens and reduced dopamine responses to heroin (Song et al., 2012; Zhan et al., 2018). Furthermore, D3R KO mice have longer latencies to tail-flick in response to a painful stimulus, potentiated morphine-induced analgesia, lower morphine tolerance and reduced naloxone-precipitated withdrawal signs compared to wild type mice (Li et al., 2012). These results suggest that D3R is involved not only in the rewarding effects of opioids but also opioid analgesia, tolerance, and withdrawal. As such, low D3R expression may be a risk factor for opioid misuse as well as stimulant misuse.

However, not all evidence supports the above conclusions. Stimulant-related locomotor activity findings are mixed in D3R KO mice. Some studies report that D3R KO mice develop normal amphetamine-related sensitization (Harrison and Nobrega, 2009). By contrast, other studies indicate D3R deletion attenuates methamphetamine-related locomotor activity and sensitization as well as intracellular signaling in the nucleus accumbens, caudate/putamen and hippocampus (Zhu et al., 2012; Chen et al., 2018). Regarding the role of D3R in alcohol consumption, D3R KO mice show either little ethanol intake in both two-bottle choice and Drinking in the Dark (DID) paradigms (Leggio et al., 2014), or no differences in ethanol intake compared to wild type controls in the two-bottle drinking procedure, conditioned place preference, or in an operant self-administration paradigms (Boyce-Rustay and Risinger, 2003). In other studies, D3R KO showed lower ethanol intake and more severe ethanol withdrawal following 4 days of treatment with 7% ethanol in the liquid diet method (Narita et al., 2002), as well as attenuated behavioral sensitization to ethanol (Harrison and Nobrega, 2009). These findings suggest D3R modulates physical ethanol dependence and that D3R-KO mice may be more sensitive to alcohol (Narita et al., 2002). As such, the D3R may play different roles in ethanol intake vs. psychostimulant and opioid intake.



D4 Receptors

The D4R is another inhibitory Gi-coupled dopamine receptor expressed at relatively low levels in the cortex, amygdala, hippocampus, and the pituitary (Valerio et al., 1994; Asghari et al., 1995; Mrzljak et al., 1996; Primus et al., 1997; see Di Ciano et al., 2014 for review). Alleles with variable numbers of tandem repeats (VNTR) have been detected in the DRD4 gene and may be linked to traits associated with drug use, including impulsivity, novelty seeking, and risk taking (Benjamin et al., 1996; Ptacek et al., 2011; Di Ciano et al., 2014). There is an inconsistent literature on DRD4 VNTR and SUD, with some studies reporting DRD4 allele variations in people with alcohol, nicotine, methamphetamine or opioid use disorders, while other studies reporting weak or no associations (see McGeary, 2009; Chen et al., 2011; Di Ciano et al., 2014).

Deletion of the D4R in mice increased locomotor sensitivity to ethanol, cocaine, and methamphetamine, and elevated dopamine synthesis and turnover in the dorsal striatum (although some studies also report reduced dopamine levels in the striatum/nucleus accumbens following D4R deletion; Rubinstein et al., 1997; Katz et al., 2003; Thomas et al., 2007). Cocaine produces stronger discriminative-stimulus like effects in D4R KO mice compared to controls (Katz et al., 2003). However, in i.v. self-administration studies, D4R KO mice showed no differences in responding for cocaine (or food) compared to wild type controls (Thanos et al., 2010b). D4R KO mice do show enhanced methylphenidate and amphetamine place preferences compared to wild type controls, but there were no genotypic differences in cocaine place preferences (Thanos et al., 2010a). Few differences have been reported between D4R KO mice and wild type mice in ethanol consumption and ethanol preferences in a two-bottle choice test (Falzone et al., 2002). These findings suggest that reduced D4R expression is unlikely to be a risk factor for the development of SUD.



D5 Receptors

To our knowledge, very little is known about the functional role of the D5R in AUD and SUD. The D5R is expressed at low levels in the prefrontal cortex, substantia nigra, hypothalamus, and hippocampus, as well as the caudate and nucleus accumbens (Ciliax et al., 2000; Beaulieu and Gainetdinov, 2011). D5R KO mice show stronger cocaine-induced locomotor activity compared to wild type controls, but no differences in cocaine discriminative-stimulus effects (Elliot et al., 2003) and normal cocaine place preferences and locomotor sensitization to cocaine (Karlsson et al., 2008). These findings suggest the D5R may play a limited role in cocaine-related behaviors (Karlsson et al., 2008).




DECREASED mGluR2 EXPRESSION IS A RISK FACTOR FOR COCAINE, OPIOID AND ALCOHOL USE

In addition to dopamine, the glutamate system plays a fundamental role in substance misuse and addiction (Kalivas, 2009). Glutamate receptors are classified into ionotropic and metabotropic. There are three groups of metabotropic glutamate receptors: Group 1 includes mGluR1 and mGluR5, Group 2 mGluR2, and mGluR3, and Group 3 mGluR4,6,7,8 (Caprioli et al., 2018). Among these glutamate receptors, mGluR2 is the most-well studied in AUD and SUD.

mGluR2 is one of the major presynaptic autoreceptors that modulates glutamate release (Baker et al., 2002; Xi et al., 2002; Moussawi and Kalivas, 2010; Caprioli et al., 2018). While data in humans are lacking, rats with a history of cocaine self-administration or cocaine exposure show increases in mGluR2/3 density in the prefrontal cortex and nucleus accumbens during exposure, but decreases in mGluR2/3 expression in these same brain regions during extinction or withdrawal (Ghasemzadeh et al., 2009; Pomierny-Chamiolo et al., 2017; also see Xi et al., 2002). mGluR2/3 agonists and positive allosteric modulators reduce dopamine and glutamate release and inhibit cocaine, nicotine and alcohol self-administration (Greenslade and Mitchell, 2004; Moussawi and Kalivas, 2010; Zhou et al., 2013; Johnson and Lovinger, 2015).

Both mouse and rat mGluR2 knockouts have been developed. Mice with deletion of mGluR2 show stronger cocaine conditioned place preferences and cocaine-induced locomotor sensitization than wild type mice (Morishima et al., 2005). mGluR2 KO mice also showed increased extracellular dopamine and glutamate release in the nucleus accumbens following cocaine administration compared to wild type controls (Morishima et al., 2005). Rats with deletion of mGluR2 show faster acquisition of cocaine self-administration and increased intake across multiple doses of cocaine (Yang et al., 2017). However, mGluR2 KO rats exhibit reduced responding when response requirements are higher and attenuated cocaine seeking during extinction and cocaine-primed reinstatement testing (Yang et al., 2017). mGluR2 KO rats also exhibit enhanced cocaine-induced dopamine increases in the nucleus accumbens, but suppressed cocaine-induced glutamate changes in this region. The behavioral effects of mGluR2 deletion may relate to a reduction in sensitivity to cocaine. Low mGluR2 expression could thus be a risk factor for cocaine addiction, particularly in the early stages or initial development of cocaine misuse (Yang et al., 2017).

With respect to opioids, mGluR2-deleted rats self-administer more heroin than wild type controls. As with cocaine, mGluR2 deletion is linked to exaggerated heroin-induced locomotor responses and higher dopamine and glutamate responses in the nucleus accumbens to heroin. However, mGluR2-deleted rats respond less for heroin than wild type controls under a progressive ratio schedule of reinforcement, and exhibited attenuated heroin seeking during extinction and heroin-primed reinstatement (Gao et al., 2018). Interestingly, mGluR2 KO rats express enhanced analgesic responses to morphine on the hot plate test, and more severe naloxone-precipitated morphine withdrawal signs. Together, these results suggest that mGluR2 mediates not only the rewarding aspects of heroin, but also analgesic and withdrawal-related effects (Gao et al., 2018), similar to findings with the D3R. mGluR2 deletion may enhance dopamine responses to misused drugs by causing a disinhibition of glutamate, and subsequently dopamine, release in the ventral tegmental area and other brain areas (Gao et al., 2018). As such, low mGluR2 expression may represent a risk factor for opioid as well as stimulant misuse.

Considering alcohol, genomic sequencing has revealed genetic variation in the mGluR2 gene, Grm2, that alters alcohol preferences in mice and rats (Zhou et al., 2013; Wood et al., 2017). Genetic manipulation to terminate mGluR2 expression (through insertion of a stop codon in Grm2) led to increased alcohol consumption and preferences in rats and mice in a two-bottle choice procedure and well as increased risk-taking behavior (Zhou et al., 2013; Wood et al., 2017). These observations indicate mGluR2 mediates alcohol reward in much the same way stimulant and opioid reward are mediated, such that low mGluR2 expression may constitute increased risk for alcohol misuse.



DECREASED M4R EXPRESSION IS A RISK FACTOR FOR COCAINE AND ALCOHOL USE

The M4 muscarinic acetylcholine receptor is one of five muscarinic acetylcholine receptor subtypes. While the role of M1–M3 receptors in self-administration models has not been characterized, M5-KO mice displayed a decrease in cocaine self-administration (Fink-Jensen et al., 2003; Thomsen et al., 2005). As such, decreased M5 expression is unlikely to be a risk factor in the development of cocaine use disorder. Therefore, we focus on the M4 receptor here. M4-KO mice display an increase in cocaine self-administration compared to controls (Schmidt et al., 2011; Thomsen and Caine, 2016), similar to that observed in D3-KO mice described above. Increased cocaine self-administration in M4-KO mice was observed at intermediate doses of cocaine under both a FR and a PR schedule of reinforcement, manifested as an upward shift of cocaine self-administration dose-response curves (Schmidt et al., 2011). In agreement with these results, cocaine-induced increases in both nucleus accumbens dopamine levels and locomotor activity were also augmented in M4-KO mice compared to wild type mice (Schmidt et al., 2011). In addition, M4 KO mice consume more alcohol in a sucrose fading procedure and take longer to extinguish alcohol seeking (De La Cour et al., 2015). Taken together, these findings suggest that decreased M4R expression may promote cocaine or alcohol use.

In the brain, M4 is expressed in the striatum, cortex, hippocampus, and midbrain (Weiner et al., 1990; Sugaya et al., 1997; Schmidt et al., 2011), and in particular on D1R-expressing neurons in the striatum (Weiner et al., 1990). Accordingly, in M4 KO animals the lack of M4 receptors co-localized with D1 receptors on GABAergic projections may indirectly activate dopaminergic signaling (Tzavara et al., 2004), which may in part explain the enhanced cocaine effects observed in M4-KO mice.



REDUCED α5 NICOTINIC ACETYLCHOLINE RECEPTOR EXPRESSION IS A RISK FACTOR FOR COCAINE AND ALCOHOL USE

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated ion channels composed of α (α2–α7, α9, and α10) and β (β2–β4) subunits that co-assemble in various combinations with distinct functional properties (Changeux, 2010). Several large-scale human GWAS identified variants in the α3, α5, and β4 nAChR subunits that increase the risk for nicotine dependence (Bierut et al., 2007, 2008; Sherva et al., 2008). One of these variants found in exon 5 of the α5 gene SNP (α5-SNP) has been recently introduced into the genome of the rat, resulting in increased nicotine self-administration at high doses and relapse behaviors (Forget et al., 2018). Consistent with these findings, α5 KO mice also show increased nicotine intake, an effect that is reversed by α5 re-expression in the medial habenula (Fowler et al., 2011).

In candidate gene association studies, α5-SNPs are associated with cocaine use disorder in humans with altered levels of α5 mRNA (Grucza et al., 2008; Wang et al., 2009; Sherva et al., 2010). Congruently, α5-KO rats showed a robust increase in cocaine-induced reinstatement of cocaine seeking, suggesting that reduced α5 expression may represent a novel biomarker for increased risk of relapse to cocaine use. Notably, the absence of the α5 nAChR subunit had no effect on the acquisition of cocaine self-administration or cocaine dose-response curves. Rats carrying the α5-SNPs showed impairment in the acquisition of cocaine self-administration (Forget et al., 2021). The precise mechanisms underlying α5 involvement in cocaine action remain unclear. Importantly, cocaine is also an inhibitor of nAChRs (Damaj et al., 1999; Francis et al., 2000). Thus, reduced α5 expression or α5-SNP in the mesolimbic dopamine system may differentially alter the dopamine response to cocaine and thus cocaine-seeking behaviors (Acevedo-Rodriguez et al., 2014).

With respect to alcohol, α5 KO mice show enhanced alcohol-induced hypothermia and anxiolysis, but reduced ethanol place preferences and reduced ethanol intake in the DID with restraint stress paradigm (Dawson et al., 2018). By contrast, α5 KO mice did not differ from wild type controls in the DID paradigm (Santos et al., 2013), although they were more sensitive to the acutely sedating effects of ethanol (Santos et al., 2013). Clearly, more research is needed to address the role of α5 nAchR in alcohol use disorder.



OTHER CANDIDATE RISK GENES FOR DRUG USE

Other genes of interest implicated in substance misuse and addiction include the orphan G protein coupled receptor, GPR88, which is expressed in brain regions including the striatum, amygdala, and cortex (Mizushima et al., 2000; Becker et al., 2008; Ehrlich et al., 2018). GPR88 KO increases alcohol drinking and responding for alcohol (Ben Hamida et al., 2018), although to our knowledge little is known regarding the role of GPR88 in opioid or psychostimulant reward or seeking. Similarly, a point mutation in the μ opioid receptor gene, T394, alters μ opioid receptor internalization and tolerance to opioid analgesia. Induction of the T394 mutation in mice causes a loss of tolerance to the analgesic effects of opioids, increases i.v. heroin self-administration, and enhances heroin-induced dopamine release in the nucleus accumbens, but has little effect on cocaine self-administration (Wang et al., 2016). Few studies regarding T394 KO effects on other psychostimulant or alcohol reward have been conducted.



CONCLUSIONS AND FUTURE DIRECTIONS

Substantial evidence indicates a significant genetic component to the risk for addiction. In searching for genes that contribute to this risk, numerous approaches may be utilized to identify the genes underlying addiction susceptibility. In this article, several candidate genes have been evaluated and proposed as possible risk genes for the development of SUD. Identification of risk genes is based on a central assumption that if deletion or decreased expression of a gene leads to an increase in drug-taking and drug-seeking behaviors, such a gene variant may constitute a vulnerability for the early development of addiction. Table 1 summarizes the genes possibly contributing to the risk of SUD described above. However, we should point out that not all reports are consistent. This is a weakness in using a single gene-KO strategy to study complex behaviors that may result from gene–gene and gene–environment interactions. Thus, newer approaches to the study of addiction susceptibility should target multiple genes and multiple functional systems. In addition, our central hypothesis is based on findings in drug self-administration and reinstatement tests, which have been assumed to be the most reliable models to study drug addiction. However, other approaches to evaluate drug preference, tolerance vs. sensitization, and withdrawal syndromes may also be important in identifying addiction-related risk genes. Furthermore, it is not fully understood how such genetic variants (such as KO or decreased expression) convey susceptibility to addiction. We interpreted high rates of drug self-administration and increased intake as a compensatory response to attenuated reinforcing effects of drugs after deletion of one receptor gene, which, in concept, is similar to a well-accepted view that drug craving and compulsive drug seeking is closely associated with reward deficiency syndrome in drug users during abstinence, which has been considered to be a neurobiological trait for the diagnosis and treatment of impulsive, addictive, and compulsive behaviors (Blum et al., 2000, 2021; Gondré-Lewis et al., 2020).


TABLE 1. Summary of major findings from several gene knockout (KO) animals with increases in vulnerability to drug use.
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We should also point out other notable limitations in gene KO studies. For example, the majority of KO models described in this manuscript and elsewhere have lifelong deletion or interruption of the target protein, and compensatory up- or down-regulation of other genes, proteins and circuits in response to that lifelong deletion may occur that also impact behavior and brain function (El-Brolosy and Stainier, 2017). Furthermore, mouse genetic background can play an important role in the expression of behavioral phenotypes (Nelson and Young, 1998; Bothe et al., 2004, 2005; Babbs et al., 2018; Tuttle et al., 2018), and should be considered carefully when evaluating behavior in KO models. Behavioral phenotypes arise from interactions of hundreds of genes and thousands of gene variants functioning in large networks, rather than alterations in single genes giving rise to suppressed or elevated protein expression. As such, ongoing and future research efforts to uncover the genes and allelic variations that contribute to drug vulnerability include examination of highly diverse mouse strains, such as Collaborative Cross, Diversity Outbred, and Heterogenous Stock Collaborative Cross mouse populations (Bagley et al., 2021). Assessment of these genetically diverse populations reveals a range of drug-vulnerable and drug-resilient phenotypes, and subsequent genetic mapping efforts have already begun to identify novel genes and gene networks that mediate drug reward and drug seeking-related behaviors (Dickson et al., 2015; Schoenrock et al., 2020; Bagley et al., 2021). Conversely, reduced complexity crosses of behaviorally different, but genetically similar inbred rodent strains offer powerful means by which to identify new candidate genes and genetic loci contributing to drug reward, addiction and other complex traits (Bryant et al., 2020; Kantak et al., 2021).

While evidence is accumulating to support risk genes for addiction, at this time assays are unfortunately not yet widely available to clinicians or patients to identify whether a person exhibits low or high expression of a given risk gene informed by knockout mouse models. Moreover, extreme caution is warranted in using genetic information to inform mental health conditions and treatment decisions, and important ethical and moral implications must be considered in making gene-based assumptions (Chapman et al., 2018). However, recent efforts to develop Genetic Addiction Risk Scores may hold additional promise in helping people identify their genetic risk for addiction and to develop protective or resiliency factors to mitigate their vulnerability to substance misuse. We have added a reference that discusses Genetic Addiction Risk Scores as well as reward deficiency syndrome (Blum et al., 2014) as recommended. Identification of new candidate genes and proteins of interest will be critical to identify new medication development targets for the treatment and prevention of drug use and addiction.



AUTHOR CONTRIBUTIONS

CJ wrote the first draft. Z-XX designed research and revised the manuscript. Both authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by the Intramural Research Program (IRP) of the National Institute on Drug Abuse (NIDA) (DA000633-01) and National Institutes of Health (NIH).



REFERENCES

Accili, D., Fishburn, C. S., Drago, J., Steiner, H., Lachowicz, J. E., Park, B. H., et al. (1996). A targeted mutation of the D3 dopamine receptor gene is associated with hyperactivity in mice. Proc. Natl. Acad. Sci. U.S.A. 93, 1945–1949. doi: 10.1073/pnas.93.5.1945

Acevedo-Rodriguez, A., Zhang, L., Zhou, F., Gong, S., Gu, H., De Biasi, M., et al. (2014). Cocaine inhibition of nicotinic acetylcholine receptors influences dopamine release. Front. Synaptic Neurosci. 6:19. doi: 10.3389/fnsyn.2014.00019

Agrawal, A., and Lynskey, M. T. (2008). Are there genetic influences on addiction: evidence from family, adoption and twin studies. Addiction 103, 1069–1081. doi: 10.1111/j.1360-0443.2008.02213.x

Aizman, O., Brismar, H., Uhlén, P., Zettergren, E., Levey, A. I, Forssberg, H., et al. (2000). Anatomical and physiological evidence for D1 and D2 dopamine receptor colocalization in neostriatal neurons. Nat. Neurosci. 3, 226–230. doi: 10.1038/72929

Albert, P. R., Neve, K. A., Bunzow, J. R., and Civelli, O. (1990). Coupling of a cloned rat dopamine-D2 receptor to inhibition of adenylyl cyclase and prolactin secretion. J. Biol. Chem. 265, 2098–2104.

Ares-Santos, S., Granado, N., Oliva, I., O’shea, E., Martin, E. D., Colado, M. I., et al. (2012). Dopamine D(1) receptor deletion strongly reduces neurotoxic effects of methamphetamine. Neurobiol. Dis. 45, 810–820. doi: 10.1016/j.nbd.2011.11.005

Asghari, V., Sanyal, S., Buchwaldt, S., Paterson, A., Jovanovic, V., and Van Tol, H. H. M. (1995). Modulation of intracellular cyclic amp levels by different human dopamine d4 receptor variants. J. Neurochem. 65, 1157–1165. doi: 10.1046/j.1471-4159.1995.65031157.x

Babbs, R. K., Kelliher, J. C., Scotellaro, J. L., Luttik, K. P., Mulligan, M. K., and Bryant, C. D. (2018). Genetic differences in the behavioral organization of binge eating, conditioned food reward, and compulsive-like eating in C57BL/6J and DBA/2J strains. Physiol. Behav. 197, 51–66. doi: 10.1016/j.physbeh.2018.09.013

Bagley, J. R., Chesler, E. J., Philip, V. M., Center for the Systems Genetics of Addiction, and Jentsch, J. D. (2021). Heritability of ethanol consumption and pharmacokinetics in a genetically diverse panel of collaborative cross mouse strains and their inbred founders. Alcohol Clin. Exp. Res. 45, 697–708. doi: 10.1111/acer.14582

Bahi, A., Boyer, F., Bussard, G., and Dreyer, J. L. (2005). Silencing dopamine D3-receptors in the nucleus accumbens shell in vivo induces changes in cocaine-induced hyperlocomotion. Eur. J. Neurosci. 21, 3415–3426. doi: 10.1111/j.1460-9568.2005.04157.x

Bahi, A., and Dreyer, J. L. (2014). Lentiviral vector-mediated dopamine d3 receptor modulation in the rat brain impairs alcohol intake and ethanol-induced conditioned place preference. Alcohol Clin. Exp. Res. 38, 2369–2376. doi: 10.1111/acer.12503

Baker, D. A., Xi, Z. X., Shen, H., Swanson, C. J., and Kalivas, P. W. (2002). The origin and neuronal function of in vivo nonsynaptic glutamate. J. Neurosci. 22, 9134–9141.

Beaulieu, J. M., and Gainetdinov, R. R. (2011). The physiology, signaling, and pharmacology of dopamine receptors. Pharmacol. Rev. 63, 182–217. doi: 10.1124/pr.110.002642

Becker, A., Grecksch, G., Kraus, J., Peters, B., Schroeder, H., Schulz, S., et al. (2001). Loss of locomotor sensitisation in response to morphine in D1 receptor deficient mice. Naunyn Schmiedebergs Arch Pharmacol. 363, 562–568. doi: 10.1007/s002100100404

Becker, J. A., Befort, K., Blad, C., Filliol, D., Ghate, A., Dembele, D., et al. (2008). Transcriptome analysis identifies genes with enriched expression in the mouse central extended amygdala. Neuroscience 156, 950–965. doi: 10.1016/j.neuroscience.2008.07.070

Bello, E. P., Mateo, Y., Gelman, D. M., Noain, D., Shin, J. H., Low, M. J., et al. (2011). Cocaine supersensitivity and enhanced motivation for reward in mice lacking dopamine D2 autoreceptors. Nat. Neurosci. 14, 1033–1038. doi: 10.1038/nn.2862

Ben Hamida, S., Mendonca-Netto, S., Arefin, T. M., Nasseef, M. T., Boulos, L. J., Mcnicholas, M., et al. (2018). Increased alcohol seeking in mice lacking Gpr88 involves dysfunctional mesocorticolimbic networks. Biol. Psychiatry 84, 202–212. doi: 10.1016/j.biopsych.2018.01.026

Benjamin, J., Li, L., Patterson, C., Greenberg, B. D., Murphy, D. L., and Hamer, D. H. (1996). Population and familial association between the D4 dopamine receptor gene and measures of Novelty Seeking. Nat. Genet. 12, 81–84. doi: 10.1038/ng0196-81

Bice, P. J., Liang, T., Zhang, L., Strother, W. N., and Carr, L. G. (2008). Drd2 expression in the high alcohol-preferring and low alcohol-preferring mice. Mamm. Genome 19, 69–76. doi: 10.1007/s00335-007-9089-2

Bierut, L. J., Madden, P. A., Breslau, N., Johnson, E. O., Hatsukami, D., Pomerleau, O. F., et al. (2007). Novel genes identified in a high-density genome wide association study for nicotine dependence. Hum. Mol. Genet. 16, 24–35. doi: 10.1093/hmg/ddl441

Bierut, L. J., Stitzel, J. A., Wang, J. C., Hinrichs, A. L., Grucza, R. A., Xuei, X., et al. (2008). Variants in nicotinic receptors and risk for nicotine dependence. Am. J. Psychiatry 165, 1163–1171. doi: 10.1176/appi.ajp.2008.07111711

Blum, K., Bowirrat, A., Braverman, E. R., Baron, D., Cadet, J. L., Kazmi, S., et al. (2021). Reward Deficiency Syndrome (RDS): a cytoarchitectural common neurobiological trait of all addictions. Int. J. Environ. Res. Public Health 18:11529. doi: 10.3390/ijerph182111529

Blum, K., Braverman, E. R., Holder, J. M., Lubar, J. F., Monastra, V. J., Miller, D., et al. (2000). Reward deficiency syndrome: a biogenetic model for the diagnosis and treatment of impulsive, addictive, and compulsive behaviors. J. Psychoactive Drugs 32(Suppl. I–IV), 1–112. doi: 10.1080/02791072.2000.10736099

Blum, K., Oscar-Berman, M., Demetrovics, Z., Barh, D., and Gold, M. S. (2014). Genetic Addiction Risk Score (GARS): molecular neurogenetic evidence for predisposition to Reward Deficiency Syndrome (RDS). Mol. Neurobiol. 50, 765–796. doi: 10.1007/s12035-014-8726-5

Boileau, I., Payer, D., Rusjan, P. M., Houle, S., Tong, J., Mccluskey, T., et al. (2016). Heightened dopaminergic response to amphetamine at the D3 dopamine receptor in methamphetamine users. Neuropsychopharmacology 41, 2994–3002. doi: 10.1038/npp.2016.108

Bothe, G. W., Bolivar, V. J., Vedder, M. J., and Geistfeld, J. G. (2004). Genetic and behavioral differences among five inbred mouse strains commonly used in the production of transgenic and knockout mice. Genes Brain Behav. 3, 149–157. doi: 10.1111/j.1601-183x.2004.00064.x

Bothe, G. W., Bolivar, V. J., Vedder, M. J., and Geistfeld, J. G. (2005). Behavioral differences among fourteen inbred mouse strains commonly used as disease models. Comp. Med. 55, 326–334.

Bouthenet, M.-L., Souil, E., Martres, M.-P., Sokoloff, P., Giros, B., and Schwartz, J.-C. (1991). Localization of dopamine D3 receptor mRNA in the rat brain using in situ hybridization histochemistry: comparison with dopamine D2 receptor mRNA. Brain Res. 564, 203–219. doi: 10.1016/0006-8993(91)91456-b

Boyce-Rustay, J. M., and Risinger, F. O. (2003). Dopamine D3 receptor knockout mice and the motivational effects of ethanol. Pharmacol. Biochem. Behav. 75, 373–379. doi: 10.1016/s0091-3057(03)00091-1

Bryant, C. D., Smith, D. J., Kantak, K. M., Nowak, T. S. Jr., Williams, R. W., Damaj, M. I., et al. (2021). Facilitating complex trait analysis via reduced complexity crosses. Trends Genet. 36, 549–562. doi: 10.1016/j.tig.2020.05.003

Cadoret, R. J., Troughton, E., O’gorman, T. W., and Heywood, E. (1986). An adoption study of genetic and environmental factors in drug abuse. Arch. Gen. Psychiatry 43, 1131–1136. doi: 10.1001/archpsyc.1986.01800120017004

Caine, S. B., Negus, S. S., Mello, N. K., Patel, S., Bristow, L., Kulagowski, J., et al. (2002). Role of dopamine D2-like receptors in cocaine self-administration: studies with D2 receptor mutant mice and novel D2 receptor antagonists. J. Neurosci. 22, 2977–2988. doi: 10.1523/JNEUROSCI.22-07-02977.2002

Caine, S. B., Thomsen, M., Barrett, A. C., Collins, G. T., Grundt, P., Newman, A. H., et al. (2012). Cocaine self-administration in dopamine D(3) receptor knockout mice. Exp. Clin. Psychopharmacol. 20, 352–363. doi: 10.1037/a0029135

Caine, S. B., Thomsen, M., Gabriel, K. I., Berkowitz, J. S., Gold, L. H., Koob, G. F., et al. (2007). Lack of self-administration of cocaine in dopamine D1 receptor knock-out mice. J. Neurosci. 27, 13140–13150. doi: 10.1523/JNEUROSCI.2284-07.2007

Caprioli, D., Justinova, Z., Venniro, M., and Shaham, Y. (2018). Effect of novel allosteric modulators of metabotropic glutamate receptors on drug self-administration and relapse: a review of preclinical studies and their clinical implications. Biol. Psychiatry 84, 180–192. doi: 10.1016/j.biopsych.2017.08.018

Carta, A. R., Gerfen, C. R., and Steiner, H. (2000). Cocaine effects on gene regulation in the striatum and behavior: increased sensitivity in D3 dopamine receptor-deficient mice. Neuroreport 11, 2395–2399. doi: 10.1097/00001756-200008030-00012

Changeux, J. P. (2010). Nicotine addiction and nicotinic receptors: lessons from genetically modified mice. Nat. Rev. Neurosci. 11, 389–401. doi: 10.1038/nrn2849

Chapman, A. R., Carter, A., Kaplan, J. M., Morphett, K., and Hall, W. (2018). Ethical guidelines for genetic research on alcohol addiction and its applications. Kennedy Inst. Ethics J. 28, 1–22. doi: 10.1353/ken.2018.0000

Chen, D., Liu, F., Shang, Q., Song, X., Miao, X., and Wang, Z. (2011). Association between polymorphisms of DRD2 and DRD4 and opioid dependence: evidence from the current studies. Am. J. Med. Genet. B Neuropsychiatr Genet. 156B, 661–670. doi: 10.1002/ajmg.b.31208

Chen, L., and Xu, M. (2010). Dopamine D1 and D3 receptors are differentially involved in cue-elicited cocaine seeking. J. Neurochem. 114, 530–541. doi: 10.1111/j.1471-4159.2010.06775.x

Chen, Y., Yang, C., Zhu, L., Li, J., Guan, F., and Chen, T. (2018). Depletion of D3 dopamine receptor affects methamphetamine-induced expression patterns of Pde4b and Atf3. Neurosci. Lett. 665, 54–60. doi: 10.1016/j.neulet.2017.11.048

Chiamulera, C., Epping-Jordan, M. P., Zocchi, A., Marcon, C., Cottiny, C., Tacconi, S., et al. (2001). Reinforcing and locomotor stimulant effects of cocaine are absent in mGluR5 null mutant mice. Nat. Neurosci. 4, 873–874. doi: 10.1038/nn0901-873

Ciliax, B. J., Nash, N., Heilman, C., Sunahara, R., Hartney, A., Tiberi, M., et al. (2000). Dopamine D5 receptor immunolocalization in rat and monkey brain. Synapse 37, 125–145. doi: 10.1002/1098-2396(200008)37:2&lt;125::AID-SYN7&gt;3.0.CO;2-7

Clarkson, R. L., Liptak, A. T., Gee, S. M., Sohal, V. S., and Bender, K. J. (2017). D3 receptors regulate excitability in a unique class of prefrontal pyramidal cells. J. Neurosci. 37, 5846–5860. doi: 10.1523/JNEUROSCI.0310-17.2017

Cook, W. K., Li, X., Sundquist, K., Kendler, K. S., Sundquist, J., and Karriker-Jaffe, K. J. (2021). Drinking cultures and socioeconomic risk factors for alcohol and drug use disorders among first- and second-generation immigrants: a longitudinal analysis of Swedish population data. Drug Alcohol Depend 226:108804. doi: 10.1016/j.drugalcdep.2021.108804

Cunningham, C. L., Howard, M. A., Gill, S. J., Rubinstein, M., Low, M. J., and Grandy, D. K. (2000). Ethanol-conditioned place preference is reduced in dopamine D2 receptor-deficient mice. Pharmacol. Biochem. Behav. 67, 693–699. doi: 10.1016/s0091-3057(00)00414-7

Damaj, M. I., Slemmer, J. E., Carroll, F. I., and Martin, B. R. (1999). Pharmacological characterization of nicotine’s interaction with cocaine and cocaine analogs. J. Pharmacol. Exp. Ther. 289, 1229–1236.

Dawe, S., and Loxton, N. J. (2004). The role of impulsivity in the development of substance use and eating disorders. Neurosci. Biobehav. Rev. 28, 343–351. doi: 10.1016/j.neubiorev.2004.03.007

Dawson, A., Wolstenholme, J. T., Roni, M. A., Campbell, V. C., Jackson, A., Slater, C., et al. (2018). Knockout of alpha 5 nicotinic acetylcholine receptors subunit alters ethanol-mediated behavioral effects and reward in mice. Neuropharmacology 138, 341–348. doi: 10.1016/j.neuropharm.2018.06.031

De La Cour, C., Sorensen, G., Wortwein, G., Weikop, P., Dencker, D., Fink-Jensen, A., et al. (2015). Enhanced self-administration of alcohol in muscarinic acetylcholine M4 receptor knockout mice. Eur. J. Pharmacol. 746, 1–5. doi: 10.1016/j.ejphar.2014.10.050

Di Ciano, P., Grandy, D. K., and Le Foll, B. (2014). Dopamine D4 receptors in psychostimulant addiction. Adv. Pharmacol. 69, 301–321. doi: 10.1016/B978-0-12-420118-7.00008-1

Diaz, J., Pilon, C., Le Foll, B., Gros, C., Triller, A., Schwartz, J. C., et al. (2000). Dopamine D3 receptors expressed by all mesencephalic dopamine neurons. J. Neurosci. 20, 8677–8684.

Dickson, P. E., Ndukum, J., Wilcox, T., Clark, J., Roy, B., Zhang, L., et al. (2015). Association of novelty-related behaviors and intravenous cocaine self-administration in diversity outbred mice. Psychopharmacology (Berl) 232, 1011–1024. doi: 10.1007/s00213-014-3737-5

Drago, J., Gerfen, C. R., Lachowicz, J. E., Steiner, H., Hollon, T. R., Love, P. E., et al. (1994). Altered striatal function in a mutant mouse lacking D1A dopamine receptors. Proc. Natl. Acad. Sci. U.S.A. 91, 12564–12568. doi: 10.1073/pnas.91.26.12564

Ehrlich, A. T., Semache, M., Bailly, J., Wojcik, S., Arefin, T. M., Colley, C., et al. (2018). Mapping GPR88-Venus illuminates a novel role for GPR88 in sensory processing. Brain Struct. Funct. 223, 1275–1296. doi: 10.1007/s00429-017-1547-3

El-Brolosy, M. A., and Stainier, D. Y. R. (2017). Genetic compensation: a phenomenon in search of mechanisms. PLoS Genet. 13:e1006780. doi: 10.1371/journal.pgen.1006780

El-Ghundi, M., George, S. R., Drago, J., Fletcher, P. J., Fan, T., Nguyen, T., et al. (1998). Disruption of dopamine D1 receptor gene expression attenuates alcohol-seeking behavior. Eur. J. Pharmacol. 353, 149–158. doi: 10.1016/s0014-2999(98)00414-2

Elliot, E. E., Sibley, D. R., and Katz, J. L. (2003). Locomotor and discriminative-stimulus effects of cocaine in dopamine D5 receptor knockout mice. Psychopharmacology (Berl) 169, 161–168. doi: 10.1007/s00213-003-1494-y

Elmer, G. I., Pieper, J. O., Levy, J., Rubinstein, M., Low, M. J., Grandy, D. K., et al. (2005). Brain stimulation and morphine reward deficits in dopamine D2 receptor-deficient mice. Psychopharmacology (Berl) 182, 33–44. doi: 10.1007/s00213-005-0051-2

Elmer, G. I., Pieper, J. O., Rubinstein, M., Low, M. J., Grandy, D. K., and Wise, R. A. (2002). Failure of intravenous morphine to serve as an effective instrumental reinforcer in dopamine D2 receptor knock-out mice. J. Neurosci. 22:RC224. doi: 10.1523/JNEUROSCI.22-10-j0004.2002

Falzone, T. L., Gelman, D. M., Young, J. I., Grandy, D. K., Low, M. J., and Rubinstein, M. (2002). Absence of dopamine D4 receptors results in enhanced reactivity to unconditioned, but not conditioned, fear. Eur. J. Neurosci. 15, 158–164. doi: 10.1046/j.0953-816x.2001.01842.x

Fink-Jensen, A., Fedorova, I., Wortwein, G., Woldbye, D. P., Rasmussen, T., Thomsen, M., et al. (2003). Role for M5 muscarinic acetylcholine receptors in cocaine addiction. J. Neurosci. Res. 74, 91–96. doi: 10.1002/jnr.10728

Forget, B., Icick, R., Robert, J., Correia, C., Prevost, M. S., Gielen, M., et al. (2021). Alterations in nicotinic receptor alpha5 subunit gene differentially impact early and later stages of cocaine addiction: a translational study in transgenic rats and patients. Prog. Neurobiol. 197:101898. doi: 10.1016/j.pneurobio.2020.101898

Forget, B., Scholze, P., Langa, F., Morel, C., Pons, S., Mondoloni, S., et al. (2018). A human polymorphism in CHRNA5 is linked to relapse to nicotine seeking in transgenic rats. Curr. Biol. 28, 3244.e3247–3253.e3247. doi: 10.1016/j.cub.2018.08.044

Fowler, C. D., Lu, Q., Johnson, P. M., Marks, M. J., and Kenny, P. J. (2011). Habenular alpha5 nicotinic receptor subunit signalling controls nicotine intake. Nature 471, 597–601. doi: 10.1038/nature09797

Frances, H., Le Foll, B., Diaz, J., Smirnova, M., and Sokoloff, P. (2004). Role of DRD3 in morphine-induced conditioned place preference using drd3-knockout mice. Neuroreport 15, 2245–2249. doi: 10.1097/00001756-200410050-00021

Francis, M. M., Vazquez, R. W., Papke, R. L., and Oswald, R. E. (2000). Subtype-selective inhibition of neuronal nicotinic acetylcholine receptors by cocaine is determined by the alpha4 and beta4 subunits. Mol. Pharmacol. 58, 109–119. doi: 10.1124/mol.58.1.109

Galaj, E., Newman, A. H., and Xi, Z. X. (2020). Dopamine D3 receptor-based medication development for the treatment of opioid use disorder: Rationale, progress, and challenges. Neurosci. Biobehav. Rev. 114, 38–52. doi: 10.1016/j.neubiorev.2020.04.024

Gao, J. T., Jordan, C. J., Bi, G. H., He, Y., Yang, H. J., Gardner, E. L., et al. (2018). Deletion of the type 2 metabotropic glutamate receptor increases heroin abuse vulnerability in transgenic rats. Neuropsychopharmacology 43, 2615–2626. doi: 10.1038/s41386-018-0231-5

Ghasemzadeh, M. B., Mueller, C., and Vasudevan, P. (2009). Behavioral sensitization to cocaine is associated with increased glutamate receptor trafficking to the postsynaptic density after extended withdrawal period. Neuroscience 159, 414–426. doi: 10.1016/j.neuroscience.2008.10.027

Goldman, D., Oroszi, G., and Ducci, F. (2005). The genetics of addictions: uncovering the genes. Nat. Rev. Genet. 6, 521–532. doi: 10.1038/nrg1635

Gondré-Lewis, M. C., Bassey, R., and Blum, K. (2020). Pre-clinical models of reward deficiency syndrome: a behavioral octopus. Neurosci. Biobehav. Rev. 115, 164–188. doi: 10.1016/j.neubiorev.2020.04.021

Greenslade, R. G., and Mitchell, S. N. (2004). Selective action of (-)-2-oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylate (LY379268), a group II metabotropic glutamate receptor agonist, on basal and phencyclidine-induced dopamine release in the nucleus accumbens shell. Neuropharmacology 47, 1–8. doi: 10.1016/j.neuropharm.2004.02.015

Grucza, R. A., Wang, J. C., Stitzel, J. A., Hinrichs, A. L., Saccone, S. F., Saccone, N. L., et al. (2008). A risk allele for nicotine dependence in CHRNA5 is a protective allele for cocaine dependence. Biol. Psychiatry 64, 922–929. doi: 10.1016/j.biopsych.2008.04.018

Gu, S. M., Cha, H. J., Seo, S. W., Hong, J. T., and Yun, J. (2020). Dopamine D1 receptor antagonist reduces stimulant-induced conditioned place preferences and dopamine receptor supersensitivity. Naunyn Schmiedebergs Arch. Pharmacol. 393, 131–138. doi: 10.1007/s00210-019-01694-3

Guan, X., Tao, J., and Li, S. (2009). Dopamine D1 receptor, but not dopamine D2 receptor, is a critical regulator for acute cocaine-enhanced gene expression. Neurol. Res. 31, 17–22. doi: 10.1179/174313208X332986

Hall, F. S., Chen, Y., and Resendiz-Gutierrez, F. (2020). The streetlight effect: reappraising the study of addiction in light of the findings of genome-wide association studies. Brain Behav. Evol. 95, 230–246. doi: 10.1159/000516169

Hall, F. S., Drgonova, J., Jain, S., and Uhl, G. R. (2013). Implications of genome wide association studies for addiction: are our a priori assumptions all wrong? Pharmacol. Ther. 140, 267–279. doi: 10.1016/j.pharmthera.2013.07.006

Harrison, S. J., and Nobrega, J. N. (2009). A functional role for the dopamine D3 receptor in the induction and expression of behavioural sensitization to ethanol in mice. Psychopharmacology (Berl) 207, 47–56. doi: 10.1007/s00213-009-1629-x

Heidbreder, C. A., and Newman, A. H. (2010). Current perspectives on selective dopamine D(3) receptor antagonists as pharmacotherapeutics for addictions and related disorders. Ann. N. Y. Acad. Sci. 1187, 4–34. doi: 10.1111/j.1749-6632.2009.05149.x

Huang, Y. Y., and Kandel, E. R. (1995). D1/D5 receptor agonists induce a protein synthesis-dependent late potentiation in the CA1 region of the hippocampus. Proc. Natl. Acad. Sci. U.S.A. 92, 2446–2450. doi: 10.1073/pnas.92.7.2446

Hummel, M., and Unterwald, E. M. (2002). D1 dopamine receptor: a putative neurochemical and behavioral link to cocaine action. J. Cell. Physiol. 191, 17–27. doi: 10.1002/jcp.10078

Jiao, H., Zhang, L., Gao, F., Lou, D., Zhang, J., and Xu, M. (2007). Dopamine D(1) and D(3) receptors oppositely regulate NMDA- and cocaine-induced MAPK signaling via NMDA receptor phosphorylation. J. Neurochem. 103, 840–848. doi: 10.1111/j.1471-4159.2007.04840.x

Johnson, K. A., and Lovinger, D. M. (2015). Metabotropic glutamate receptor 2 positive allosteric modulators: closing the gate on drug abuse? Biol. Psychiatry 78, 436–438. doi: 10.1016/j.biopsych.2015.07.008

Kalivas, P. W. (2009). The glutamate homeostasis hypothesis of addiction. Nat. Rev. Neurosci. 10, 561–572.

Kantak, K. M., Stots, C., Mathieson, E., and Bryant, C. D. (2021). Spontaneously Hypertensive Rat substrains show differences in model traits for addiction risk and cocaine self-administration: implications for a novel rat reduced complexity cross. Behav. Brain Res. 411:113406. doi: 10.1016/j.bbr.2021.113406

Karlsson, R. M., Hefner, K. R., Sibley, D. R., and Holmes, A. (2008). Comparison of dopamine D1 and D5 receptor knockout mice for cocaine locomotor sensitization. Psychopharmacology (Berl) 200, 117–127. doi: 10.1007/s00213-008-1165-0

Katz, J. L., Chausmer, A. L., Elmer, G. I., Rubinstein, M., Low, M. J., and Grandy, D. K. (2003). Cocaine-induced locomotor activity and cocaine discrimination in dopamine D4 receptor mutant mice. Psychopharmacology (Berl) 170, 108–114. doi: 10.1007/s00213-003-1513-z

Kelly, M. A., Low, M. J., Rubinstein, M., and Phillips, T. J. (2008). Role of dopamine D1-like receptors in methamphetamine locomotor responses of D2 receptor knockout mice. Genes Brain Behav. 7, 568–577. doi: 10.1111/j.1601-183X.2008.00392.x

Kim, E. S., and Lattal, K. M. (2019). Context-Dependent and context-independent effects of D1 receptor antagonism in the basolateral and central amygdala during cocaine self-administration. eNeuro 6, ENEURO.203–ENEURO.219. doi: 10.1523/ENEURO.0203-19.2019

Koeltzow, T. E., Xu, M., Cooper, D. C., Hu, X. T., Tonegawa, S., Wolf, M. E., et al. (1998). Alterations in dopamine release but not dopamine autoreceptor function in dopamine D3 receptor mutant mice. J. Neurosci. 18, 2231–2238. doi: 10.1523/JNEUROSCI.18-06-02231.1998

Kong, H., Kuang, W., Li, S., and Xu, M. (2011). Activation of dopamine D3 receptors inhibits reward-related learning induced by cocaine. Neuroscience 176, 152–161. doi: 10.1016/j.neuroscience.2010.12.008

Le Foll, B., Frances, H., Diaz, J., Schwartz, J. C., and Sokoloff, P. (2002). Role of the dopamine D3 receptor in reactivity to cocaine-associated cues in mice. Eur. J. Neurosci. 15, 2016–2026. doi: 10.1046/j.1460-9568.2002.02049.x

Leggio, G. M., Camillieri, G., Platania, C. B., Castorina, A., Marrazzo, G., Torrisi, S. A., et al. (2014). Dopamine D3 receptor is necessary for ethanol consumption: an approach with buspirone. Neuropsychopharmacology 39, 2017–2028. doi: 10.1038/npp.2014.51

Li, T., Hou, Y., Cao, W., Yan, C. X., Chen, T., and Li, S. B. (2012). Role of dopamine D3 receptors in basal nociception regulation and in morphine-induced tolerance and withdrawal. Brain Res. 1433, 80–84. doi: 10.1016/j.brainres.2011.11.045

Li, T., Hou, Y., Yan, C. X., Chen, T., Zhao, Y., and Li, S. B. (2010). Dopamine D3 receptor knock-out mice display deficits in locomotor sensitization after chronic morphine administration. Neurosci. Lett. 485, 256–260. doi: 10.1016/j.neulet.2010.09.025

Li, Y., and Kuzhikandathil, E. V. (2012). Molecular characterization of individual D3 dopamine receptor-expressing cells isolated from multiple brain regions of a novel mouse model. Brain Struct. Funct. 217, 809–833. doi: 10.1007/s00429-012-0383-8

Lv, Y., Hu, R. R., Jing, M., Zhao, T. Y., Wu, N., Song, R., et al. (2019). Selective dopamine D3 receptor antagonist YQA14 inhibits morphine-induced behavioral sensitization in wild type, but not in dopamine D3 receptor knockout mice. Acta Pharmacol. Sin. 40, 583–588. doi: 10.1038/s41401-018-0153-0

Marel, C., Sunderland, M., Mills, K. L., Slade, T., Teesson, M., and Chapman, C. (2019). Conditional probabilities of substance use disorders and associated risk factors: progression from first use to use disorder on alcohol, cannabis, stimulants, sedatives and opioids. Drug Alcohol Depend. 194, 136–142. doi: 10.1016/j.drugalcdep.2018.10.010

Matuskey, D., Gallezot, J. D., Pittman, B., Williams, W., Wanyiri, J., Gaiser, E., et al. (2014). Dopamine D(3) receptor alterations in cocaine-dependent humans imaged with [(1)(1)C](+)PHNO. Drug Alcohol Depend 139, 100–105. doi: 10.1016/j.drugalcdep.2014.03.013

McCreary, A. C., and Marsden, C. A. (1993). Cocaine-induced behaviour: dopamine D1 receptor antagonism by SCH 23390 prevents expression of conditioned sensitisation following repeated administration of cocaine. Neuropharmacology 32, 387–391. doi: 10.1016/0028-3908(93)90161-u

McGeary, J. (2009). The DRD4 exon 3 VNTR polymorphism and addiction-related phenotypes: a review. Pharmacol. Biochem. Behav. 93, 222–229. doi: 10.1016/j.pbb.2009.03.010

Meador-Woodruff, J. H., Little, K. Y., Damask, S. P., Mansour, A., and Watson, S. J. (1993). Effects of cocaine on dopamine receptor gene expression: a study in the postmortem human brain. Biol. Psychiatry 34, 348–355. doi: 10.1016/0006-3223(93)90178-g

Miner, L. L., Drago, J., Chamberlain, P. M., Donovan, D., and Uhl, G. R. (1995). Retained cocaine conditioned place preference in D1 receptor deficient mice. Neuroreport 6, 2314–2316. doi: 10.1097/00001756-199511270-00011

Mizushima, K., Miyamoto, Y., Tsukahara, F., Hirai, M., Sakaki, Y., and Ito, T. (2000). A novel G-protein-coupled receptor gene expressed in striatum. Genomics 69, 314–321. doi: 10.1006/geno.2000.6340

Morishima, Y., Miyakawa, T., Furuyashiki, T., Tanaka, Y., Mizuma, H., and Nakanishi, S. (2005). Enhanced cocaine responsiveness and impaired motor coordination in metabotropic glutamate receptor subtype 2 knockout mice. Proc. Natl. Acad. Sci. U.S.A. 102, 4170–4175. doi: 10.1073/pnas.0500914102

Moussawi, K., and Kalivas, P. W. (2010). Group II metabotropic glutamate receptors (mGlu2/3) in drug addiction. Eur. J. Pharmacol. 639, 115–122. doi: 10.1016/j.ejphar.2010.01.030

Mrzljak, L., Bergson, C., Pappy, M., Huff, R., Levenson, R., and Goldman-Rakic, P. S. (1996). Localization of dopamine D4 receptors in GABAergic neurons of the primate brain. Nature 381, 245–248. doi: 10.1038/381245a0

Narita, M., Mizuo, K., Mizoguchi, H., Sakata, M., Narita, M., Tseng, L. F., et al. (2003). Molecular evidence for the functional role of dopamine D3 receptor in the morphine-induced rewarding effect and hyperlocomotion. J. Neurosci. 23, 1006–1012. doi: 10.1523/JNEUROSCI.23-03-01006.2003

Narita, M., Soma, M., Tamaki, H., Narita, M., and Suzuki, T. (2002). Intensification of the development of ethanol dependence in mice lacking dopamine D(3) receptor. Neurosci. Lett. 324, 129–132. doi: 10.1016/s0304-3940(02)00235-5

Nelson, R. J., and Young, K. A. (1998). Behavior in mice with targeted disruption of single genes. Neurosci. Biobehav. Rev. 22, 453–462. doi: 10.1016/s0149-7634(97)00053-5

Nower, L., Derevensky, J. L., and Gupta, R. (2004). The relationship of impulsivity, sensation seeking, coping, and substance use in youth gamblers. Psychol. Addict. Behav. 18, 49–55. doi: 10.1037/0893-164X.18.1.49

Phillips, T. J., Brown, K. J., Burkhart-Kasch, S., Wenger, C. D., Kelly, M. A., Rubinstein, M., et al. (1998). Alcohol preference and sensitivity are markedly reduced in mice lacking dopamine D2 receptors. Nat. Neurosci. 1, 610–615. doi: 10.1038/2843

Pomierny-Chamiolo, L., Miszkiel, J., Frankowska, M., Mizera, J., and Filip, M. (2017). Neuroadaptive changes in metabotropic glutamate mGlu2/3R expression during different phases of cocaine addiction in rats. Pharmacol. Rep. 69, 1073–1081. doi: 10.1016/j.pharep.2017.04.016

Prieto, G. A. (2017). Abnormalities of dopamine D3 receptor signaling in the diseased brain. J. Cent Nerv. Syst. Dis. 9:1179573517726335.

Primus, R. J., Thurkauf, A., Xu, J., Yevich, E., Mcinerney, S., Shaw, K., et al. (1997). II. Localization and characterization of dopamine d4 binding sites in rat and human brain by use of the novel, D4 receptor-selective ligand [3H]NGD 94–1. J. Pharmacol. Exp. Therapeutics 282, 1020–1027.

Ptacek, R., Kuzelova, H., and Stefano, G. B. (2011). Dopamine D4 receptor gene DRD4 and its association with psychiatric disorders. Med. Sci. Monit. 17, RA215–RA220. doi: 10.12659/msm.881925

Rankin, M. L., Marinec, P. S., Cabrera, D. M., Wang, Z., Jose, P. A., and Sibley, D. R. (2006). The D1 dopamine receptor is constitutively phosphorylated by G protein-coupled receptor kinase 4. Mol. Pharmacol. 69, 759–769. doi: 10.1124/mol.105.019901

Risinger, F. O., Freeman, P. A., Rubinstein, M., Low, M. J., and Grandy, D. K. (2000). Lack of operant ethanol self-administration in dopamine D2 receptor knockout mice. Psychopharmacology (Berl) 152, 343–350. doi: 10.1007/s002130000548

Robinson, S. W., and Caron, M. G. (1997). Selective inhibition of adenylyl cyclase type v by the dopamine D3 receptor. Mol. Pharmacol. 52, 508–514. doi: 10.1124/mol.52.3.508

Rocha, B. A., Fumagalli, F., Gainetdinov, R. R., Jones, S. R., Ator, R., Giros, B., et al. (1998). Cocaine self-administration in dopamine-transporter knockout mice. Nat. Neurosci. 1, 132–137. doi: 10.1038/381

Rouge-Pont, F., Usiello, A., Benoit-Marand, M., Gonon, F., Piazza, P. V., and Borrelli, E. (2002). Changes in extracellular dopamine induced by morphine and cocaine: crucial control by D2 receptors. J. Neurosci. 22, 3293–3301. doi: 10.1523/JNEUROSCI.22-08-03293.2002

Rubinstein, M., Phillips, T. J., Bunzow, J. R., Falzone, T. L., Dziewczapolski, G., Zhang, G., et al. (1997). Mice lacking dopamine D4 receptors are supersensitive to ethanol, cocaine, and methamphetamine. Cell 90, 991–1001. doi: 10.1016/s0092-8674(00)80365-7

Santos, N., Chatterjee, S., Henry, A., Holgate, J., and Bartlett, S. E. (2013). The alpha5 neuronal nicotinic acetylcholine receptor subunit plays an important role in the sedative effects of ethanol but does not modulate consumption in mice. Alcohol. Clin. Exp. Res. 37, 655–662. doi: 10.1111/acer.12009

Schmidt, L. S., Thomsen, M., Weikop, P., Dencker, D., Wess, J., Woldbye, D. P., et al. (2011). Increased cocaine self-administration in M4 muscarinic acetylcholine receptor knockout mice. Psychopharmacology (Berl) 216, 367–378. doi: 10.1007/s00213-011-2225-4

Schoenrock, S. A., Kumar, P., Gomez, A. A., Dickson, P. E., Kim, S. M., Bailey, L., et al. (2020). Characterization of genetically complex Collaborative Cross mouse strains that model divergent locomotor activating and reinforcing properties of cocaine. Psychopharmacology (Berl) 237, 979–996. doi: 10.1007/s00213-019-05429-3

Schuckit, M. A. (2009). An overview of genetic influences in alcoholism. J. Subst. Abuse Treat. 36, S5–S14.

Serafine, K. M., O’dell, L. E., and Zorrilla, E. P. (2021). Converging vulnerability factors for compulsive food and drug use. Neuropharmacology 196:108556. doi: 10.1016/j.neuropharm.2021.108556

Sherva, R., Kranzler, H. R., Yu, Y., Logue, M. W., Poling, J., Arias, A. J., et al. (2010). Variation in nicotinic acetylcholine receptor genes is associated with multiple substance dependence phenotypes. Neuropsychopharmacology 35, 1921–1931. doi: 10.1038/npp.2010.64

Sherva, R., Wilhelmsen, K., Pomerleau, C. S., Chasse, S. A., Rice, J. P., Snedecor, S. M., et al. (2008). Association of a single nucleotide polymorphism in neuronal acetylcholine receptor subunit alpha 5 (CHRNA5) with smoking status and with ‘pleasurable buzz’ during early experimentation with smoking. Addiction 103, 1544–1552. doi: 10.1111/j.1360-0443.2008.02279.x

Sokoloff, P., and Le Foll, B. (2017). The dopamine D3 receptor, a quarter century later. Eur. J. Neurosci. 45, 2–19. doi: 10.1111/ejn.13390

Solis, O., Garcia-Sanz, P., Martin, A. B., Granado, N., Sanz-Magro, A., Podlesniy, P., et al. (2021). Behavioral sensitization and cellular responses to psychostimulants are reduced in D2R knockout mice. Addict. Biol. 26:e12840. doi: 10.1111/adb.12840

Song, R., Zhang, H. Y., Li, X., Bi, G. H., Gardner, E. L., and Xi, Z. X. (2012). Increased vulnerability to cocaine in mice lacking dopamine D3 receptors. Proc. Natl. Acad. Sci. U.S.A. 109, 17675–17680. doi: 10.1073/pnas.1205297109

Song, R., Zhang, H. Y., Peng, X. Q., Su, R. B., Yang, R. F., Li, J., et al. (2013). Dopamine D(3) receptor deletion or blockade attenuates cocaine-induced conditioned place preference in mice. Neuropharmacology 72, 82–87. doi: 10.1016/j.neuropharm.2013.04.042

Sora, I., Li, B., Igari, M., Hall, F. S., and Ikeda, K. (2010). Transgenic mice in the study of drug addiction and the effects of psychostimulant drugs. Ann. N. Y. Acad. Sci. 1187, 218–246. doi: 10.1111/j.1749-6632.2009.05276.x

Staley, J. K., and Mash, D. C. (1996). Adaptive increase in D3 dopamine receptors in the brain reward circuits of human cocaine fatalities. J. Neurosci. 16, 6100–6106. doi: 10.1523/JNEUROSCI.16-19-06100.1996

Sugaya, K., Clamp, C., Bryan, D., and Mckinney, M. (1997). mRNA for the m4 muscarinic receptor subtype is expressed in adult rat brain cholinergic neurons. Brain Res. Mol. Brain Res. 50, 305–313. doi: 10.1016/s0169-328x(97)00199-x

Thanos, P. K., Bermeo, C., Rubinstein, M., Suchland, K. L., Wang, G. J., Grandy, D. K., et al. (2010a). Conditioned place preference and locomotor activity in response to methylphenidate, amphetamine and cocaine in mice lacking dopamine D4 receptors. J. Psychopharmacol. 24, 897–904. doi: 10.1177/0269881109102613

Thanos, P. K., Habibi, R., Michaelides, M., Patel, U. B., Suchland, K., Anderson, B. J., et al. (2010b). Dopamine D4 receptor (D4R) deletion in mice does not affect operant responding for food or cocaine. Behav. Brain Res. 207, 508–511. doi: 10.1016/j.bbr.2009.10.020

Thanos, P. K., Taintor, N. B., Rivera, S. N., Umegaki, H., Ikari, H., Roth, G., et al. (2004). DRD2 gene transfer into the nucleus accumbens core of the alcohol preferring and nonpreferring rats attenuates alcohol drinking. Alcohol. Clin. Exp. Res. 28, 720–728. doi: 10.1097/01.alc.0000125270.30501.08

Thomas, T. C., Kruzich, P. J., Joyce, B. M., Gash, C. R., Suchland, K., Surgener, S. P., et al. (2007). Dopamine D4 receptor knockout mice exhibit neurochemical changes consistent with decreased dopamine release. J. Neurosci. Methods 166, 306–314. doi: 10.1016/j.jneumeth.2007.03.009

Thomsen, M., and Caine, S. B. (2016). Effects of dopamine D1-like and D2-like antagonists on cocaine discrimination in muscarinic receptor knockout mice. Eur. J. Pharmacol. 776, 71–80. doi: 10.1016/j.ejphar.2016.02.034

Thomsen, M., Hall, F. S., Uhl, G. R., and Caine, S. B. (2009a). Dramatically decreased cocaine self-administration in dopamine but not serotonin transporter knock-out mice. J. Neurosci. 29, 1087–1092. doi: 10.1523/JNEUROSCI.4037-08.2009

Thomsen, M., Han, D. D., Gu, H. H., and Caine, S. B. (2009b). Lack of cocaine self-administration in mice expressing a cocaine-insensitive dopamine transporter. J. Pharmacol. Exp. Ther. 331, 204–211. doi: 10.1124/jpet.109.156265

Thomsen, M., Woldbye, D. P., Wortwein, G., Fink-Jensen, A., Wess, J., and Caine, S. B. (2005). Reduced cocaine self-administration in muscarinic M5 acetylcholine receptor-deficient mice. J. Neurosci. 25, 8141–8149. doi: 10.1523/JNEUROSCI.2077-05.2005

Tucci, A. M., Kerr-Correa, F., and Souza-Formigoni, M. L. (2010). Childhood trauma in substance use disorder and depression: an analysis by gender among a Brazilian clinical sample. Child Abuse Negl. 34, 95–104. doi: 10.1016/j.chiabu.2009.07.001

Tupala, E., Hall, H., Halonen, P., and Tiihonen, J. (2004). Cortical dopamine D2 receptors in type 1 and 2 alcoholics measured with human whole hemisphere autoradiography. Synapse 54, 129–137. doi: 10.1002/syn.20071

Tuttle, A. H., Philip, V. M., Chesler, E. J., and Mogil, J. S. (2018). Comparing phenotypic variation between inbred and outbred mice. Nat. Methods 15, 994–996.

Tzavara, E. T., Bymaster, F. P., Davis, R. J., Wade, M. R., Perry, K. W., Wess, J., et al. (2004). M4 muscarinic receptors regulate the dynamics of cholinergic and dopaminergic neurotransmission: relevance to the pathophysiology and treatment of related CNS pathologies. FASEB J. 18, 1410–1412. doi: 10.1096/fj.04-1575fje

Valerio, A., Belloni, M., Gorno, M. L., Tinti, C., Memo, M., and Spano, P. (1994). Dopamine D2, D3, and D4 receptor mRNA levels in rat brain and pituitary during aging. Neurobiol. Aging 15, 713–719. doi: 10.1016/0197-4580(94)90053-1

Volkow, N. D., and Morales, M. (2015). The brain on drugs: from reward to addiction. Cell 162, 712–725. doi: 10.1016/j.cell.2015.07.046

Volkow, N. D., Tomasi, D., Wang, G. J., Logan, J., Alexoff, D. L., Jayne, M., et al. (2014). Stimulant-induced dopamine increases are markedly blunted in active cocaine abusers. Mol. Psychiatry 19, 1037–1043. doi: 10.1038/mp.2014.58

Volkow, N. D., Wang, G. J., Fowler, J. S., Logan, J., Gatley, S. J., Wong, C., et al. (1999). Reinforcing effects of psychostimulants in humans are associated with increases in brain dopamine and occupancy of D(2) receptors. J. Pharmacol. Exp. Ther. 291, 409–415.

Volkow, N. D., Wiers, C. E., Shokri-Kojori, E., Tomasi, D., Wang, G. J., and Baler, R. (2017). Neurochemical and metabolic effects of acute and chronic alcohol in the human brain: studies with positron emission tomography. Neuropharmacology 122, 175–188. doi: 10.1016/j.neuropharm.2017.01.012

Wang, J. C., Cruchaga, C., Saccone, N. L., Bertelsen, S., Liu, P., Budde, J. P., et al. (2009). Risk for nicotine dependence and lung cancer is conferred by mRNA expression levels and amino acid change in CHRNA5. Hum. Mol. Genet. 18, 3125–3135. doi: 10.1093/hmg/ddp231

Wang, X. F., Barbier, E., Chiu, Y. T., He, Y., Zhan, J., Bi, G. H., et al. (2016). T394A mutation at the mu opioid receptor blocks opioid tolerance and increases vulnerability to heroin self-administration in mice. J. Neurosci. 36, 10392–10403. doi: 10.1523/jneurosci.0603-16.2016

Wang, Y., Yin, F., Guo, H., Zhang, J., Yan, P., and Lai, J. (2017). The role of dopamine D1 and D3 receptors in N-Methyl-D-Aspartate (n.d.)/GlycineB Site-regulated complex cognitive behaviors following repeated morphine administration. Int. J. Neuropsychopharmacol. 20, 562–574. doi: 10.1093/ijnp/pyx010

Wang, Y. P., Wei, S. G., Zhu, Y. S., Zhao, B., Xun, X., and Lai, J. H. (2015). Dopamine receptor D1 but not D3 essential for morphine-induced conditioned responses. Genet. Mol. Res. 14, 180–189. doi: 10.4238/2015.January.16.1

Weiner, D. M., Levey, A. I., and Brann, M. R. (1990). Expression of muscarinic acetylcholine and dopamine receptor mRNAs in rat basal ganglia. Proc. Natl. Acad. Sci. U.S.A. 87, 7050–7054. doi: 10.1073/pnas.87.18.7050

Wood, C. M., Nicolas, C. S., Choi, S. L., Roman, E., Nylander, I., Fernandez-Teruel, A., et al. (2017). Prevalence and influence of cys407* Grm2 mutation in Hannover-derived Wistar rats: mGlu2 receptor loss links to alcohol intake, risk taking and emotional behaviour. Neuropharmacology 115, 128–138. doi: 10.1016/j.neuropharm.2016.03.020

Xi, Z. X., Ramamoorthy, S., Baker, D. A., Shen, H., Samuvel, D. J., and Kalivas, P. W. (2002). Modulation of group II metabotropic glutamate receptor signaling by chronic cocaine. J. Pharmacol. Exp. Ther. 303, 608–615. doi: 10.1124/jpet.102.039735

Xu, M., Hu, X. T., Cooper, D. C., Moratalla, R., Graybiel, A. M., White, F. J., et al. (1994). Elimination of cocaine-induced hyperactivity and dopamine-mediated neurophysiological effects in dopamine D1 receptor mutant mice. Cell 79, 945–955. doi: 10.1016/0092-8674(94)90026-4

Xu, M., Koeltzow, T. E., Santiago, G. T., Moratalla, R., Cooper, D. C., Hu, X. T., et al. (1997). Dopamine D3 receptor mutant mice exhibit increased behavioral sensitivity to concurrent stimulation of D1 and D2 receptors. Neuron 19, 837–848. doi: 10.1016/s0896-6273(00)80965-4

Yang, H. J., Zhang, H. Y., Bi, G. H., He, Y., Gao, J. T., and Xi, Z. X. (2017). Deletion of Type 2 Metabotropic Glutamate Receptor Decreases Sensitivity to Cocaine Reward in Rats. Cell Rep. 20, 319–332. doi: 10.1016/j.celrep.2017.06.046

Zhan, J., Jordan, C. J., Bi, G. H., He, X. H., Gardner, E. L., Wang, Y. L., et al. (2018). Genetic deletion of the dopamine D3 receptor increases vulnerability to heroin in mice. Neuropharmacology 141, 11–20. doi: 10.1016/j.neuropharm.2018.08.016

Zhang, D., Zhang, L., Lou, D. W., Nakabeppu, Y., Zhang, J., and Xu, M. (2002). The dopamine D1 receptor is a critical mediator for cocaine-induced gene expression. J. Neurochem. 82, 1453–1464. doi: 10.1046/j.1471-4159.2002.01089.x

Zhou, Z., Karlsson, C., Liang, T., Xiong, W., Kimura, M., Tapocik, J. D., et al. (2013). Loss of metabotropic glutamate receptor 2 escalates alcohol consumption. Proc. Natl. Acad. Sci. U.S.A. 110, 16963–16968. doi: 10.1073/pnas.1309839110

Zhu, J., Chen, Y., Zhao, N., Cao, G., Dang, Y., Han, W., et al. (2012). Distinct roles of dopamine D3 receptors in modulating methamphetamine-induced behavioral sensitization and ultrastructural plasticity in the shell of the nucleus accumbens. J. Neurosci. Res. 90, 895–904. doi: 10.1002/jnr.22821


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jordan and Xi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 13 January 2022
doi: 10.3389/fnins.2021.811401





[image: image]

Behavioral Profiles of Adolescent Alcohol-Preferring/Non-preferring (P/NP) and High/Low Alcohol-Drinking (HAD/LAD) Rats Are Dependent on Line but Not Sex

Stina Lundberg1*, Erika Roman1,2 and Richard L. Bell3

1Department of Pharmaceutical Biosciences, Uppsala University, Uppsala, Sweden

2Department of Anatomy, Physiology and Biochemistry, Swedish University of Agricultural Sciences, Uppsala, Sweden

3Department of Psychiatry, Stark Neuroscience Research Institute, Indiana University School of Medicine, Indianapolis, IN, United States

Edited by:
Cristina Núñez, University of Murcia, Spain

Reviewed by:
Ricardo Marcos Pautassi, Medical Research Institute Mercedes and Martín Ferreyra (INIMEC), Argentina
Heidi Lesscher, Utrecht University, Netherlands

*Correspondence: Stina Lundberg, Stina.Lundberg@farmbio.uu.se

Specialty section: This article was submitted to Neuropharmacology, a section of the journal Frontiers in Neuroscience

Received: 08 November 2021
Accepted: 06 December 2021
Published: 13 January 2022

Citation: Lundberg S, Roman E and Bell RL (2022) Behavioral Profiles of Adolescent Alcohol-Preferring/Non-preferring (P/NP) and High/Low Alcohol-Drinking (HAD/LAD) Rats Are Dependent on Line but Not Sex. Front. Neurosci. 15:811401. doi: 10.3389/fnins.2021.811401

Initial contact with alcohol generally occurs during adolescence, and high consumption during this period is associated with increased risk for later alcohol (AUDs) and/or substance use disorders (SUDs). Rodents selectively bred for high or low alcohol consumption are used to identify behavioral characteristics associated with a propensity for high or low voluntary alcohol intake. The multivariate concentric square field™ (MCSF) is a behavioral test developed to study rodents in a semi-naturalistic setting. Testing in the MCSF creates a comprehensive behavioral profile in a single trial. The current aim was to examine the behavioral profiles of adolescent, bidirectionally selectively bred male and female high alcohol-consuming (P and HAD1/2) and low alcohol-consuming (NP and LAD1/2) rat lines, and outbred Wistar rats. Alcohol-naïve rats were tested once in the MCSF at an age between postnatal days 30 and 35. No common behavioral profile was found for either high or low alcohol-consuming rat lines, and the effect of sex was small. The P/NP and HAD2/LAD2 lines showed within pair-dependent differences, while the HAD1/LAD1 lines were highly similar. The P rats displayed high activity and risk-associated behaviors, whereas HAD2 rats displayed low activity, high shelter-seeking behavior, and open area avoidance. The results from P rats parallel clinical findings that denser family history and risk-taking behavior are strong predictors of future AUDs, often with early onset. Contrarily, the HAD2 behavioral profile was similar to individuals experiencing negative emotionality, which also is associated with a vulnerability to develop, often with a later onset, AUDs and/or SUDs.

Keywords: adolescence, alcohol non-preferring rats, alcohol-preferring rats, high alcohol-drinking rats, low alcohol-drinking rats, multivariate concentric square field (MCSF)


INTRODUCTION

Addiction is a complex disorder that is influenced by environmental factors and their interaction with a genetic make-up. Additionally, a vulnerability for addiction is associated with certain personality traits, such as impulsivity and sensation seeking, and share comorbidity with multiple psychiatric disorders, including anxiety and depression (Babor, 1992; Cloninger et al., 1996; Lesch and Walter, 1996; Merikangas et al., 1998; Kranzler and Rosenthal, 2003; Moss et al., 2007). For alcohol use disorders (AUDs), the genetic risk is around 50% (Verhulst et al., 2015; Reilly et al., 2017), reflecting the importance of a family history of AUDs as a risk factor (Reilly et al., 2017). To examine the heritability of a vulnerability to develop AUDs, bidirectional selective breeding strategies in laboratory animals have been used (Bell et al., 2012, 2016, 2017).

Breeding programs with bidirectional selection for high vs. low alcohol consumption have generated seven pairs of high/low alcohol-consuming rat-lines across the world: the University of Chile bibulous/abstainer (UChB/UChA) rats (Quintanilla et al., 2006), the Finnish ALKO alcohol/non-alcohol (AA/ANA) rats (Sommer et al., 2006), the Sardinian alcohol-preferring/non-preferring (sP/sNP) rats (Colombo et al., 2006), the Warsaw high-/low-preferring (WHP/WLP) rats (Dyr and Kostowski, 2008), the Indiana alcohol-preferring/non-preferring (P/NP), and high/low alcohol-drinking (HAD/LAD, replicates 1 and 2) rat lines (McBride et al., 2014). Selective breeding of P/NP and the HAD/LAD replicate rat lines was based on identical selection criteria. P/NP rats were selected from Wistar rats (Murphy et al., 2002) and the HAD/LAD replicate lines from N/NIH rats (Murphy et al., 2002). Selectively bred lines have made it possible to determine behavioral (Roman et al., 2012), neurobiological (Bell et al., 2012), and genetic (McBride et al., 2012; Bell et al., 2017) characteristics associated with selection for high vs. low voluntary alcohol consumption. The high alcohol-consuming lines are also useful for evaluating pharmaceutical candidates to treat AUDs (Bell et al., 2012, 2016, 2017). The existing literature indicates that studies of male and adult animals have predominated in the past, with a modest increase in studies of sex-dependent behavior more recently (Bell et al., 2014). In addition, the consequences of peri-adolescent alcohol drinking have been a more recent focus of study, and both P and HAD rats show increased peri-adolescent alcohol consumption in both continuous and binge-like paradigms (Bell et al., 2014). Nonetheless, little is known about alcohol-naïve adolescent behavior of these lines, especially in females, and such studies would provide further information regarding modeling of family history for AUDs during development (Bell et al., 2013, 2014).

The multivariate concentric square field™ (MCSF) test is a behavioral test based on an ethoexperimental foundation, and it is designed to generate a behavioral profile that assesses exploration, risk-associated, and shelter-seeking behaviors (Meyerson et al., 2006). This allows for detection of individual and treatment-associated differences during both adolescence and adulthood (e.g., Palm et al., 2014; Karlsson and Roman, 2016; Wille-Bille et al., 2018; Lundberg et al., 2019; Gore-Langton et al., 2021). The MCSF has previously been used to characterize differences between selectively bred line-pairs and within each selection criteria (P/NP, HAD/LAD replicates, sP/sNP, and AA/ANA) in adult males (Roman et al., 2007, 2012; Roman and Colombo, 2009). Within-pair differences varied among the pairs (Roman et al., 2007, 2012; Roman and Colombo, 2009), and substantial differences were found among the high alcohol-consuming lines (Roman et al., 2012). More recently, an adapted version of the MCSF was used to profile differences after short-term selective breeding based on alcohol consumption in adolescence. Here, the high alcohol-consuming line showed increased shelter-seeking and decreased risk-taking behaviors when tested in adolescence (Fernández et al., 2020). The same behavioral trends were seen in an earlier replicate of the same breeding procedure using the light-dark box (Fernández et al., 2017). In the present study, we aimed to use the MCSF to further examine the link between a genetic propensity for high or low alcohol consumption and the adolescent behavioral profile before first contact with alcohol by examining naïve male and female P/NP and HAD/LAD (replicates 1 and 2) rats. Additionally, a Wistar cohort was included to provide an outbred comparison to the selectively bred lines. The goal was to evaluate both differences based on selected alcohol consumption (within-pair differences) and differences within the same selection criteria, i.e., among all three high or low alcohol-consuming lines. The hypotheses were to find similar within-pair differences in the behavioral profiles as seen in the study of the adult animals (Roman et al., 2012) and that the HAD/LAD replicates would be similar within each selection criteria while differing from the P/NP lines.



MATERIALS AND METHODS


Animals, Housing, and Ethics Statement

Subjects were high alcohol-consuming P, HAD1, and HAD2 rats; low alcohol-consuming NP, LAD1, and LAD2 rats delivered to the laboratory at the day of weaning (Indiana University School of Medicine, Indianapolis, IN, United States); and outbred Wistar rats (RccHan:WI, Envigo, Indianapolis, IN, United States), for details see Table 1. Animals were pair-housed, by sex and line, in opaque plastic cages (22 × 44 × 20 cm) with sawdust bedding and ad libitum access to food (7001 Teklad 4%, Envigo, Madison, WI, United States) and water in a temperature-controlled (24 ± 1°C) and humidity-controlled (∼50%) animal room on a reversed 12 h/12 h dark-light cycle, with dark onset at 10:00. The animals were identified by tail markings with a marker pen, which were darkened as needed. Animals were acclimated to their home-cages for 5 days before any procedures were initiated. Experimental procedures were conducted during the dark period of the dark-light cycle. The animal experimental protocol was approved by the Institutional Animal Care and Use Committee of the Indiana University School of Medicine and is consistent with NIH’s Guide for the Care and Use of Laboratory Animals (National Research Council, 2011).


TABLE 1. Details about the animals in the study; number of animals per sex, to which generation they belong, from how many litters they were derived, and how many animals from each litter entered the study.
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The Multivariate Concentric Square Field™ Test

The MCSF (Figure 1) is described in detail elsewhere (Meyerson et al., 2006; Roman and Colombo, 2009). Briefly, the arena is 100 × 100 cm and divided into zones: the center (70 × 70 cm) with a central circle (CTRCI, 25 cm in diameter) surrounded on three sides by corridors. Along the fourth side, an elevated and illuminated “bridge” is divided into the slope, bridge entrance (BE), and bridge. One corner has a sheltered dark corner room (DCR) and another a raised hurdle with hole-board flooring. Light conditions in the different zones were as follows (lux): 15 in the CTRCI, 5–10 in the corridors as well as the hurdle, and 500 in the middle of the bridge.


[image: image]

FIGURE 1. Schematic layout of the MCSF. The arena is divided into zones by walls (solid, black lines) or imagined boundaries (dashed lines). BE, bridge entrance; CTRCI, central circle; DCR, dark corner room. Modified with permission from Lundberg et al. (2019).


Prior to testing, the animals were habituated to the handling procedures for three consecutive days. This consisted of individual handling, weighing, and adaptation to a small transportation cage. Between postnatal day (PND) 30 and 35, the animals were tested once in the MCSF. On the testing days, the animals to be tested were transported in their home cages, in conjunction with lights off, to a holding room. There, the animals were left undisturbed for 2 h before testing was initiated. The transportation cage was then used to transport the animals, one-at-a-time, to the testing room, and back after the test was concluded. First on each testing day, a non-test rat was allowed to explore the MCSF arena to avoid any first-to-be-tested effect. Males were always tested before females, and the two animals in a cage were never tested directly after each other. A trial started as the rat was released into the center of the arena facing the wall not leading to a corridor, and each trial lasted for 20 min. Between rats, the arena was sprayed with a 10% ethanol solution, wiped down, and allowed to air dry. After testing, all animals were returned to the animal room where they were weighed.

The trials were recorded by an overhead video camera and manually scored using EthoVision XT 13 (Noldus, Inc., Wageningen, Netherlands). The latency to first visit (L, s), frequency of visits (F, #), and duration spent (D, s) in each zone were scored together with the number of rearings, groomings, and stretched attend postures (SAPs). In addition, the number of urinations and fecal boli in the arena was counted after each trial. The frequency and duration spent in the corridors were summed into total corridor (totcorr) measures, and the latency (L, s) to leave the center after the start of the trial was identified. Further, the duration per visit (D/F, s), percental frequency (%F), and percental duration (%D) were calculated for each zone, including the total corridor measures. The total activity (TOTACT, i.e., sum of all frequencies), number of zones visited, and latency (L, s) to fully explore the arena and occurrences (Occ) for each zone not visited or behaviors not performed by all individuals in a group were also determined. For the corridors, only the total corridor measures were used for analysis, except for occurrences which were analyzed on the individual corridor level. Furthermore, the activity measures total activity and rearing were split into four 5-min periods for analysis of the activity profile over time during the trial.



Statistical Analysis

Statistical analyses were carried out using Statistica 13 (TIBCO Software Inc., Tulsa, OK, United States) unless otherwise specified. Normality was examined with the Shapiro-Wilk’s test. Body weights were normally distributed, and differences were examined using a factorial ANOVA, with line and sex as between-subject factors, followed by post hoc Tukey HSD tests. The behavioral parameters from the MCSF were skewed and analyzed using non-parametric statistics. Continuous parameters were examined with Kruskal-Wallis ANOVA by ranks with post hoc Mann-Whitney U-tests with continuity corrections. Zone and behavior occurrences were analyzed with Maximum-Likelihood Chi-square test. Activity over time in the MCSF was analyzed in R 3.6.1 (R Core Team, 2019) with the nparLD package (Noguchi et al., 2012) with line and sex as between-subject factors and time as the within-subject factor. Time-dependent post hoc tests were performed with Wilcoxon’s matched pairs test and group-dependent tests with Mann-Whitney U-test with continuity corrections. The MCSF parameters were analyzed both with sex separated and with sex collapsed. All non-parametric post hoc comparisons evaluated: (1) differences within each line-pair, (2) differences within each selection criteria, and (3) differences between the Wistar rats and each of the selectively bred lines. Bonferroni corrected multiple comparisons were applied, and only one level of significance is reported (corresponding to p < 0.05). Effect sizes were calculated as previously described (Fritz et al., 2012).

Principal component analysis (PCA) and partial least squares projections to latent structures discriminant analysis (PLS-DA) were carried out in SIMCA 15 (Sartorius Stedim Data Analytics AB, Umeå, Sweden) as a multivariate complement to the standard statistics to further the multivariate interpretation of the MCSF. The PCA examined the relationship among one set of multiple variables, in this case MCSF parameters, and the PLS-DA examined the relationship between two sets of variables, one with multiple variables and one with a single categorical variable, in this case line. PCAs were carried out separately by line-pair to provide an overview of the relationship between each high and low alcohol-consuming line-pair, and PLS-DAs were carried out to examine the differences between all the lines. Autofit was used to generate the models; components were excluded if the eigenvalue was < 2.0 or if Q2 had a large negative value. Latencies, occurrences, percentage duration, and percentage frequency were not included in the models, and other parameters were excluded when advised by the software.




RESULTS

Five animals were excluded from the analyses: four due to technical issues during testing (two HAD1 females, one Wistar female, and one NP male) and one LAD1 female that spent > 70% of the trial climbing on the walls of the arena, which resulted in very little zone-dependent data.

Body weights for the animals at the time of testing are found in Supplementary Figure 1. Females weighed less than males in P, NP, and Wistar animals, while no sex-dependent differences were detected in HAD1, LAD1, HAD2, or LAD2 rats. Overall, the Wistar rats were heaviest, followed by P and then NP rats. While lower than P, NP, and Wistar rats, no body weight differences were detected across the HAD1, LAD1, HAD2, and LAD2 lines.

No sex-dependent differences were detected among the MCSF parameters in P, NP, HAD1, LAD1, or HAD2 animals. Among LAD2 animals, females urinated fewer times in the arena than males, and among Wistar animals, females had lower percentage frequency of visits to the center than males (Supplementary Table 1). Due to the weak effect of sex, further results are discussed with data collapsed across sex. However, for transparency, both numerical and statistical results are declared for each sex in Supplementary Table 1 together with the results with sex collapsed.


Within Pair Comparisons

Effect sizes for differences within each line-pair are presented in Figure 2A; results for frequencies, total duration, and duration per visit are displayed in Figure 3. The activity measures of total activity (i.e., sum of all zone frequencies) and rearing are shown in Figure 4 (totals for the 20-min trial) and Supplementary Figures 2A–F (over time in 5-min bins); and remaining results are found in Supplementary Table 1.
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FIGURE 2. Heatmap of effect sizes for the significant differences comparing (A) the high and low alcohol-consuming rats within each selectively bred pair, (B) the three high consuming lines, (C) the three low consuming lines, and (D) the selectively bred lines relative to the outbred Wistar rats. P n = 40; NP n = 23; HAD1 n = 37; LAD1 n = 23; HAD2 n = 40, LAD2 n = 24, Wistar n = 39. BE, bridge entrance; CTRCI, central circle; corr, corridor; D, duration (s); DCR, dark corner room; D/F, duration per visit (s); F (#), frequency; H1/HAD1, high alcohol-drinking line, replicate 1; H2/HAD2, high alcohol-drinking line, replicate 2; L, latency (s); L1/LAD1, low alcohol-drinking line, replicate 1; L2/LAD2, low alcohol-drinking line, replicate 2; n.s., non-significant; NP, alcohol non-preferring line; Occ, occurrence (for zones not visited or behaviors not performed by all individuals); P, alcohol preferring line; SAP, stretched attend posture; TOTACT, total activity (i.e., sum of all frequencies); totcorr, total corridor; Wi, Wistar.
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FIGURE 3. Results from the MCSF test in the selectively bred rats. Zone (A) frequency (#), (B) duration (s), and (C) duration per visit (s) in P, NP, HAD1, LAD1, HAD2, and LAD2 rats; (D) frequency (#), (E) duration (s), and (F) duration per visit (s) in the CTRCI for all lines. Data are presented as median with upper and lower quartiles. P n = 40; NP n = 23; HAD1 n = 37; LAD1 n = 23; HAD2 n = 40, LAD2 n = 24. *p < 0.0023 comparing high and low alcohol-consuming rats within each selectively bred pair; P p < 0.0023 relative to P rats; NP p < 0.0023 relative to NP rats; H1 p < 0.0023 relative to HAD1 rats (post hoc Mann-Whitney U-test with continuity correction). BE, bridge entrance; CTRCI, central circle; DCR, dark corner room; HAD1, high alcohol drinking line, replicate 1; HAD2, high alcohol-drinking line, replicate 2; LAD1, low alcohol-drinking line, replicate 1; LAD2, low alcohol-drinking line, replicate 2; NP, alcohol non-preferring line; P, alcohol preferring line; totcorr, total corridor.
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FIGURE 4. Activity in the MCSF expressed as (A) total activity (i.e., sum of all frequencies) and (B) rearing in the selectively bred lines and outbred Wistar rats. Data are presented as median with upper and lower quartiles. P n = 40; NP n = 23; HAD1 n = 37; LAD1 n = 23; HAD2 n = 40, LAD2 n = 24, Wistar n = 39. *p < 0.0023 comparing high and low alcohol-consuming rats within each selectively bred pair; P p < 0.0023 relative to P rats; NP p < 0.0023 relative to NP rats; H1 p < 0.0023 relative to HAD1 rats; L1 p < 0.0023 relative to LAD1 rats (post hoc Mann-Whitney U-test with continuity correction). HAD1, high alcohol-drinking line, replicate 1; HAD2, high alcohol-drinking line, replicate 2; LAD1, low alcohol-drinking line, replicate 1; LAD2, low alcohol-drinking line, replicate 2; NP, alcohol non-preferring line; P, alcohol preferring line.



P and NP Rats

The PCA analysis (n = 63, 4 components, R2X = 0.63, Q2 = 0.28) score plot (Figure 5A) confirmed the small effect of sex and indicated an influence of line on behavior in the MCSF by P and NP rats. Individual scores of P rats had higher positive loading on component 1 than the scores of NP rats, although some overlap between the lines was seen. Within each line, males and females displayed no separation. The parameter contributions to the analysis are displayed in the loading plot (Supplementary Figure 3A). The separation of P vs. NP scores occurred primarily in the first component (Figure 5A); P rat data were associated with total activity, zone frequencies (except the DCR), and duration at the bridge entrance and on the bridge. NP rat data were associated with duration spent in the corridors and duration per visit to the hurdle, slope, bridge entrance, and bridge (Supplementary Figure 3A).
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FIGURE 5. Scatter plots of the individual scores from the PCA analyses of the MCSF parameters in (A) P and NP rats [n = 63, 2 out of 4 components visualized, R2X(1–2) = 0.46, Q2(1–2) = 0.29], (B) HAD1 and LAD1 rats [n = 60, 2 out of 2 components visualized, R2X(1–2) = 0.54, Q2(1–2) = 0.27], and (C) HAD2 and LAD2 rats [n = 64, 2 out of 3 components visualized, R2X(1–2) = 0.46, Q2(1–2) = 0.24]. The plots are colored according to line and the shapes represent males (circles) and females (inverted triangles). The corresponding loading plots can be found in Supplementary Figure 3. HAD1, high alcohol-drinking line, replicate 1; HAD2, high alcohol-drinking line, replicate 2; LAD1, low alcohol-drinking line, replicate 1; LAD2, low alcohol-drinking line, replicate 2; NP, alcohol non-preferring line; P, alcohol preferring line.


Direct parameter comparisons showed that P rats visited the corridors, hurdle, slope, bridge entrance, and bridge more than NP rats (Figures 2A, 3A), which translated into higher total activity in P vs. NP rats (Figures 2A, 4A). P rats had shorter durations in the corridors and DCR, while having longer duration at the bridge entrance and bridge than NP rats (Figures 2A, 3B). The duration per visit was lower for P rats than NP rats in the center, corridors, DCR, and on the bridge (Figures 2A, 3C). Finally, P rats had lower percentage duration in the DCR, and lower percentage duration and frequency in the corridors than NP rats (Figure 2A and Supplementary Table 1). Instead, P rats had higher percentage duration at the bridge entrance, and higher percentage duration and frequency to the bridge than NP rats (Figure 2A and Supplementary Table 1).

When examining activity over time in the MCSF, as indicated by total activity and number of rearings (Supplementary Figures 2A,B, respectively), the pattern over time was similar between P and NP rats. P rats had higher total activity in the second and fourth 5-min periods than NP rats, while the total activity was comparable in the first and third 5-min periods. Both lines had lower initial activity that then sharply increased and peaked in the second 5-min period. For P rats, the total activity then declined to an intermediate level during the second half of the test. For NP rats, the decline was evident only in the fourth 5-min period, where it was comparable to the total activity during the initial 5 min (Supplementary Figure 2A). In number of rearing actions (Supplementary Figure 2B), no line-dependent differences were found. The number of rearings increased in P rats from the first to the second 5-min period; apart from this, no time-dependent differences were found within P or NP rats. In conclusion, P rats showed higher exploratory and risk-associated behaviors in the MCSF, while NP rats showed higher shelter-seeking behavior.



HAD1 and LAD1 Rats

The PCA analysis (n = 60, 2 components, R2X = 0.54, Q2 = 0.27) score plot (Figure 5B) shows a large overlap between the lines. Individual scores from both lines clustered together, indicating small variance within the main population, and an outlying group with a large negative contribution of component 1. Results in the loading plot (Supplementary Figure 3B) indicated that this outlying group had higher duration per visit to the DCR, hurdle, and slope. In addition, these outlying individuals did not visit all of the zones in the MCSF arena (Supplementary Data 1).

Direct parameter comparisons indicated a small difference within the line-pair. HAD1 and LAD1 rats did not differ in frequency nor duration in any of the zones (Figures 2A, 3A,B,D,E). Nor did the duration per visit differ between HAD1 and LAD1 rats (Figures 2A, 3C,F), except in the DCR where HAD1 rats had longer duration per visit than LAD1 rats (Figures 2A, 3C). The activity measures of total activity and rearing did not differ between HAD1 and LAD1 rats (Figures 4A,B). However, a lower proportion of HAD1 rats defecated in the arena, resulting in a lower fecal boli count in HAD1 vs. LAD1 rats (Figure 2A and Supplementary Table 1).

The HAD1 and LAD1 rats showed only minor changes in their activity (i.e., total activity and rearing) over time in the MCSF (Supplementary Figures 2C,D). LAD1 rats showed no time-dependent changes, while HAD1 rats had higher total activity in the second compared to the fourth 5-min period (Supplementary Figure 2C). HAD1 rats had a higher number of rearings in the second 5-min period than LAD1 rats (Supplementary Figure 2D). HAD1 rats also had a higher number of rearings in the second compared to the first and fourth 5-min periods (Supplementary Figure 2D). In conclusion, HAD1 and LAD1 rats had a high degree of similarity in their behavioral profiles as assessed with the MCSF.



HAD2 and LAD2 Rats

The PCA analysis (n = 64, 3 components, R2X = 0.56, Q2 = 0.20) score plot (Figure 5C) confirmed a small effect of sex and indicated an influence of line on behavior in the MCSF by HAD2 and LAD2 rats. Individual scores of HAD2 rats loaded widely across all four quadrants, while the scores of LAD2 rats clustered together predominantly in the lower right quadrant (Figure 5C), indicating lower variance in the LAD2 rat data. Within each line, males and females displayed no separation. The parameter contributions to the analysis are displayed in the loading plot (Supplementary Figure 3C). LAD2 rats were characterized by total activity, rearing, duration in the corridors, and frequency of visits to the center, CTRCI, corridors, DCR, and hurdle.

Direct parameter comparisons showed that HAD2 vs. LAD2 line differences were enriched among parameters relating to the center and CTRCI (Figure 2A and Supplementary Table 1). HAD2 rats had a lower frequency of visits to the center and CTRCI [in absolute numbers (Figures 3A,D) and by percentage frequency (Figure 2A and Supplementary Table 1)], a lower duration in the CTRCI [in absolute numbers (Figure 3E) and by percentage duration (Figure 2A and Supplementary Table 1)], and higher duration per visit to the center (Figures 2A, 3C) than LAD2 rats, and fewer HAD2 than LAD2 rats visited the CTRCI (Figure 2A and Supplementary Table 1). Furthermore, among the other parameters, HAD2 rats had higher durations per visit in the corridors and on the bridge entrance than LAD2 rats (Figures 2A, 3C). HAD2 rats also reared less (Figure 4B) and a lower proportion of HAD2 animals visited corridor “b” and all zones compared to LAD2 rats (Figure 2A and Supplementary Table 1). The percentage frequency of visits to the slope, the number of grooming bouts, and the proportion of animals grooming were higher in HAD2 than LAD2 rats (Figure 2A and Supplementary Table 1).

There were no differences between the lines in total activity in any of the 5-min periods (Supplementary Figure 2E). HAD2 rats increased in total activity from the first to the second and third 5-min periods, and the total activity during the second period was also higher than in the fourth 5-min period. LAD2 rats increased in total activity from the first to the second 5-min period, while no other time-dependent differences were seen. In rearing over time (Supplementary Figure 2F), HAD2 rats had lower number recorded during the first, second, and fourth 5-min periods than LAD2 rats. LAD2 rats were stable in their number of rearings over time, while HAD2 rats increased their number of rearings from the first to the second and third 5-min period. In conclusion, HAD2 rats had lower activity and higher avoidance of open areas than LAD2 rats in the MCSF test.




Comparisons Among High Alcohol-Consuming Rat Lines

Effect sizes for differences among the high alcohol-consuming rat lines are presented in Figure 2B; results for frequencies, total duration, and duration per visit are displayed in Figure 3. The activity measures of total activity and rearing are displayed in Figure 4 (totals for the 20-min trial) and Supplementary Figures 2A–F (over time in 5-min periods); and remaining results are found in Supplementary Table 1.

P rats differed substantially from the two HAD lines. P rats had the highest number of visits to all zones (Figures 2B, 3A,D), which resulted in higher total activity than either HAD line (Figures 2B, 4A). P rats also reared more than either HAD line (Figures 2B, 4B). Moreover, P rats had a lower duration per visit to each zone than either HAD line (Figures 2B, 3C), except for the CTRCI, where the duration per visit did not differ among the lines (Figures 2B, 3F), and at the bridge entrance, the P rats had a lower duration per visit than HAD2, but not HAD1, rats (Figures 2B, 3C). P rats had higher duration in the center and CTRCI than either HAD line, whereas the duration was higher in the hurdle and lower in the slope in P vs. HAD2 rats (Figures 2B, 3B,E). A higher proportion of P rats visited the entire arena than either HAD line; a higher proportion of P rats visited the CTRCI, DCR, and two of the corridors than HAD2 rats; and the proportion of P rats visiting the slope was higher than that of HAD1 rats (Figure 2B and Supplementary Table 1). Lastly, P rats had a shorter latency in leaving the center at the start of the trial, shorter latency in fully exploring the entire arena, and shorter latencies in first entering the hurdle and slope than HAD2 rats, whereas no latencies differed between P and HAD1 rats on these measures (Figure 2B and Supplementary Table 1).

The two HAD replicates also showed some differences. The total activity was higher in HAD1 vs. HAD2 animals (Figures 2B, 4A), driven by higher frequency of visits to the corridors and CTRCI in HAD1 than HAD2 rats (Figures 2B, 3A,D). HAD1 rats also reared more than HAD2 rats (Figures 2B, 4B). HAD1 rats had shorter duration on the slope (Figures 2B, 3B) and shorter duration per visit in all zones except the DCR, hurdle, and CTRCI (Figures 2B, 3C,F) than HAD2 rats. The latency in leaving the center at the start of the trial and in first entry of the hurdle, bridge entrance, and bridge were lower in HAD1 than HAD2 rats (Figure 2B and Supplementary Table 1). For HAD1 rats, a higher proportion visited the entire arena and corridor “b,” while a lower proportion visited the slope and bridge entrance than the proportion of HAD2 rats (Figure 2B and Supplementary Table 1).

The total activity per 5-min period (Supplementary Figures 2A,C,E) was higher in P rats than either HAD line throughout the test, while the HAD1 and HAD2 lines were similar except in the initial 5 min where HAD1 rats had higher activity. In the pattern over time, P and HAD2 animals showed similar tendencies, although the actual frequency counts where approximately twice as high in P than HAD2 rats, with a clear increase to a peak total activity in the second 5-min period (Supplementary Figures 2A,E), as opposed to HAD1 rats that had a much flatter curve. The rearing over time (Supplementary Figures 2B,D,F) was also higher for P rats than either HAD line, except in the second period where P and HAD1 rats did not differ. HAD1 rats had higher frequency of rearing than HAD2 throughout the test. For rearing, the pattern over time was more similar among the lines, with increases between the first and second 5-min period in all three lines.

In the PLS-DA analysis of the selectively bred lines (n = 187, 3 components, R2X = 0.57, R2Y = 0.26, Q2 = 0.22; Figure 6), the three high alcohol-consuming lines’ scores differed mainly in the first component (Figure 6A). The P rats had scores with a negative contribution on component 1, the scores for the HAD1 rats clustered around the origin, and the scores for the HAD2 rats had a largely positive contribution from component 1 as well as loading mostly in the lower right quadrant (Figure 6A). The HAD1 line had an outlying group in the upper right quadrant (Figure 6A), which constituted an outlying cluster in the PCA analysis as well (Figure 5B). In the loading plot (Figure 6B), the relationship between the class variable (line) in the form of aggregate dummy variables and the parameters (MCSF variables) is visualized. The P rat aggregate variable loaded with a large negative contribution from component 1 and a low contribution from component 2, which was associated with frequency of visits to all zones, total activity, duration in the CTRCI, and number of rearings. The HAD1 rat aggregate variable loaded in the upper right quadrant with a larger contribution from component 2 compared with component 1, which was associated with frequency of grooming, as well as duration and duration per visit to the hurdle and DCR. The HAD2 rat aggregate variable loaded in the lower right quadrant with relatively equal contributions from components 1 and 2, which was associated with duration on the slope, number of urinations and fecal boli, and duration per visit in the center, slope, and bridge (Figure 6B). In conclusion, there were no common behavioral profiles across the P and HAD replicate lines. P rats were highly active in the arena and showed increased risk-associated behavior, while HAD2 rats had low activity and increased risk-avoidance and shelter-seeking behavior. Lastly, the HAD1 rat data clustered between that of the other two high alcohol-consuming lines.
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FIGURE 6. Scatter plots of (A) individual scores and (B) variable loadings from the PLS-DA [n = 187, 2 out of 3 components visualized, R2X(1–2) = 0.47, R2Y(1–2) = 0.21, Q2(1–2) = 0.18] of the MCSF parameters (variable set 1) and selectively bred line (variable set 2). The plots are colored according to line and the shapes represent males (circles) and females (inverted triangles). BE, bridge entrance; CTRCI, central circle; D, duration; DCR, dark corner room; D/F, duration per visit; F, frequency; HAD1, high alcohol-drinking line, replicate 1; HAD2, high alcohol-drinking line, replicate 2; LAD1, low alcohol-drinking line, replicate 1; LAD2, low alcohol-drinking line, replicate 2; NP, alcohol non-preferring line; P, alcohol preferring line; TOTACT, total activity (i.e., sum of all zone frequencies); totcorr, total corridor.




Comparisons Among Low Alcohol-Consuming Rat Lines

Effect sizes for differences among the low alcohol-consuming rat lines are presented in Figure 2C; results for frequencies, total duration, and duration per visit are displayed in Figure 3. The activity measures of total activity and rearing are shown in Figure 4 (totals for the 20-min trial) and Supplementary Figures 2A–F (over time in 5-min periods); and remaining results are found in Supplementary Table 1.

The NP rats differed substantially from the two LAD lines. NP rats had a higher frequency of visits to the center, corridors, DCR, hurdle, and CTRCI zones than either LAD line and a higher frequency of visits to the slope than LAD2 rats (Figures 2C, 3A,D); this resulted in higher total activity in NP rats than either LAD line (Figures 2C, 4A). NP rats also reared more than either LAD line (Figures 2C, 4B). NP rats had a lower duration per visit to the center and corridors than either LAD line, as well as a lower duration per visit to the bridge entrance than the LAD1 rats and a lower duration per visit to the slope and on the bridge than LAD2 rats (Figures 2C, 3C). NP rats had a longer duration in the DCR than LAD1 rats, and a lower duration on the bridge and a higher duration in the corridors and CTRCI than LAD2 rats (Figures 2C, 3B,E). The NP rats had a higher latency to first entry of the bridge entrance and bridge than LAD1 rats (Figure 2C and Supplementary Table 1). Lastly, NP rats engaged in less grooming behavior than LAD1 rats and urinated fewer times, produced fewer fecal boli, and had a lower proportion of individuals defecating than LAD2 rats (Figure 2C and Supplementary Table 1).

The two LAD replicate lines were largely similar. The LAD1 and LAD2 rats did not differ in frequency or duration in any zone (Figures 2C, 3A,B) nor in total activity or rearing (Figures 2C, 4). However, LAD1 rats groomed more, had shorter latency to the bridge entrance and bridge (Figure 2C and Supplementary Table 1), and had lower duration per visit on the slope and bridge (Figures 2C, 3C) than LAD2 rats. When breaking down the total activity and rearing frequency in 5-min periods (Supplementary Figure 2), NP rats had higher scores than either LAD line at all time-points with a few exceptions; NP and LAD1 rats did not differ in total activity during the first 5-min period (Supplementary Figures 2A,C), and none of the low alcohol-consuming lines differed in rearing activity during the last 5-min period (Supplementary Figures 2B,F). In activity pattern overtime, the low alcohol-consuming lines were similar in rearing activity where all three lines had flat curves, which is in contrast to their high-consuming counterparts (Supplementary Figures 2B,D,F). Contrary, in total activity over time, there was more correspondence within each line-pair than among the low alcohol-consuming lines (Supplementary Figures 2A,C,D).

In the PLS-DA analysis (n = 187, 3 components, R2X = 0.57, R2Y = 0.26, Q2 = 0.22; Figure 6), the scores (Figure 6A) for the NP rats had a small to moderate negative contribution from component 1 and a low contribution from component 2. The scores for the LAD1 rats loaded around the origin with a few outlying individuals in the upper right quadrant, whereas the scores for the LAD2 rats loaded mostly in the lower right quadrant. The loading plot (Figure 6B) shows that the aggregate variables for the low alcohol-consuming lines loaded closer to the origin, while retaining a similar vector orientation, compared with their high alcohol-consuming counterparts, indicating that variance among the low alcohol-consuming lines was smaller than that of the high alcohol-consuming lines. The NP rat aggregate variable had a negative contribution from component 1 with minimal contribution from component 2. These results were associated with duration spent in the corridors and, to a lesser extent, the frequency of visits to each zone. The LAD1 rat aggregate variable loaded in the upper right quadrant, close to the origin, which was associated with duration per visit to the DCR, and duration in the DCR and bridge entrance. The LAD2 rat aggregate variable loaded in the lower right quadrant, which was associated with duration spent in the center and on the bridge, and duration per visit to the center and CTRCI. In conclusion, no common behavioral profiles were found across the NP and LAD replicate rat lines, although the differences were fewer than that observed between the high alcohol-consuming lines. The two LAD replicate rat lines showed a large degree of similarity, while NP rats had higher activity and exploration in the MCSF than either LAD rat line.



Comparisons Relative to Wistar Rats

Effect sizes for differences relative to that of the outbred Wistar rats are presented in Figure 2D; results for frequencies, total duration, and duration per visit are displayed in Figure 7. The activity measures of total activity and rearing are shown in Figure 4 (totals for the 20-min trial) and Supplementary Figures 2G,H (over time in 5-min periods); and remaining results are found in Supplementary Table 1.


[image: image]

FIGURE 7. Results from the MCSF test in the outbred Wistar rats (n = 39). Zone (A) frequency (#), (B) duration (s), and (C) duration per visit (s); (D) frequency (#), (E) duration (s), and (F) duration per visit (s) in the CTRCI. Data are presented as median with upper and lower quartile. P p < 0.0023 relative to P rats; NP p < 0.0023 relative to NP rats; H1 p < 0.0023 relative to HAD1 rats; L1 p < 0.0023 relative to LAD1 rats; H2 p < 0.0023 relative to HAD2 rats; L2 p < 0.0023 relative to LAD2 rats (post hoc Mann-Whitney U-test with continuity correction). BE, bridge entrance; CTRCI, central circle; DCR, dark corner room; HAD1, high alcohol-drinking line, replicate 1; HAD2, high alcohol-drinking line, replicate 2; LAD1, low alcohol-drinking line, replicate 1; LAD2, low alcohol-drinking line, replicate 2; NP, alcohol non-preferring line; P, alcohol preferring line; totcorr, total corridor.


Wistar rats reared more during the trial than either HAD or LAD line, while they did not differ from the P or NP rats (Figures 2D, 4B). Wistar rats also had higher total activity than either HAD or LAD line, while they did not differ from the P or NP rats (Figures 2D, 4A). This is indicative of the differences seen in the zone frequencies (Figures 2D, 3A,D, 7A,D); Wistar rats had higher frequency than HAD1 rats in 7 out of 8 zones, than HAD2 in all zones, than LAD1 in 5 zones, and than LAD2 in 6 zones while only having higher frequency to the bridge entrance and bridge than NP rats and lower frequency to the corridors and hurdle than P rats. The same pattern is present for differences in duration per visit (Figures 2D, 3C,F, 7C,F); Wistar rats had lower duration per visit to most zones compared to the HAD and LAD lines, while the differences compared to P and NP rats were fewer. Differences among the zone durations were few overall (Figures 2D, 3B,E, 7B,E), but most noticeable were a higher duration in the CTRCI in Wistar vs. either HAD or LAD line, higher duration in the corridors in Wistar vs. P, HAD2 or LAD2 rats, lower duration in the DCR in Wistar vs. P or NP rats, and lower duration on the slope in Wistar vs. HAD2 or LAD2 rats. Overall, Wistar rats were the fastest to leave the center and start exploring the rest of the arena and had low latencies to many of the zones; however, the latency to fully explore the arena only differed between Wistar and HAD2 and LAD2 rats and Wistar rats differed in zone occurrences only relative HAD2 rats for two separate zones (Figure 2D and Supplementary Table 1).

When examining the total activity over time (Supplementary Figures 2A,C,E,G), Wistar rats had higher total activity than all selectively bred lines in the initial 5-min period and remained higher than either HAD or LAD line throughout the trial, except compared to LAD1 in the third 5-min period. From the second 5-min period, Wistar and NP rats had comparable total activity levels, while compared to P rats, Wistar rats had lower total activity level during the last two 5-min period. Over time, Wistar rats decreased their total activity from the first half of the trial to the second; this temporal pattern was unique to the Wistar rats. In rearing activity over time (Supplementary Figures 2B,D,F,H), Wistar rats had higher levels than either HAD or LAD line throughout the trial, except compared to HAD1 rats in the second 5-min period. Wistar rats did not differ in rearing activity over time compared to P or NP rats. Over time, rearing in Wistar rats increased from the first 5-min period compared to all subsequent periods. This pattern over time corresponded to a higher degree with the high alcohol-consuming lines, although no other line showed such a marked and sustained increase in rearing activity over the trial. In conclusion, the Wistar rats differed substantially from either HAD or LAD line, especially in overall exploration and risk-associated behaviors in the CTRCI. Differences compared to the P and NP lines were fewer but still pronounced, especially in activity at the start of the trial. The result of the PLS-DA analysis that included all of the rat lines (Supplementary Figure 4) supported this overall pattern; Wistar rats differed from all the selectively bred lines, although there were more similarities with the P and NP lines than with the HAD and LAD replicates.




DISCUSSION

In this study, the alcohol-naïve behavioral profiles of adolescent males and females from the Indiana selectively bred lines for high or low alcohol intake and preference (P/NP, HAD1/LAD1 and HAD2/LAD2) were examined using the MCSF test. The effect of sex on the behavioral profiles was minor across the rat lines, while there were considerable differences both within the line-pairs and between the selected phenotypes. The P/NP and HAD2/LAD2 line-pairs showed within-pair differences, while the HAD1 and LAD1 lines were highly similar. There was no common behavioral profile associated with either high or low alcohol-consuming phenotypes. The high alcohol-consuming lines differed substantially, especially in activity levels, where P rats showed the highest and HAD2 rats displayed the lowest activity. The low alcohol-consuming lines were more similar than their high alcohol-consuming counterparts, although the NP line differed from both LAD replicate lines, which were similar to each other.


Behavioral Profiles of the P and NP Rat Lines

The present results revealed differences in adolescent behavior compared to previous studies with adult animals of the P and NP lines. An earlier study using the MCSF to profile adult male rats from five of the bidirectionally selectively bred line-pairs (including P/NP and HAD/LAD replicates) found lower activity in P than the NP rats (Roman et al., 2012). This contrasted with the present study where P rats had the highest levels of activity across all six lines. However, in studies using the open field test to assess locomotor activity, both adult male (Badishtov et al., 1995; Nowak et al., 2000; McKinzie et al., 2002; Roman et al., 2012) and female (McKinzie et al., 2002) P rats displayed higher locomotor activity than that seen in NP rats. Similar studies in adolescent or juvenile P/NP rats reported conflicting results; when tested at PND 33–40 P rats, independent of sex, had higher activity than NP animals after a saline injection (Rodd et al., 2004), whereas testing at PND 20 or 28 revealed no difference between P and NP rats (McKinzie et al., 2002). The present finding of higher risk-associated behavior in adolescent P rats also contrasts with earlier work that described adult P rats displaying behaviors interpreted as higher anxiety-like behavior (Stewart et al., 1993; Hwang et al., 2004; Pandey et al., 2005; Zhang et al., 2010), although other studies reported no such differences compared with adult NP rats (Badishtov et al., 1995; Viglinskaya et al., 1995; Roman et al., 2012). The previous study using the MCSF to profile adult selectively bred lines demonstrated different effects on risk-taking behavior in P vs. NP rats whether the difference in general activity was adjusted for or not. When the data was not adjusted for general activity, male P rats were less risk-taking than NP males. Contrarily, when the data was adjusted for general activity, male P rats had higher percentage frequency of visits to risk areas than NP males (Roman et al., 2012). In the present study, the results were in the same direction whether the analysis included an adjustment for general activity or not.



Behavioral Profiles of the HAD and LAD Replicate Rat Lines

The replicate-dependent differences between the HAD/LAD lines also differed from previous studies. Using various behavioral tests, adult male HAD and LAD rats have been reported to be similar both within and between each replicate pair (Viglinskaya et al., 1995; Overstreet et al., 1997; Hwang et al., 2004). Similar observations have been reported for adolescent male and female rats (Rodd et al., 2004). However, differences have been reported between the HAD/LAD replicates using the open field and elevated plus maze tests (Roman et al., 2012). In the present study, the HAD2 rats differed from the other HAD/LAD lines with lower activity and higher risk avoidance, while the HAD1, LAD1, and LAD2 lines followed the main trend of similarity seen in the literature. Notably, HAD2 rats had lower risk-associated behavior in the CTRCI compared with the LAD2 rats. This has previously been observed among adult males of HAD1 vs. LAD1 rats (Roman et al., 2012). This previous MCSF study of the adult lines reported limited differences within each HAD/LAD line-pair, while showing more pronounced differences between the replicates: higher exploratory activity in HAD1 vs. HAD2 rats and lower risk-assessment behavior in LAD1 vs. LAD2 rats (Roman et al., 2012). Further interpretation of similarities to the adult behavior is difficult since previous work has shown that general and exploratory activity do not segregate well in the MCSF during adolescence and that risk-assessment behavior in the MCSF is expressed to a lower degree during adolescence than in adulthood (Lundberg et al., 2019). Support for a greater similarity between HAD1 vs. LAD1 rats than between HAD2 vs. LAD2 or P vs. NP rats was reported in a previous study examining the effects of repeated alcohol-deprivations on alcohol intake by LAD1, LAD2, and NP rats (Bell et al., 2004). This study revealed higher alcohol intake in LAD1 rats after multiple deprivations (Bell et al., 2004). This suggests that the separation in the selection phenotype between HAD1 vs. LAD1 rats may not be as stark as that observed between HAD2 vs. LAD2 or P vs. NP rats.



Heterogeneity Within the Selection Criteria

That there are differences between the present adolescent results and previously reported adult behavior in the MCSF is not entirely surprising, as a previous study reported effects of age on behavior in the MCSF in outbred male Wistar rats (Lundberg et al., 2019). The present study indicates a similar pattern for P/NP behavior in the MCSF, which unexpectedly was the reverse of previous findings in adult P/NP males (Roman et al., 2012). However, the results from this previous study in male HAD/LAD rats (Roman et al., 2012) were more similar to the present results. Nowak et al. (2000) discussed apparent differences in the literature regarding interpretations of anxiety-like behavior (Stewart et al., 1993; Hwang et al., 2004; Pandey et al., 2005; Zhang et al., 2010) as well as locomotion and novelty-seeking behavior (Badishtov et al., 1995; Nowak et al., 2000; McKinzie et al., 2002; Roman et al., 2012) in P vs. NP rats, and to some extent HAD vs. LAD rats. They proposed that the findings may be connected to increased responsivity to novelty in P and HAD animals and a higher propensity to express “escape” rather than “exploratory” behaviors in a novel, inescapable environment (Nowak et al., 2000). However, this hypothesis is not supported by our findings, as P rats showed increased risk-associated behavior and increased activity, which may be attributed to higher novelty seeking and exploration. Also, the findings of low activity and high shelter-seeking behavior in HAD2 rats contradict this hypothesis (Nowak et al., 2000). Thus, further research is needed to tease apart these phenotypic subtypes.

The present results of differences between P and HAD lines may be explained by the fact that these rat lines were derived from different foundation stocks: the P/NP lines from Wistar rats and the HAD/LAD lines from N/NIH rats (Murphy et al., 2002; Bell et al., 2012, 2016). This can also be supported by the results herein comparing the selectively bred lines with Wistar rats where the P/NP rats were more similar to the Wistar rats than the HAD/LAD lines. However, there is evidence of considerable variation within Wistar rats which are dependent on supplier origin, e.g., in behavior and voluntary alcohol intake (Palm et al., 2011a,b, 2012; Goepfrich et al., 2013; Momeni et al., 2015; Wood et al., 2016). Considering there has been over 40 years of breeding since the establishment of the P/NP lines (Lumeng et al., 1977), it is not certain that the similarities between P/NP and Wistar rats herein are due to shared lineage. Unfortunately, the N/NIH rats are no longer commercially available and are only maintained in small research colonies, therefore we were unable to include them as additional comparisons in this study. Due to the different foundations stocks, different genes for different behavioral traits are likely to have co-segregated with the genes for alcohol intake and preference in the different line-pairs (e.g., Tabakoff et al., 2009; McBride et al., 2012, 2013; Saba et al., 2015). The present results of differences between HAD1 and HAD2 rats, as opposed to previous research, may be a recent development between the now separate breeding colonies for the line-pairs or represent a previously undetected difference in adolescent behavior that has been present throughout the history of these rat lines.

In a previous study characterizing alcohol-naïve, adult male behavior in the MCSF, the Finnish AA and Sardinian sP lines (not included in this study) constituted opposing behavioral extremes, while the P and HAD1/2 lines were intermediate and more similar (Roman et al., 2012). The adolescent behavior of the P and HAD1/2 lines seems to be more dissimilar than their adult counterparts. Interestingly, the lines from the short-term selective breeding based on alcohol consumption in adolescence also demonstrated a clear difference in the adolescent behavioral profile (Fernández et al., 2020), where the high alcohol-consuming line seems to be most similar to the HAD2 profile in the current study. This highlights the importance to study the alcohol-naïve adolescent behavior of several high alcohol-consuming lines to investigate the full spectrum of associated phenotypes, i.e., subtypes of AUDs modeled by these selected lines.




CONCLUDING REMARKS

Importantly, individual rat line-pairs selectively bred for high or low voluntary alcohol intake and preference do not necessarily represent the full spectrum of AUDs. A corollary is that differences found within any individual line-pair does not necessarily represent all phenotypic differences observed between individuals who are family history positive (FHP) or negative (FHN) for AUDs. Instead, the selectively bred rat lines appear to represent individual and/or subgroup differences, primarily within individuals who are FHP for AUD, which support the clinical diagnosis of AUDs as a spectrum disorder rather than an either-or phenomenon (Crabbe et al., 2010; Froehlich, 2010). Overall, the current findings support the heterogeneity of genotypes and phenotypes associated with a risk for developing AUDs. This stems from our observation that there does not appear to be a common behavioral “pathway” linking these selectively bred rat lines, especially during adolescence. Nevertheless, the behavioral profiles of the high alcohol-consuming lines can, as outlined above, provide important information about different AUD subtypes. For instance, the behavioral profile of the P rat has some parallels with clinical findings observed in individuals with a denser family history of AUDs, including risk-taking behavior and an earlier onset of AUD behavior (Cloninger et al., 1996; Moss et al., 2007). In contrast, the HAD2 behavioral profile may be interpreted as resembling individuals with higher negative emotionality, which has been associated with a vulnerability to develop AUDs and/or SUDs with later onset (Cloninger et al., 1996; Merikangas et al., 1998; Moss et al., 2007). Thus, studies with different selectively bred line-pairs can be expected to aid in the process of tailoring treatments, including pharmacological, to different subtypes of AUDs and thereby increasing treatment success rates.
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Drug-associated context-induced relapse of cocaine-seeking behaviour requires the retrieval of drug-associated memory. Studies exploring the underlying neurobiological mechanism of drug memory formation will likely contribute to the development of treatments for drug addiction and the prevention of relapse. In our study, we applied a cocaine-conditioned place preference (CPP) paradigm and a self-administration paradigm (two drug-associated memory formation model) to confirm the hypothesis that the Src kinase Fyn critically regulates cocaine-associated memory formation in the hippocampus. For this experiment, we administered the Src kinase inhibitor PP2 into the bilateral hippocampus before cocaine-CPP and self-administration training, and the results showed that pharmacological manipulation of the Src kinase Fyn activity significantly attenuated the response to cocaine-paired cues in the cocaine-CPP and self-administration paradigms, indicating that hippocampal Fyn activity contributes to cocaine-associated memory formation. In addition, the regulation of cocaine-associated memory formation by Fyn depends on Tau expression, as restoring Tau to normal levels disrupted cocaine memory formation. Together, these results indicate that hippocampal Fyn activity plays a key role in the formation of cocaine-associated memory, which underlies cocaine-associated contextual stimulus-mediated regulation of cocaine-seeking behaviour, suggesting that Fyn represents a promising therapeutic target for weakening cocaine-related memory and treating cocaine addiction.
Keywords: Fyn, cocaine, Tau, drug addicion, PP2
INTRODUCTION
Drug addiction is a prevalent neuropsychiatric disease that incurs high financial costs to society resulting from the potential for chronic relapse (Barry and McGinty, 2017). Thus, relapse prevention is a particularly important goal for treatment. Long-lasting drug-associated memory formation is closely associated with the rewarding effects of the drug and drug exposure context (Bender and Torregrossa, 2020). Accumulating preclinical studies have also suggested that exposure to drug-associated contextual stimuli may reactivate drug-associated memories, evoke craving, and promote drug relapse in drug addicts (Farrell et al., 2018). Therefore, a better understanding of the underlying mechanism of drug-associated memory formation is necessary for the development of treatments.
The hippocampus, an important brain region and component of addiction circuitry, plays a critical role in drug-context memory encoding (Lehmann and Kenny, 2020). For example, the hippocampus is involved in the formation of cocaine-associated memories that directly induce cocaine-seeking behaviour through connections with the basolateral amygdala (Wells et al., 2011). However, the mechanism by which the hippocampus regulates drug-associated memory formation, especially the underlying neurobiological mechanism, has not been completely elucidated. Thus, studies exploring the intracellular signalling pathways in the hippocampus that affect cocaine-associated memory formation may provide new therapeutics for relapse prevention.
Tau, a microtubule-associated scaffolding protein, was shown to be necessary for drug-associated memory formation in our previous study (Li et al., 2021). In our previous research, we first found that Tau expression is significantly downregulated in the hippocampus during cocaine-associated memory formation, promoting adult hippocampal neurogenesis in the hippocampal dentate gyrus and facilitating enhanced cocaine-associated memory formation (Li et al., 2021). Nevertheless, the mechanism underlying the reduction in Tau levels during cocaine-associated memory formation remains unclear. Based on previous accumulating evidence, Tau levels are critically regulated by the Src kinase Fyn (Chen et al., 2013; Li and Gotz, 2017). For example, the Fyn/ERK/S6 signalling pathway mediates the de novo synthesis of the Tau protein in the somatodendritic compartment (Li and Gotz, 2017). Treatment with the Fyn pathway inhibitor PP2 reverses the prion protein (PrPC)-induced reduction in Tau levels, suggesting that the Fyn pathway may have an important role in regulating Tau levels (Chen et al., 2013). Additionally, activation of the Src kinase Fyn in the dorsal striatum and hippocampus contributes to drug-induced behavioural phenomena, such as drug-primed ethanol-seeking (Wang et al., 2010) and context-elicited cocaine-seeking behaviours (Xie et al., 2013), respectively. Therefore, the Tau level-dependent putative contributions of Fyn expressed in the hippocampus to cocaine-associated memory formation have not been explored.
In our study, we aimed to evaluate whether the Src kinase Fyn activity within the hippocampus is necessary for the formation of cocaine-associated memory that promotes cocaine context-induced seeking behaviour and whether the underlying mechanism depends on the regulation of Tau expression. Our results suggest that cocaine-associated memory formation is mediated by the Src kinase Fyn and that Fyn inhibitors are potentially promising treatments for cocaine addiction.
MATERIALS AND METHODS
Animals
Wild-type (WT) male C57BL/6J mice (8–12 weeks old) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Tau-/- knockout (KO) mice were obtained from Jackson Laboratories (#007251, United States), and male Tau-/- mice were used in our study. All mice were housed in an animal facility on a standard 12-h light/12-h dark cycle (lights on from 7:00 A.M. to 7:00 P.M.) with ad libitum access to food and water at room temperature (22–28°C). All experimental procedures and animal protocols were performed in accordance with guidelines from the Institutional Animal Care and Use Committee of West China Hospital of Sichuan University (20211398A). All efforts were made to minimize the suffering of the mice.
Drugs
Cocaine was obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China) and dissolved in saline. PP2 (S7008, Selleck) was dissolved in vehicle (saline containing 1% dimethylsulfoxide).
Conditioned Place Preference
The CPP paradigm was performed using a standard three-chambered apparatus comprising two large conditioning compartments (black and white) with different floors (bar and grid floors) and a small middle chamber (grey, smooth PVC floor) connecting the two large compartments. Before each session, the animals were habituated to the chambers for at least 10 min on 2 consecutive days. During the pretest session, mice were placed in the chamber and provided free access to all chambers for 15 min, and the time spent in each chamber was recorded. After the pretest, animals that represented a strong unconditioned preference for either chamber (chamber bias, >300 s) were excluded, and about 50 animals were excluded from the CPP experiments in our study. The remain animals were randomly assigned to two groups, one group that received alternating injections of cocaine [20 mg/kg, intraperitoneal (i.p.)] and saline and the other group that received saline injections in both compartments, and trained for 6 days. After the injection, animals were trained in the conditioning or nonconditioning chambers for 30 min and then returned to their home cages. On the test day, the mice were placed in the neutral chamber and allowed to explore both compartments for 15 min. The time spent in each chamber was measured to calculate the CPP score. CPP scores are recorded as the time spent in the cocaine-paired chamber minus the time spent in the saline-paired chamber.
Cocaine Self-Administration
Mice were anaesthetized with sodium pentobarbital (60 mg/kg), and a single sterilized silastic catheter (0.51 ID x 0.94 mm OD, BB518-20, Scientific Commodities) was implanted into the right jugular vein. The skin on the animal’s back was attached to the distal end of the catheter via a stainless steel guide cannula (RWD Life Science). After surgery, mice received 0.1 ml of a saline solution containing penicillin (160000/ml) and heparin (30 U/ml) via the catheters daily. Following 1 week of recovery, the animals were trained to intravenously self-administer cocaine (0.75 mg/kg/infusion) or saline in daily 2 h sessions over 10 days on an FR1 schedule in an operant chamber. Active pokes resulted in the injection of cocaine accompanied by the presentation of blue light for 20 s and an audible tone for a 5 s timeout period. Inactive pokes failed to elicit drug injection and presentation of the conditioning stimuli.
Locomotor Activity
Locomotor activity was recorded as the distance travelled. The animals were acclimated to chambers (48 cm × 48 cm) for 10 min on 2 consecutive days. Baseline locomotor activity was not significantly different between groups. During the injection course, animals were administered cocaine (20 mg/kg, i.p.) or an equal volume of saline and immediately placed in the chamber for 15 min. The distance travelled was recorded daily for 7 consecutive days, and automated tracking and recording were performed with EthoVision 7.0 software (EthoVision 7.0; Noldus Information Technology, Leesburg, VA).
Y-Maze Test
Y-mazes are often used to assess spatial memory. The experiment was performed using a maze shaped like the letter “Y”, with a starting arm and two target arms. The luminance of overhead white lighting is 40 lux and numerous visual cues were placed on the wall of the testing room. On the test day, mice were put at the end of one arm (designated as the start arm), and were trained to leave the start arm and enter the right arm (familiar arm), not the left arm (novel arm) for 10 min. After 120 min inter-trial interval, the novel arm was opened, the mice were allowed to explore all three arms. The choices of novel and familiar arms were alternate between tests of different subjects, and the time spent in the novel and familiar arms during the 5-min test was automatically recorded by the software (ANYmaze, United States).
Novel Object Position Experiments
Animals were placed in a test chamber (48 cm × 48 cm) for 10 min on the first day (without objects). On the second day, mice were placed in the test chamber for 10 min (with two identical objects). On the third day, the familiar object was shifted to a diagonal position (different position but the same size and colour as the familiar object). The animals were placed again in the area and allowed to explore the object at the novel position for 10 min. The time spent exploring the object was recorded by EthoVision 7.0 software (EthoVision 7.0; Noldus Information Technology, Leesburg, VA).
Novel Object Recognition Experiments
The mice were placed in a test chamber (48 cm × 48 cm) for 10 min on the first day (without objects). On the second day, mice were placed in the test chamber for 10 min (with two identical objects). On the third day, one of the familiar objects was replaced with a novel object (different size and colour from the familiar object). Animals were again placed in the area and allowed to explore the novel object for 10 min. The time spent exploring the object was recorded by EthoVision 7.0 software (EthoVision 7.0; Noldus Information Technology, Leesburg, VA).
Stereotaxic Surgery and Inhibitor Administration
Animals were anaesthetized with sodium pentobarbital (60 mg/kg) and mounted on a standard stereotaxic frame (RWD Life Science). The hair of each mouse was shaved, the incision site was cleaned with medical alcohol, the scalp was incised, the skull was exposed, and the hippocampus (AP, −1.7 mm; ML, ±1.2 mm; DV, −1.5 mm) was bilaterally implanted with permanent guide cannulas (RWD Life Science) using a stereotaxic instrument. The guide cannula was anchored with dental cement, and a stainless-steel stylet blocker was inserted into each cannula to prevent blockage and infection. All mice were subjected to training after 1 week of recovery.
PP2, an ATP-competitive Src kinase inhibitor, was dissolved in saline containing 1% DMSO at a final concentration of 62.5 ng/μL. PP2 was injected bilaterally (1 μL/side, 0.5 μL/min) with a microinjector 15 min before cocaine or saline administration.
Lentiviral Vector Construction
LV-pClenti-hSyn-EGFP-3xFLAG-WPRE was purchased from Obio Technology Co., Ltd. (Shanghai, China). The Fyn shRNA was cloned into pClenti-hSyn-EGFP-3xFLAG-WPRE and confirmed by sequencing. The sequences of the scrambled control shRNA and Fyn shRNA were 5′-TTC​TCC​GAA​CGT​GTC​ACG​T-3′ and 5′-CCC​AAG​AGG​TAC​CTT​TCT​T-3′, respectively. Recombinant lentiviruses were produced by transient transfection in HEK293T cells, and then the level of Fyn was analysed using western blot.
Stereotaxic Injection of LV-shRNA-Fyn in the Hippocampus
Mice (8–12 weeks old) were anaesthetized with sodium pentobarbital (60 mg/kg) and placed on a stereotaxic apparatus (RWD Life Science) to inject the virus into the dorsal hippocampus (AP, −1.7 mm; ML, ±1.2 mm; DV, −1.5 mm). After shaving the hair and cleaning the incision site with medical grade alcohol, the scalp was incised to expose the skull, and the connective tissue was gently removed from the skull surface with cotton swabs. Small craniotomy holes were drilled with a skull rotor (RWD Life Science) for virus injection. Microsyringe needles were used to bilaterally infuse the hippocampal tissue with 1 μL of virus at a rate of 0.1 μL/min. After each injection, the syringe was left in place for an additional 5 min and then slowly withdrawn to allow the virus to diffuse. Mice recovered for at least 1 week before behavioural testing.
Western Blot Analysis
Hippocampal tissues were lysed, and proteins were extracted using a protein extraction kit (K269-500, Biovision). A Bradford assay (P0006, Beyotime) was used to determine the total protein concentration. Twenty micrograms of protein were loaded and separated on a 10% sodium dodecyl sulfate-polyacrylamide gel and then transferred to a polyvinylidene difluoride (PVDF) membrane (IPVH00010, Millipore) in a mixture of Tris-glycine buffer and 20% (v/v) methanol. The membrane was blocked with 5% non-fat dry milk for 1 h and then incubated with the primary antibody with gentle shaking overnight at 4°C. The next day, after three washes, the blots were incubated with the corresponding secondary antibody for 2 h at room temperature. Protein levels were visualized using a chemiluminescence substrate (WBKLS0500, Millipore) and a chemiluminescence imaging system (CLINX, Shanghai, China). Chemi Analysis software was used to quantify the optical density of each band (CLINX, Shanghai, China). The following antibodies were used for Western blot: mouse anti-Tau (1:1,000, Thermo Scientific), rabbit anti-Fyn (1:1,000, Abcam), rabbit anti-p-Fyn (T 416) (1:1,000, Cell Signaling Technology), rabbit anti-β-actin (1:1,000, Cell Signaling Technology), HRP-conjugated goat anti-mouse (SAB), and HRP-conjugated goat anti-rabbit (SAB).
Haematoxylin-Eosin Staining
The cannula implantation site was confirmed by performing HE staining of 5-μm thick coronal sections, and images were captured using a light microscope (Figure 1A). Mice with misplaced cannulas were excluded from the statistical analysis.
[image: Figure 1]FIGURE 1 | PP2 infusion into the hippocampus reduced the cocaine CPP score. (A) Schematic representation of the hippocampal cannula placements and injection sites. (B) Experimental timeline for intra-hippocampal injection of PP2 in the cocaine CPP test. (C) Inhibition of Fyn activity by PP2 significantly attenuated the cocaine CPP score (n = 9 per group). (D) Immunoblotting of Fyn, phosphorylated Fyn, and Tau expression in the hippocampus of cocaine CPP mice (n = 6 per group). (E) No significant differences were observed between groups in the Y-maze test (n = 9 per group). (F, G) PP2-treated mice failed to exhibiting exploratory preferences in the novel object position test and novel object recognition test (n = 9 per group). Data are the means ± SEM, *p < 0.05 and **p < 0.01. Hab, habituation; p, phosphorylated; Hip, hippocampus.
In vivo Cellular Fluorescent Labelling
Single-cell fluorescent labelling was performed as previously described with slight modifications (Luo et al., 2016). Briefly, mice (8–12 weeks old) were anaesthetized with sodium pentobarbital (60 mg/kg), placed on a stereotaxic apparatus (RWD Life Science), and the dentate gyrus received a virus injection (AP, −2.0 mm; ML, ±1.4 mm; DV, −2.2 mm). After their hair was shaved, medical-grade alcohol was used to clean the incision site, the skull was exposed via a scalp incision, and cotton swabs were used to gently remove the connective tissue from the skull surface. Small craniotomy holes were drilled with a skull drill (RWD Life Science) for virus injection. Microsyringes were used to bilaterally infuse a mixture of adeno-associated viruses (AAVs) [pAAV-Syn-DIO-(tTA-P2A-mNeonGreen)-WPRE (Obio Technology Co., Ltd., Shanghai, China) and pAAV-PTRE-tight-NLS-Cre (Obio Technology Co., Ltd., Shanghai, China)] into the brain at a rate of 0.05 μL/min for 10 min (0.5 μL per side). After each injection, the syringe was left in place for an additional 5 min and then slowly withdrawn to allow diffusion of the virus. The mice were allowed to recover for at least 3 weeks before analysing hippocampal neuron morphology.
After 3 weeks, the animals that had received the AAV injection were deeply anaesthetized with sodium pentobarbital (60 mg/kg) and perfused transcardially with phosphate-buffered saline (PBS) followed by ice-cold 4% paraformaldehyde in 0.1 M PBS (pH 7.4). We carefully extracted the brains from the skull, postfixed them with 4% PFA overnight, and then dehydrated them in 30% sucrose at 4°C. We sectioned the brains into 50 μm coronal slices using a freezing microtome (Leica, Germany), mounted them on slides, dried them and stored them at −80°C until processing for immunohistochemistry.
Sections were washed with PBS 3 times (10 min each time) and covered with anti-fade mounting medium with DAPI (H-1200, Vector). A laser confocal microscope (Nikon, Japan) was used to acquire brain images. Each neuron was scanned at high magnification (100X, oil immersion lens) to ensure that all parts of the dendrites were intact. A minimum of 3 neurons per slice from each group were examined, and at least 40 neurons were selected from each group. Confocal microscopy was performed for the 3D reconstruction of neurons. The total dendritic length and dendritic spine density were measured using ImageJ software (US National Institutes of Health, Bethesda, MD, United States).
Transmission Electron Microscopy
Mice were deeply anaesthetized with sodium pentobarbital (60 mg/kg) by i.p. injection and 50 ml of freshly prepared fixative containing 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M PBS (pH 7.4) were perfused intracardially. Whole brains were removed, postfixed with 2.5% glutaraldehyde overnight at 4°C, impregnated with 1% osmium tetroxide for 1 h, dehydrated in graded alcohol solutions, flat embedded in Durcupan ACM (Fluka) and cured for 48 h at 60°C. Small pieces containing the hippocampal dentate gyrus were removed from the specimens and glued on a plastic block with cyanoacrylate. Ultrathin sections were cut and mounted on Formvar-coated single-slot grids. A transmission electron microscope (JEOL, Japan) was used to observe the synapse structure. We obtained 5 images of each section, yielding at least 50–70 synapses from each mouse. Image-Pro Plus 6.0 software was used for the morphometric analysis.
Statistical Analysis
All data were analysed with GraphPad Prism 7 software and are presented as the means ± SEMs. The normality of the data distribution was analysed using the Kolmogorov–Smirnov test. An unpaired two-tailed Student’s t test was used for simple comparisons. One-way or two-way ANOVA followed by the Bonferroni post hoc test were utilized for multiple comparisons. In all results, n refers to the animal number. For all results, statistical significance was set to p < 0.05.
RESULTS
Fyn Inhibition Attenuates the Cocaine-CPP Score
Previous studies have suggested that PP2, a Src kinase Fyn inhibitor, is able to inhibit Fyn activity and alter Tau expression in individuals with Alzheimer’s disease (AD) (Chen et al., 2013; Li and Gotz, 2017). We explored whether inhibition of Fyn activity suppresses cocaine-associated memory formation and modulates Tau expression. The CPP paradigm, a widely used protocol for assessing drug-associated memory formation (Sanchis-Segura and Spanagel, 2006), was used to determine the role of Fyn in cocaine-associated memory formation. The timeline of the cocaine CPP procedure is shown in Figure 1B. During habituation to the CPP apparatus, neither group showed a side preference. In the training phase, cocaine induced a significant increase in the CPP score, and pre-administration of PP2 into the hippocampus significantly decreased the cocaine-CPP score [F (3, 32) = 4.795, p < 0.01, two-way ANOVA, Figure 1C]. Injection of PP2 significantly reduced the level of phosphorylated Fyn, accompanied by an increase in Tau expression after cocaine-CPP training [p-Fyn: F (3, 20) = 10.05, p < 0.01, one-way ANOVA; Tau: F (3, 20) = 4.354, p < 0.05, one-way ANOVA, Figure 1D]. In addition, to assess whether PP2 altered the working and spatial memory of mice after cocaine-associated memory formation, we also assessed short-term working memory and short-term spatial and recognition memory using the Y-maze, novel object position and recognition test after cocaine-CPP training, respectively. No significant PP2-induced impairment in the spontaneous alternation behaviour was observed in the Y-maze tests (Figure 1E). Compared with control groups, PP2-treated mice displayed no preference for the novel location of an object during the novel object position test, indicating no deficit in the spatial memory after PP2 administration (Figure 1F). Similarly, in the novel object recognition test, PP2 did not reduce the exploratory behaviour or preference for novel objects (Figure 1G). Based on these results, pharmacological blockade of Fyn activity impairs cocaine-associated memory and is accompanied by increased Tau expression, rather than affecting short-term working memory and short-term spatial and recognition memory.
Fyn Inhibition Prevents Cocaine Self-Administration
We continued to examine the role of Fyn in cocaine self-administration, a paradigm that incorporates memories of the rewarding effects of the drug and drug exposure context. Cocaine-associated memory is formed when an instrumental action (an active poke) results in cocaine injection (the unconditioned stimulus) and is paired with an audiovisual cue (the conditioned stimulus). The mice were trained on an FR1 schedule of reinforcement, in which a single active poke induced an infusion of cocaine or saline. The timeline of the cocaine self-administration procedure is shown in Figure 2A. Compared with saline-treated mice, the cocaine-treated mice showed a marked increase in the number of active pokes. Thus, the cocaine-treated mice exhibited strong and reliable cocaine-associated memory formation in the self-administration paradigm (Figure 2B). Moreover, we also found that the number of active pokes decreased after the administration of PP2 (Figure 2B). In contrast, the numbers of active pokes and inactive pokes were not different between vehicle- and PP2-pretreated mice during saline treatment [active pokes: F (27, 360) = 3.497, p < 0.0001, repeated measures two-way ANOVA, Figures 2B,C]. In addition, the number of cocaine infusions increased during cocaine-associated memory formation, and PP2 pre-treatment decreased the number of cocaine infusions [F (27, 324) = 5.800, p < 0.0001, repeated measures two-way ANOVA, Figure 2D]. Finally, PP2 also obviously decreased the levels of phosphorylated Fyn and reversed the downregulation of Tau expression in the hippocampus of the self-administration paradigm [p-Fyn: F (3, 20) = 5.604, p < 0.01, one-way ANOVA; Tau: F (3, 20) = 4.814, p < 0.05, one-way ANOVA, Figure 2E]. Collectively, our results show that PP2 may reduce cocaine-induced seeking behaviours in a self-administration paradigm.
[image: Figure 2]FIGURE 2 | PP2 infusion into the hippocampus disrupts cocaine self-administration. (A) Procedure of cocaine self-administration experiment. (B–D) Number of active pokes, inactive pokes, and infusions in cocaine self-administration (n = 10 per group). (E) Levels of Fyn, phosphorylated Fyn, and Tau in the hippocampus of cocaine self-administered mice (n = 6 per group). Data are the means ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001, and ****p < 0.0001.
Fyn Inhibition Fails to Block Cocaine-Induced Locomotor Activity
A locomotor activity assay in which cocaine-associated contextual stimuli were absent was used to measure the psychomotor and psychostimulant effects of cocaine by assessing the distance travelled after drug exposure. The timeline of the cocaine locomotor activity procedure is shown in Figure 3A. Compared to the cocaine group, the PP2 pre-treatment group did not exhibit a significant decrease in distance travelled (Figure 3B). In addition, PP2 did not alter the hippocampal levels of phosphorylated Fyn or Tau during cocaine-induced hyperlocomotion (Figure 3C). Therefore, cocaine-induced hyperlocomotion is not attenuated by PP2, further indicating that the Src kinase Fyn is involved in cocaine-associated memory formation through regulation of Tau levels in the hippocampus.
[image: Figure 3]FIGURE 3 | PP2 infusion into the hippocampus failed to weaken cocaine locomotor activity. (A) Timeline of cocaine locomotor-activity. (B) Total distance traveled 15 min after daily cocaine administration (n = 10 per group). (C) Western blot of Fyn, phosphorylated Fyn, and Tau in the hippocampus after cocaine hyperlocomotion paradigm (n = 6 per group). Data are the means ± SEM.
PP2 Alters Dendrite Structural Remodelling and the Synapse Number in Hippocampal Neurons After Cocaine CPP
Previous studies have shown that cocaine-induced structural changes in neurons are involved in cocaine-mediated behavioural adaptations (Cahill et al., 2016). We explored whether PP2 suppresses cocaine memory formation by remodelling dendritic structures and altering synapse numbers by assessing the effect of PP2 on the dendritic structure of hippocampal granule neurons in mice subjected to cocaine-CPP training. We analysed the dendritic complexity of granule neurons in the dorsal dentate gyrus, which generally exhibits adult hippocampal neurogenesis, and promotes memory formation (Aimone et al., 2006), using ImageJ software and the Sholl analysis plugin, as described previously (Xu et al., 2020). In our study, cocaine significantly increased the dendritic complexity, including increasing the dendritic length and spine density (Figures 4A–D). PP2 administration inhibited the cocaine-induced increase in dendritic length and obviously reversed the cocaine-induced increase in spine density [Dendritic length: F (3, 8) = 10.29, p < 0.05, one-way ANOVA; Spine density: F (3, 8) = 7.429, p < 0.05, one-way ANOVA, Figures 4B,C]. In addition, PP2 reduced cocaine-induced dendritic arborization after cocaine-CPP training [F (75, 208) = 2.393, p < 0.0001, repeated measures two-way ANOVA, Figure 4D]. We also performed electron microscopy to analyse synaptic alterations during cocaine-associated memory formation. An analysis of dorsal dentate gyrus synapses in cocaine-treated mice revealed significant increases in the density and length of the postsynaptic density (PSD) after cocaine-CPP training (Figures 4E–G), whereas no alteration in the thickness (a measure of maturation) of the PSD was observed between the cocaine-treated group and the control group (Figure 4H). However, this increase was obviously attenuated by the PP2 injection [PSD density: F (3, 8) = 18.55, p < 0.01, one-way ANOVA; PSD length: F (3, 8) = 15.72, p < 0.01, one-way ANOVA, Figures 4E–G]. Thus, our studies suggest that Fyn activation contributes to cocaine-induced dendritic remodelling of granule neurons and increases the number of synapses in the hippocampus after cocaine-CPP training.
[image: Figure 4]FIGURE 4 | Cocaine remodels dendrite structure and synapse numbers in hippocampal neurons depending on Fyn activity. (A) Representative images of dendritic spines in hippocampal neurons (100 × oil lens), Scale bars: 10 μm. (B) PP2 blockade reduced the dendritic length promoted by cocaine (n = 3 per group). (C) PP2 blockade obviously attenuated the spine density promoted by cocaine (n = 3 per group). (D) PP2 inhibited cocaine-induced dendritic arborization (n = 3 per group). (E) Representative images of the morphology of synapses in the dorsal dentate gyrus region under electron microscopy (n = 3 per group). (F–H) PSD density and length, but not thickness, were decreased in the hippocampal dorsal dentate gyrus after PP2 pretreatment, as determined by electron microscopy analysis. The red arrowheads indicate synapses. Scale bars: 1 μm. Data are the means ± SEM, *p < 0.05 and **p < 0.01.
Fyn Inhibition Decreases the Cocaine-CPP Score in a Tau-Dependent Manner
We injected PP2 into the hippocampus of Tau KO mice during CPP training to further confirm whether the role of Fyn in regulating cocaine-associated memory formation depends on Tau expression. The timeline of the cocaine CPP procedure is shown in (Figure 5A). Compared with saline-injected Tau KO mice, cocaine-injected Tau KO mice showed a marked increase in the CPP score (Figure 5B). PP2 pre-treatment failed to affect the cocaine-CPP score of Tau KO mice, although the level of phosphorylated Fyn was decreased [CPP Score: F (3, 32) = 5.762, p < 0.01, two-way ANOVA; p-Fyn: F (3, 20) = 9.356, p < 0.01, one-way ANOVA, Figures 5B,C]. Collectively, these results provide strong evidence that Fyn modulates cocaine memory formation, possibly by depending on Tau expression.
[image: Figure 5]FIGURE 5 | Fyn inhibition weakens the cocaine CPP score depending on Tau expression. (A) Experimental timeline for PP2 injection in the cocaine CPP test of Tau-KO mice. (B) Inhibition of Fyn activity by PP2 unable significantly attenuated the cocaine CPP score (n = 9 per group). (C) Immunoblotting of Fyn and phosphorylated Fyn expression in the hippocampus of Tau-KO mice (n = 6 per group). Data are the means ± SEM, **p < 0.01.
Downregulation of the Fyn Level Attenuates the Cocaine-CPP Score
As PP2 is a nonspecific inhibitor of the Src kinase Fyn, we used a genetic approach to further assess the direct contribution of Fyn to cocaine-associated memory formation. We performed shRNA-mediated knockdown of Fyn in the dorsal hippocampus, and this approach ensured specificity for Fyn and limited the manipulation to the dorsal hippocampus. The timeline of the cocaine CPP procedure is shown in Figure 6A. Notably, the Fyn level was significantly decreased after the injection of LV-sh-Fyn [F (3, 20) = 6.663, p < 0.01, one-way ANOVA, Figure 6B]. Compared with the control groups, Fyn knockdown in the dorsal hippocampus substantially attenuated the cocaine-CPP score [F (3, 36) = 8.367, p < 0.01, two-way ANOVA, Figure 6C]. We continued to administrate of PP2 into the hippocampus of Fyn knock-down mice (Figure 6D). Notably, no significant difference was observed between Fyn knockdown and control mice in performance on the Y-maze, novel object position, and recognition test (Figures 6E–G), suggesting that neither PP2 nor shRNA-mediated knockdown of Fyn affected short-term working memory and short-term spatial and recognition memory.
[image: Figure 6]FIGURE 6 | Knock-down PP2 in the hippocampus reduced the cocaine CPP score. (A) Experimental timeline for LV-mediated Fyn knock-down in hippocampus 1 week before cocaine CPP test. (B) Immunoblotting of Fyn in the hippocampus after LV-mediated Fyn knock-down (n = 6 per group). (C) Knock-down Fyn significantly attenuated the cocaine CPP score (n = 10 per group). (D) Experimental timeline for PP2 injection in Fyn knock-down mice. (E) There was no significant difference across groups in the Y-maze test after PP2 injection of Fyn knock-down mice (n = 10 per group). (F, G) Fyn-knock down mice failed to exhibiting exploratory preferences in the novel object position test and novel object recognition test after PP2 administration (n = 9 per group). Data are the means ± SEM, *p < 0.05 and **p < 0.01. Hab, habituation.
Taken together, our data indicate that systemic pharmacological and dorsal hippocampal genetic inhibition of Fyn strongly and selectively suppresses cocaine-associated memory formation and thus represents a promising option to explore for the development of targeted therapies for cocaine addiction.
DISCUSSION
Previous studies have shown that the hippocampal Src kinase Fyn is involved in cocaine-associated memory formation (Wells et al., 2016) and drug-induced behaviour (Xie et al., 2013; Egervari et al., 2020). In the present study, we explored the mechanism by which Fyn mediates cocaine-associated memory formation. We found that cocaine exposure increases Fyn activity in the hippocampus and that Fyn may regulate Tau expression, which plays an important role in cocaine-associated memory formation (Li et al., 2021). Our results suggested that inactivation of the Src kinase Fyn in the hippocampus significantly disrupts cocaine-induced seeking behaviours in a self-administration paradigm and a cocaine-CPP paradigm without altering locomotor activity. In addition, inhibition of Fyn activity by PP2 reverses the cocaine-induced decrease in Tau expression. Our findings indicated that Fyn activation contributes to cocaine-associated memory formation and that Fyn inhibitors may represent promising therapeutic agents for the treatment of cocaine addiction.
Based on accumulating evidence, the Src kinase Fyn plays a key role in drug addiction, and long-lasting activation of Fyn has been previously illustrated in alcohol addiction (Wang et al., 2007; Wang et al., 2010; Darcq et al., 2014) and cocaine or heroin addiction (Schumann et al., 2009; Egervari et al., 2020). For example, PP2-induced suppression of Src kinases in the dorsal hippocampus inhibits the reinstatement of cocaine-seeking behaviour (Xie et al., 2013) and disrupts cocaine-associated memory reconsolidation, mainly by mediating GluN2A and GluN2B subunit phosphorylation (Wells et al., 2016). Intriguingly, saracatinib (a Src kinase inhibitor) has been shown not only to inhibit alcohol-induced increases in Fyn and GluN2B levels but also to inhibit alcohol self-administration and seeking behaviours in mice. However, further studies are needed to elucidate whether these inhibitors are specific for Fyn. Reports have shown that chromatin accessibility alterations in the postmortem human brain are specific to Fyn among Src kinases and that siRNA-mediated knockdown of Fyn decreases heroin-induced responses (Egervari et al., 2020). Similarly, a PP2 infusion into the dorsal striatum (but not the ventral striatum) also disrupts alcohol-induced GluN2B phosphorylation and reinstatement of alcohol-seeking behaviour (Wang et al., 2010), indicating that Fyn activity in specific brain regions contributes to drug seeking behaviour. In contrast, recent reports have shown the important effect of Fyn activation in the PrL cortex during cocaine self-administration withdrawal on the ability to decrease subsequent cocaine-seeking behaviour. Dephosphorylation and inactivation of GluN2A- and GluN2B-containing NMDA receptors in the PrL cortex is the main target of PP2 administration immediately after cocaine self-administration (Go et al., 2016).
PP2 is a global inhibitor of the Src kinases Fyn, Lyn, Yes, and Lck (Hanke et al., 1996; Bain et al., 2003). It is not a specific inhibitor of Fyn, and the roles of different Src kinase family members must be explored. As different memory types may be modulated by Src kinase family members, further studies are essential for assessing the contributions of specific Src kinases to different memory types (destabilization and reconsolidation) that participate in the extended maintenance of cocaine-associated memories.
In vivo studies have shown an important role for activated Fyn in aversive conditioned behaviours, as well as alcohol-CPP, alcohol self-administration, and drug-induced reinstatement of alcohol seeking behaviour in a brain region-specific manner (Schafe et al., 1996; Kojima et al., 2005; Isosaka et al., 2008; Wang et al., 2010). In addition, Fyn activation in the dorsal hippocampus is necessary for contextual fear conditioning (Isosaka et al., 2008). However, Fyn-KO mice show hippocampal long-term potentiation (LTP) induction and spatial learning deficits (Grant et al., 1992), and overexpression of a constitutively active Fyn mutant reinforces excitatory postsynaptic potentials in response to afferent stimulation and reduces the hippocampal LTP induction threshold (Lu et al., 1999). The fact that a Fyn inhibitor potently impairs cocaine-associated memory strongly indicates that Fyn and related networks are important targets for further therapeutic development.
At present, the Src kinase Fyn is an emerging therapeutic target for AD (Nygaard, 2018). According to previous reports, Fyn is a master regulator that interacts with different proteins in the brain and peripheral tissue via its SH2 and SH3 domains, suggesting the regulation of a host of multisignalling pathways (Ohnishi et al., 2011). Recent studies have shown that Aβ-induced Fyn activation alters the total Tau level, although no mechanism for this phenomenon has been identified (Larson et al., 2012). In addition, Fyn activation promotes Tau tyrosine and serine/threonine phosphorylation, suggesting that Fyn activation is involved in mediating both Tau synthesis and phosphorylation (Li and Gotz, 2017). As shown in our studies, treatment with the Fyn inhibitor PP2 reverses the reduction in Tau levels during cocaine-associated memory formation. Previous studies have reported several transcription factor binding sites, including Sp1, GCP, and AP-2, in the Tau promotor region (Heicklen-Klein and Ginzburg, 2000). Sp1 has been shown to be a downstream regulator of MAPK, and MAPK signalling is downstream of Fyn (Xu and Shu, 2007). Based on these results, we infer that the cocaine-induced reduction in Tau levels is related to Sp1 or the suppression of other genes, which requires further investigation. In addition, we used a Fyn inhibitor to study the underlying mechanism by which Fyn modulates Tau expression and measured the level of phosphorylated Fyn after cocaine-associated memory formation. We found that Fyn was activated and the Tau level was decreased. Pretreatment with PP2 inhibited Fyn activity and reversed Tau expression, further disrupting cocaine-associated memory formation. Overall, our data indicate that Tau expression is reduced by Fyn activation, consistent with previous studies (Chen et al., 2013) indicating that Tau levels depend on Fyn activity, especially during cocaine-associated memory formation.
In summary, the present study identified Fyn-mediated regulation of Tau expression in the hippocampus as a novel mechanism that may critically support cocaine-associated memory formation. The underlying mechanism may involve direct increases in Tau levels through the inhibition of Fyn activity. In addition, the present results may further clarify the complex role of the hippocampus in cocaine-associated memory formation and may direct the development of treatments to inhibit drug-associated memory. Finally, based on these results, we propose that Fyn-mediated Tau expression in the hippocampus is necessary for drug-associated memory formation.
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Studies using either continuous or intermittent access cocaine self-administration procedures showed that cocaine seeking increases during abstinence (incubation of cocaine craving), and that this effect is higher after intermittent cocaine access. Other studies showed that cocaine abstinence is characterized by the emergence of stress- and anxiety-related states which were hypothesized to increase relapse vulnerability. We examined whether incubation of cocaine craving and anxiety-related behaviors are correlated and whether intermittent cocaine self-administration would potentiate these behaviors during abstinence. Male rats self-administered cocaine either continuously (6 h/day) or intermittently (5 min ON, 25 min OFF × 12) for 14 days, followed by relapse tests after 1 or 21 abstinence days. A group of rats that self-administered saline served as a control. Anxiety-related behaviors were measured on the same abstinence days, using the novelty induced-hypophagia test. Finally, motivation for cocaine was measured using a progressive ratio reinforcement schedule. Lever-presses after 21 abstinence days were higher than after 1 day and this incubation effect was higher in the intermittent access group. Progressive ratio responding was also higher after intermittent cocaine access. Intermittent and continuous cocaine access did not induce anxiety-like responses in the novelty-induced hypophagia test after 1 or 21 abstinence days. Independent of the access condition, incubation of cocaine seeking was not correlated with the novelty-induced hypophagia measures. Results suggest that cocaine-induced anxiety-related states during protracted abstinence do not contribute to incubation of cocaine craving. However, this conclusion is tentative because we used a single anxiety-related measure and did not test female rats.
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INTRODUCTION

Persistent high rate of relapse is a main characteristic of drug addiction and one of the major obstacles in drug addiction treatment (Hunt et al., 1971; Sinha, 2011). In humans, relapse can be triggered by exposure to cues and context associated with drug use (Wikler, 1973; O’Brien et al., 1992). In rats with continuous cocaine self-administration history, non-reinforced cocaine seeking in the presence of drug-associated cues and contexts progressively increases during forced abstinence (Neisewander et al., 2000; Grimm et al., 2001; Chauvet et al., 2012), a phenomenon termed incubation of cocaine craving (Lu et al., 2004; Pickens et al., 2011). These studies led to a translational study showing incubation of the response to cocaine cues in humans (Parvaz et al., 2016). Recently, we reported that incubation of cocaine craving in rats is potentiated after intermittent access cocaine self-administration (Nicolas et al., 2019), a procedure that models intermittent binge cocaine intake in human drug users (Zimmer et al., 2011; Allain et al., 2017).

In humans, abstinence from chronic cocaine use is characterized by the emergence of negative emotional states such as anxiety, stress, agitation, and depression (Gawin and Ellinwood, 1989; Fox et al., 2005). These abstinence-related negative emotional states are associated with increased relapse vulnerability (Kampman et al., 2006). In agreement, several rat studies showed increased anxiogenic-like responses (measured by the elevated plus maze, defensive burying, and dark/light tests) 2 days and 28 days after withdrawal from repeated non-contingent cocaine injections (Sarnyai et al., 1995; Basso et al., 1999; Georgiou et al., 2016). Similarly, time of burying behavior was increased 2 days after continuous limited-access cocaine self-administration (2-h/day) (Buffalari et al., 2012). Additionally, increased burying behavior was observed during both early (1 day) and late (14 and 42 days) abstinence after continuous long-access cocaine self-administration (6-h/day) (Aujla et al., 2008). Furthermore, chronic oral (30 or 60 days) and intravenous binge cocaine self-administration (12–48-h free access) increase startle response (an anxiogenic response) and ultrasonic distress vocalizations during early abstinence (Barros and Miczek, 1996; Mutschler and Miczek, 1998; Mutschler et al., 2001). Additionally, exposure to contextual cues associated with non-contingent cocaine injections elicit an anxiogenic-like response in the elevated plus-maze test (DeVries and Pert, 1998). Finally, two studies using the novelty-induced hypophagia test (Dulawa et al., 2004) showed that paternal but not maternal cocaine self-administration increases anxiety-related behaviors in male, but not female, offspring (White et al., 2016; Fant et al., 2019).

Together, these clinical and preclinical studies suggest that exposure to cocaine-associated cues and anxiety-related states during abstinence contribute to relapse vulnerability. However, the link between cocaine craving and anxiety-related behaviors during abstinence is unknown. Therefore, in the present study, we examined whether incubation of cocaine craving and anxiety-related states are correlated and whether intermittent cocaine self-administration would potentiate these behaviors during abstinence. In the study described below, we trained rats to self-administer cocaine for 6-h per day under either intermittent or continuous access and tested them repeatedly on abstinence days 1 and 21 for cocaine seeking and anxiety-like responses, using the novelty-induced hypophagia test (Dulawa et al., 2004; Bechtholt et al., 2007). We also measured on abstinence day 22 the motivation to self-administer cocaine using a progressive ratio reinforcement schedule (Richardson and Roberts, 1996).



MATERIALS AND METHODS


Subjects

The subjects were 29 male Sprague-Dawley rats (Charles River) weighing 300–400 g at the time of surgery. Rats were housed 2/cage for 1–3 weeks before surgery, and individually after surgery. They were maintained on a reverse 12-h light–dark cycle (lights off at 8:00 A.M.). All rats had free access to chow and water in their home cage and free access to water during the self-administration sessions. Procedures were approved by the ACUC of NIDA-IRP and were in accordance with the guide for the care and use of laboratory animals (National Research Council [NRC], 2011).



Surgery

The rats were anesthetized with isoflurane gas (5% induction, 2–3% maintenance) and a Silastic catheter was inserted into the jugular vein. The distal end of the tubing was passed subcutaneously to the mid-scapular region and the proximal end was fixed to a modified 22-gauge cannula encased in dental cement anchored to a polypropylene mesh (Caprioli et al., 2015, 2017). The mesh was placed on the back in the mid-scapular region. After the surgery, the rats were injected with ketoprofen (4.5 mg/kg s.c) to relieve pain and were given 5–7 days of recovery prior to the start of self-administration training. During the recovery and training phases, the catheters were flushed every 24–48 h with sterile saline containing gentamicin (4.25 mg/ml).



Cocaine Self-Administration

Eighteen rats were trained to self-administer cocaine (Figure 1A) in operant conditioning chambers equipped with two levers, two cue lights above the levers, a tone, and a houselight. Each session started by inserting the two levers and illuminating the houselight. Pressing on the active lever delivered a cocaine infusion (0.1 ml/3.5 s; 0.75 mg/kg/infusion) and a compound tone-light cue for 3.5 s, followed by a 3.5-s timeout during which lever pressing was not reinforced. Pressing on the inactive lever had no programmed consequence. The rats were first trained to self-administer cocaine on a fixed-ratio 1 (FR1) schedule over 7 days for 2-h/day (max infusions = 20). Next, the rats self-administered cocaine either continuously or intermittently for 6-h/day for 14 days. In the continuous access condition, the rats had free access to cocaine during the daily sessions. In the intermittent access condition, the rats had access to cocaine during 12 × 5 min ON periods that were separated by 25-min OFF periods (Zimmer et al., 2011), corresponding to 60-min of cocaine access during the 6-h daily session. At the onset of each 5-min ON period, the lever was extended and the houselight was turned on; at the end of the 5-min access period, the active lever retracted and the houselight was turned off. Control rats (n = 11) received saline infusions according to a yoked procedure. Control rats received a saline infusion each time the paired cocaine rat self-administered a cocaine infusion. Active and inactive lever presses by control yoked rats were recorded but had no programmed consequence. Paired cocaine rats were counterbalanced between rats self-administered cocaine continuously (n = 6) or intermittently (n = 5).
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FIGURE 1. Effect of intermittent and continuous access cocaine self-administration on incubation of craving and progressive ratio reinforcement schedule responding. (A) Timeline of the experiment. (B) Total cocaine intake. Mean ± SEM number of infusions per session (continuous access n = 11, intermittent access n = 7). (C) Frequency of intake. Mean ± SEM number of infusions per min of cocaine access per session. Left side in all graphs (sessions 1–7): 2-h continuous access self-administration acquisition sessions; right side in all graphs (sessions 8–21): 6-h continuous or intermittent self-administration sessions (continuous access n = 11, intermittent access n = 7). (D) Relapse (incubation) test. Mean ± SEM number of active (left) and inactive (right) lever presses per session (continuous access n = 11, intermittent access n = 7 for both day 2 and day 21). (E) Progressive ratio reinforcement schedule. Mean ± SEM cocaine infusions (left) and final ratio completed (right) and during a single session in which lever presses were reinforced under a progressive ratio reinforcement schedule on abstinence day 22 (continuous access n = 11 intermittent access n = 6). #Different from day 1 within each schedule, p < 0.05. *Different from continuous access, p < 0.05.




Drugs

(-)-Cocaine-HCl (cocaine) was obtained from the NIDA Drug Supply Program via the NIDA-IRP pharmacy and dissolved in sterile saline.



Abstinence Phase

During this phase, the rats were housed in the animal facility and were handled two times per week.



Anxiety-Related Tests

The rats (n = 29) were tested for anxiety-related behaviors on abstinence days 1 and 21 using the novelty-induced hypophagia and defensive burying tests. In a counterbalanced order, one anxiety test was performed before and the other after the relapse test. In the section “Results,” we will only present the results from the novelty-induced hypophagia test for the reason described below. Specifically, there were no significant differences between the continuous access and the saline groups on abstinence days 1 and 21 for either burying time or immobility time in the defensive burying test. For the intermittent access group, immobility time (but not burying time) was significantly higher on abstinence day 21 but not day 1 (data not shown). However, in a subsequent validation experiment (Supplementary Figure 1), we unexpectedly found that under our experimental conditions, intermittent footshock induces an anxiolytic-like response in the defensive burying test (decreased burying time; Treit et al., 1981). This unexpected result makes it impossible to interpret the results from the defensive burying test within the context of the relationship between anxiety-like responses and incubation of cocaine craving. In contrast, intermittent footshock induced the expected potentiation of anxiety-like responses in the novelty-induced hypophagia test (decreased food consumption and increased latency to start eating, Supplementary Figure 1). Below we describe in detail the procedures for both tests.



Novelty-Induced Hypophagia

This test evaluates novelty-induced reaction (i.e., anxiety) by examining the latency to initiate the intake of a familiar palatable food in a novel (anxiogenic) environment (Dulawa et al., 2004; Bechtholt et al., 2007; White et al., 2016). Three days before the test, the rats had access to 8 g of palatable food (Graham Cracker Crumbs) placed in a plastic dish in their homecage to avoid neophobia. On abstinence day 1 and 21 tests, the rats were given access for 15 min to the same palatable food in a brightly lit (500 lux) novel environment. On abstinence day 1, the novel environment was a plastic box with white walls and floor without bedding, and on abstinence day 21, the novel environment was a cage with transparent walls and a wire mesh floor. The cage was cleaned with 70% ethanol and distilled water between each rat. All the sessions were videotaped, and the latency to start eating the palatable food and the quantity of food consumed were measured by an experimenter blind to the experimental conditions. Two rats (one from the intermittent access group on test day 1 and one from the saline group on test day 21) did not eat the food during the test. For the data analysis of these rats, we assigned the latency to eat value of 15 min (the maximum test duration).



Defensive Burying

This test evaluates response to a threatening or noxious object (i.e., shock probe) by examining two behavioral outcomes, the burying behavior and the time of immobility (Treit et al., 1981). The defensive burying procedure was performed in a clear polycarbonate cage with a 1 cm diameter hole located 7 cm from the base of one end of the cage to hold the shock probe. The cage contained fresh bedding to a depth of 5 cm with the light set to 150 lux. The shock probe was extended 6 cm into the cage and connected to a shock generator to deliver 1.5 mA scrambled shock when the probe was contacted. The rats were habituated to the apparatus in the absence of the shock probe for 1-h per day for 2 days before the tests. At the beginning of each 15-min test, the rats were placed on the end opposite the shock probe, facing the probe. The duration of shock depended on the speed of the reflex of each rat upon contact. The probe remained electrified for the duration of the session. Bedding was changed between each rat, and the cage and probe were cleaned with 70% ethanol and distilled water. All the sessions were videotaped, and behavioral responses, including time spent burying and time of immobility were measured by an experimenter blind to the experimental conditions.



Relapse Tests

On test days, the rats were placed in the same chambers where they previously self-administered cocaine. The relapse test was performed approximately 2 h after the first anxiety test (∼10.30 am). The relapse tests on abstinence days 1 and 21 were conducted under extinction conditions in the presence of the drug-associated cues during a single 30-min session. The session began with the illumination of the houselight and the extension of the active and inactive levers. Active lever presses resulted in contingent presentations of the tone/light cue for 3.5-s, but not cocaine; inactive lever presses had no programmed consequence. The number of non-reinforced active lever presses is the operational measure of drug seeking in incubation studies (Shalev et al., 2002; Lu et al., 2004; Pickens et al., 2011; Venniro et al., 2016).



Progressive Ratio Reinforcement Schedule

On abstinence day 22, the rats were tested under a progressive ratio reinforcement schedule, a measure of the reinforcing effects of drug and non-drug reinforcers (Richardson and Roberts, 1996). During the test session, the ratio of responses per cocaine infusions was increased according to the following sequence: 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219… (Richardson and Roberts, 1996). The final completed response ratio represents the “breaking point” value and the program was turned off when 30-min elapsed without the rat earning an infusion. One rat from the intermittent access group with non-patent catheter was excluded.



Footshock Exposure

To validate that the defensive burying and novelty-induced hypophagia tests induce anxiety-related behaviors under our experimental conditions, we performed a control experiment in which the rats were exposed to aversive uncontrollable and unpredictable footshock before being tested in the two tests. The rats (n = 8) were placed in a chamber equipped with a grid floor through which electric shock was delivered and were exposed to 10 min of footshock stress (1 mA for 0.5 s repeated with a variable interval of 40 s). Control rats (n = 8) were placed in the same chamber but were not exposed to footshock. Two hours after the footshock procedure, the rats underwent the defensive burying and the novelty-induced hypophagia tests in a counterbalanced order. The tests were separated by 3 h. All the sessions were videotaped, and behavioral responses were measured by an experimenter blind to the experimental conditions. During the novelty-induced hypophagia test, four rats from the intermittent footshock group did not eat the food. For the data analysis of these rats, we assigned the latency to eat value of 15 min (the maximum test duration).



Statistical Analyses

We analyzed the data with ANOVAs, using SPSS (GLM module). We followed up on significant main and interaction effects (p < 0.05) with Bonferroni post hoc test. Detailed statistical analyses are described in the section “Results.” Our multifactorial ANOVAs yielded multiple main and interaction effects. Thus, we only report significant effects that are critical for data interpretation (see Supplementary Table 1 for a complete statistical reporting).




RESULTS


Effect of Intermittent Cocaine-Self-Administration on Incubation of Craving and Progressive Ratio Responding


Cocaine Self-Administration

During the acquisition phase in sessions 1–7 (2-h/day continuous access), there were no differences in the number of infusions and the frequency of infusions (infusions/min) between the rats that were assigned to continuous and intermittent cocaine self-administration (Figures 1B,C). The statistical results of the acquisition phase are described in Supplementary Table 1. During the training phase in sessions 8–21 (6-h/day continuous or intermittent access), escalation of cocaine intake over days was observed under both schedules. In addition, total daily cocaine intake was higher in the continuous-access condition whereas the infusion rate per minute was higher in the intermittent-access condition. The statistical analysis for number of daily cocaine infusions, which included the between-subjects factor of group (continuous, intermittent) and the within-subjects factor of session, showed significant effects of group (F1,16 = 52.8, p < 0.001) and session (F13,208 = 8.7, p < 0.0001) but no significant interaction (p > 0.05). The analysis of daily infusion rate (number of infusions per min) showed significant effects of group (F1,16 = 75.5, p < 0.0001) and session (F13,208 = 5.0, p < 0.0001) but no significant interaction (p > 0.05).



Relapse Tests

On abstinence days 1 and 21, we measured non-reinforced lever presses (cocaine seeking) in the presence of cues and context associated with cocaine self-administration during the training phase. Independent of the abstinence day, cocaine seeking was higher after intermittent access than after continuous access cocaine self-administration (Figure 1D). In addition, independent of the training schedule, cocaine seeking was higher on abstinence day 21 than on abstinence day 1 (incubation of cocaine craving). Finally, independent of the abstinence day, the number of inactive lever presses was higher after intermittent access than after continuous access (Figure 1D). The statistical analysis for number of lever presses, which included the between-subjects factor of group and the within-subjects factor of abstinence day (1, 21) and lever (active, inactive), showed significant effects of group (F1,16 = 16.39, p = 0.0009), abstinence day (F1,16 = 33.15, p < 0.0001), lever (F1,16 = 38.84, p < 0.0001), and abstinence day × lever interaction (F1,16 = 37.60, p < 0.0001). Post hoc analyses of number of active lever presses showed significant differences between abstinence day 1 and day 21 for both groups (p values < 0.05) and significant difference between the intermittent vs. continuous access groups on both abstinence day 1 and day 21 (p < 0.05), but no significant differences between active and inactive lever presses on abstinence day 1 for both groups and no difference between abstinence day 1 and day 21 for inactive lever presses for both groups (p values > 0.05).



Progressive Ratio

On abstinence day 22, we tested the rats for their motivation to self-administer cocaine using a progressive ratio reinforcement schedule. The number of infusions earned were higher after intermittent access than after continuous access (t15 = 2.5, p = 0.03; Figure 1E). In summary, in agreement with results from our previous study (Nicolas et al., 2019), we found that compared with continuous access cocaine self-administration, intermittent access cocaine self- administration increased cocaine seeking during both early and late abstinence. We also found that during late abstinence, progressive ratio responding was higher after intermittent access than after continuous access cocaine self-administration. These results replicate and extended previous reports (Zimmer et al., 2011, 2012; Kawa et al., 2016; Allain et al., 2017, 2018).




Anxiety-Related Behaviors During Cocaine Abstinence


Novelty-Induced Hypophagia

We assessed anxiety-related behavior in the novelty-induced hypophagia test using two established measures: amount of food consumed and latency to initiate feeding (Dulawa et al., 2004; Bechtholt et al., 2007). Intermittent or continuous cocaine self-administration had no significant effect on either measure (Figures 2A,B). On both abstinence day 1 and day 21, the intermittent and continuous cocaine access groups were not significantly different from the saline group for both the amount of food consumed and latency to initiate feeding. However, independent of the group condition, the amount of food consumed was higher on abstinence day 21 than on day 1, and the latency to initiate feeding was higher on abstinence day 1 than on day 21. The statistical analysis, which included the between-subjects factor of group (saline, cocaine continuous access, cocaine intermittent access) and test order (testing for novelty-induced hypophagia before or after the relapse test) and the within-subjects factor of abstinence day, showed a significant effect of abstinence day (F1,23 = 43.68, p < 0.0001 and F1,23 = 6.75, p < 0.05 for food consumption and latency, respectively) but no significant effects of group or interactions group and abstinence day or test order (p values > 0.05).
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FIGURE 2. Effect of intermittent and continuous access cocaine self-administration on novelty-induced hypophagia. (A) Food consumed. Mean ± SEM grams of food consumed per session (saline n = 11, continuous access n = 11, intermittent access n = 7 for both day 1 and day 21). (B) Latency to start eating. Mean ± SEM min to start eating per session (saline n = 11, continuous access n = 11, intermittent access n = 7). *Different from Abstinence day 1, p < 0.05.


We further examined the relationship between anxiety-related behaviors and incubation of cocaine craving. First, we correlated the food consumed or the latency to start eating with cocaine seeking at day 1 or day 21 of abstinence. The results of this analysis for the intermittent and continuous access group are presented in Figures 3A,B, 4A,B. This analysis showed no correlation between the food consumed or the latency to start eating with cocaine seeking on day 1 or day 21 (see Pearson r values and their p values in Figures 3A,B, 4A,B and Supplementary Table 1). Second, we examined the relationship between the change score of the anxiety-related measures (food consumed or latency to eat on day 21 value minus day 1 values) and the incubation score (active lever presses on abstinence day 21 minus active lever presses on abstinence day 1). This analysis also showed no significant correlations between the food consumed change score with the incubation score (Figure 3C) or between the latency to start eating change score with the incubation score (Figure 4C, see Pearson r values and their p values in Figures 3, 4 and Supplementary Table 1).
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FIGURE 3. Correlations between the food consumed and incubation of cocaine craving. (A) Correlations between the amount of food consumed in grams and the number of active lever press during relapse test on abstinence day 1 after continuous (left) and intermittent (right) self-administration (continuous access n = 11, intermittent access n = 7). (B) Correlations between the amount of food consumed in grams and the number of active lever press during relapse test on abstinence day 21 after continuous (left) and intermittent (right) self-administration (continuous access n = 11, intermittent access n = 7). (C) Correlations between the food consumed change score (grams of food consumed on abstinence day 21 minus grams of food consumed on abstinence day 1) with the incubation score (active lever presses on abstinence day 21 minus active lever presses on day 1) after continuous (left) and intermittent (right) cocaine self-administration (continuous access n = 11, intermittent access n = 7).
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FIGURE 4. Correlations between the latency to start eating and incubation of cocaine craving. (A) Correlations between the latency to start eating in minutes and the number of active lever press during relapse test on abstinence day 1 after continuous (left) and intermittent (right) self-administration (continuous access n = 11, intermittent access n = 7). (B) Correlations between the latency to start eating in minutes and the number of active lever press during relapse test on abstinence day 21 after continuous (left) and intermittent (right) self-administration (continuous access n = 11, intermittent access n = 7). (C) Correlations between the latency to start eating change score (minutes to start eating on abstinence day 21 minus minutes to start eating on abstinence day 1) with the incubation score (active lever presses on abstinence day 21 minus active lever presses on day 1) after continuous (left) and intermittent (right) cocaine self-administration (continuous access n = 11, intermittent access n = 7).


In summary, we found that continuous and intermittent cocaine self-administration did not induce anxiety-related states in the novelty-induced hypophagia test during either early or late abstinence. Additionally, no correlations were observed between the anxiety-related measures and cocaine seeking or incubation of cocaine craving. These results suggest that incubation of cocaine craving is independent of the emergence of anxiety-related states during abstinence.




Effect of Intermittent Footshock-Induced on Anxiety-Like Behaviors in the Novelty-Induced Hypophagia and Defensive Burying Tests

We found no evidence that under our experimental conditions cocaine self-administration resulted in anxiety-like behaviors in the novelty-induced hypophagia test and the defensive burying test (see section “Materials and Methods”). Therefore, to verify that under experimental conditions, the two tests can detect anxiety-like states in rats, we expose the rats to intermittent footshock using parameters that induce physiological stress responses (increased peripheral corticosterone secretion and extrahypothalamic corticotropin-releasing factor neurotransmission) and reinstatement of drug seeking (Shaham et al., 2000; Mantsch et al., 2016). As expected, we found that intermittent footshock induced anxiety-like responses in the novelty-induced hypophagia test (Supplementary Figures 1A,B). Intermittent footshock significantly decreased food intake (t14 = 3.3, p = 0.005) and significantly increased latency to initiate food intake (t14 = 4.28, p = 0.0008). In contrast, unexpectedly, in the defensive burying test (Supplementary Figures 1C,D), intermittent footshock significantly decreased burying time (t14 = 2.8, p = 0.01) and had no significant effect on immobility time (p > 0.05). This result contrasts with general notion that burying behavior reflects anxiety-related states (Treit et al., 1981) that should be increased after intermittent footshock.




DISCUSSION

We examined whether incubation of cocaine craving and anxiety-related behaviors are correlated and whether intermittent cocaine self-administration would potentiate these behaviors during forced abstinence. As in previous studies, we found reliable incubation of cocaine craving after both continuous and intermittent cocaine self-administration and that this incubation was higher after intermittent drug access. In addition, and in agreement with previous reports, progressive ratio responding was higher after intermittent cocaine self-administration. In contrast, we found no evidence that intermittent or continuous cocaine self-administration induced anxiety-related behaviors in the novelty-induced hypophagia test during either early or late abstinence. Finally, independent of the cocaine access condition, incubation of cocaine craving was not correlated with the novelty-induced hypophagia measures. These data should be interpreted with caution because they rely on a single anxiety-related test. However, a conclusion from our study is that the emergence of anxiety- and stress-like states during protracted abstinence does not contribute to the emergence of incubation of cocaine seeking.


Incubation of Craving and Progressive Ratio Responding After Intermittent and Continuous Access

Both continuous and intermittent cocaine self-administration induced incubation of cocaine craving after forced abstinence. These results confirm those from many previous studies using continuous access cocaine self-administration (Grimm et al., 2001; Wolf, 2016; Dong et al., 2017). Our results showing that cocaine seeking during the relapse tests was higher on abstinence day 1 and day 21 after intermittent access cocaine self-administration also confirm those from our recent study (Nicolas et al., 2019). These results, as well as our progressive ratio results showing higher final ratio after intermittent access cocaine self-administration, extend those from several studies reporting a strong motivation to seek and take cocaine, as assessed by resistance-to punishment, progressive ratio, economic-demand, and extinction-reinstatement procedures (Zimmer et al., 2012; Calipari et al., 2015; Kawa et al., 2016; Allain et al., 2018; Singer et al., 2018; Allain and Samaha, 2019; James et al., 2019; Nicolas et al., 2019).

However, our present and previous results contrast with those from a recent study showing similar incubation of cocaine craving after continuous vs. intermittent cocaine self-administration (Venniro et al., 2021). The reasons for the different results are unknown but may be due to procedural differences, including longer duration daily sessions (12 h per day in Venniro et al., 2018) and prior training to lever press for rewarding social interaction (Venniro et al., 2018) before cocaine self-administration in Venniro et al. (2021). Based on previous reports showing the protective effect of social reward on drug seeking and craving (Solinas et al., 2008; Venniro et al., 2018; Fredriksson et al., 2021), prior social interaction with a peer during the social self-administration phase may have decreased cocaine craving after intermittent access cocaine self-administration.

Finally, we found that intermittent cocaine access increased inactive lever presses during the relapse tests, the reasons for this effect, which we also observed in our previous study (Nicolas et al., 2019), are unknown. Increased inactive lever presses in extinction-reinstatement and incubation of craving studies likely reflects response generalization that commonly occurs when the operant response is not reinforced (Shalev et al., 2002). We speculate that this learning process is potentiated by intermittent cocaine self-administration.



Lack of Emergence of Anxiety-Like Responses After Intermittent and Continuous Cocaine Access

We measured anxiety-related behaviors during abstinence after continuous or intermittent cocaine self-administration using the defensive burying and novelty-induced hypophagia tests. In the defensive burying test, intermittent but not continuous self-administration increased immobility time on abstinence day 21 but not day 1 without affecting burying behavior. However, these results are impossible to interpret because, unexpectedly, under our experimental conditions, intermittent footshock decreased probe burying time. Decreased burying time is the classical response to anxiolytic drugs of different drug classes in this test (Treit et al., 1981). These paradoxical results prevent any conclusions within the context of the relationship between anxiety-related behaviors and incubation of cocaine craving.

In the novelty-induced hypophagia test, we found no significant differences between the continuous or intermittent access groups vs. the saline control group for both the food consumed and the latency to start eating on either abstinence day 1 or 21. Our results contrast with those from previous studies reporting increased anxiety-related behaviors in the defensive burying, light-dark, elevated plus-maze, acoustic startle response, and ultrasonic vocalizations tests after non-contingent exposure to cocaine or cocaine self-administration (Sarnyai et al., 1995; Barros and Miczek, 1996; Mutschler and Miczek, 1998; Basso et al., 1999; Mutschler et al., 2001; Aujla et al., 2008; Buffalari et al., 2012; Georgiou et al., 2016; Nunes et al., 2019). What may account for these different results?

Beyond the use of different anxiety-related tests, methodological differences may account for the discrepant results between our study and previous cocaine self-administration studies. As in our study, Aujla et al. (2008) trained rats for 6 h per day but for a longer duration (22 days) than in our study (14 days). Mutschler and Miczek (1998) and Mutschler et al. (2001) trained their rats in a binge procedure in which rats are repeatedly given unlimited access to cocaine for 12, 16, and 48 h, resulting in very high cocaine intake. Thus, the higher cumulative cocaine intake in these studies may have led to reliable anxiety-like responses during abstinence. However, higher cumulative cocaine intake cannot explain the differences between the results of our study and studies that reported increased defensive burying on abstinence day 2 after limited access (2 h per day) cocaine self-administration training (Waters and See, 2011; Buffalari et al., 2012; Connelly et al., 2020). On the other hand, our negative findings agree with those from previous studies showing that different regimens of cocaine self-administration do not increase anxiety-related behaviors, as assessed in the open field, dark-light, and elevated plus-maze tests (Waters and See, 2011; Buffalari et al., 2012; Connelly et al., 2020).

Finally, a limitation of our study is the exclusive use of male rats. In this regard, both incubation of cocaine craving and anxiety-related behaviors were shown to be higher in female rats (Kerstetter et al., 2008; Connelly et al., 2020; Corbett et al., 2021; Nicolas et al., 2021). Therefore, the study of the relationship between the emergence of anxiety-like behaviors and incubation of cocaine craving in female rats is an important subject for future research.




CONCLUSION

We studied the relationship between the emergence of anxiety-like states and incubation of cocaine craving after intermittent or continuous access cocaine self-administration. Our study provides no evidence that anxiety-like states contribute to incubation of cocaine craving. However, the interpretation of our negative data and their translational implications should be made with caution because we used a single anxiety-related test in male rats.
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Background: Cocaine use is associated with an increased risk of cerebrovascular accidents. Small vessel pathology has been linked to the risk of stroke in cocaine users, but can be challenging to detect on conventional magnetic resonance (MR) scans. Fluid-attenuated inversion recovery (FLAIR) scans permit better resolution of small vessel lesions.

Objectives: FLAIR scans are currently only acquired based on the subjective judgement of abnormalities on MR scans at face value. We sought to evaluate this practice and the added value of FLAIR scans for patients with cocaine use disorder (CUD), by comparing microbleeds detected by MR and FLAIR scans. We hypothesised that microbleeds are more pronounced in CUD patients, particularly so in participants who had been selected for a FLAIR scan by radiographers.

Methods: Sixty-four patients with CUD and 60 control participants underwent a brain scan. The MR of 20 CUD patients and 16 control participants showed indicators of cerebral infarction at face value and were followed up by a FLAIR scan. We determined the volume of microbleeds in both MR and FLAIR scans and examined associations with various risk factors.

Results: While MR lesion volumes were significantly increased in CUD patients, no significant differences in lesion volume were found in the subgroup of individuals who received a FLAIR.

Conclusion: The current practice of subjectively evaluating MR scans as a basis for the follow-up FLAIR scans to detect vascular pathology may miss vulnerable individuals. Hence, FLAIR scans should be included as a routine part of research studies.
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INTRODUCTION

Cocaine is one of the most frequently used recreational drugs worldwide, with an estimated 20 million individuals having used cocaine in 2019 [United Nations Office on Drugs and Crime (UNODC), 2021]. Regular cocaine use is associated with serious morbidity and mortality (Jalal et al., 2018), particularly with an increased risk of cerebrovascular accidents (Klonoff et al., 1989; Treadwell and Robinson, 2007). For example, cocaine has been linked with a 5.7 times higher risk of ischaemic stroke (Cheng et al., 2016) and a 2.3 times higher risk of haemorrhagic stroke (Westover et al., 2007). Less is known about the relationship between regular cocaine use and cerebral small vessel pathology. Small vessel pathology in the brain is visible as microbleeds on magnetic resonance (MR) scans. Clinical evidence suggests that these may enhance the cocaine-related risk of stroke (Shoamanesh et al., 2016), which may serve as a useful marker to identify at-risk individuals early. However, microbleeds have received surprisingly little attention in both research and clinical practice. Importantly, not only cocaine use but other factors such as high blood pressure (Lyu et al., 2020) or high body mass index (BMI) (Kim et al., 2012) are thought to render individuals vulnerable to developing microbleeds. Given that cerebral microbleeds and stroke are typically accompanied by behavioural and cognitive changes (van Norden et al., 2011; Akoudad et al., 2013; Zivadinov et al., 2016), it is tempting to speculate whether an increased vulnerability for microbleeds is associated with increased disinhibition and impulsive personality traits. Impulsivity has also been considered to be both a determinant and consequence of cocaine addiction (American Psychiatric Association, 2000; de Wit, 2009) and may thus increase the risk of developing cocaine addiction in individuals who are using cocaine despite being vulnerable for microbleeds.

One likely reason why cerebral small-vessel pathology has received relatively little attention in research studies may be due to the difficulty in detecting and measuring them. Tissue damage due to hypoperfusion or infarction is detectable on conventional T1- and T2-weighted MR scans. However, these scans are less suitable for the detection of lesions in fluid filled spaces, such as ventricles or sulci, due to the similarity in the signal acquired for lesions and the cerebrospinal fluid on these scans (Pantoni, 2010). Fluid attenuated inversion recovery (FLAIR) scans overcome this limitation by suppressing the cerebrospinal fluid signal, and hence are particularly sensitive to small vessel disease in the brain (De Coene et al., 1992). Small-vessel pathology is reflected predominantly in cerebral microbleeds, focal perivascular hemosiderin depositions (Shoamanesh et al., 2011), with estimates suggesting a prevalence of about 5–6% in middle-aged individuals (de Leeuw et al., 2001; Poels et al., 2010), and white matter hyperintensities of vascular origin, which also have increasing prevalence with age (Garnier-Crussard et al., 2020), subsequently referred to as microbleeds. Unfortunately, FLAIR scans are not routine practice in clinical and research settings as they are only employed upon suspicion of small vessel infarcts or white matter lesions. Individuals that could be at risk of small vessel disease, and at increased risk of future cerebrovascular accidents, therefore remain undetected. As a consequence, only a very small number of cases have been reported where white matter lesions have been detected in regular cocaine users (González-Duarte and Williams, 2013; Vosoughi and Schmidt, 2015).

Here we sought to investigate whether FLAIR scans are more sensitive and reliable in assessing the prevalence of microbleeds in study participants both with and without cocaine use disorder (CUD). In light of the current practice, where independent radiographers evaluate MR scans at face value to judge whether or not an additional FLAIR scan should be acquired, the present study addressed the following aims: (i) to determine the characteristics of individuals with increased microbleeds, as detected in MR scans with respect to demographic variables, cardiovascular risk factors, impulsive personality traits, and indicators of cocaine use, (ii) to evaluate the added value of FLAIR scans for the detection of microbleeds, and (iii) to verify radiographers’ professional judgements for additional FLAIR scans. We hypothesised that CUD patients have more microbleeds when compared with control participants. We predict that lesion volume is particularly associated with cocaine-related indicators rather than with typical cardiovascular risk factors, and that this association would be stronger when considering FLAIR scans.



MATERIALS AND METHODS


Study Sample

The study received ethical approval from the National Research Ethics Committee and all participants gave written informed consent before enrolment in the study. We recruited 64 individuals with a history of chronic cocaine use from local drug treatment services, who met the DSM-IV-TR criteria for cocaine dependence (American Psychiatric Association, 2000), subsequently referred to as cocaine use disorder (CUD). We also recruited 60 control volunteers from the community, who had no personal history of regular drug use. Exclusion criteria for all study participants were a lifetime history of major neurological illness, traumatic head injury, or psychotic disorder, and no contraindications to MRI scanning.

All participants followed the same study protocol, as described elsewhere (Ersche et al., 2013, 2014, 2015, 2017). All participants were between 20 and 59 years, and predominantly male (97%) in keeping with the majority of cocaine users being male [United Nations Office on Drugs and Crime (UNODC), 2021]. Patients with CUD had been using cocaine on average for 17 years (±7.4 years) and started at the age of 21 years (±5.4 years). They were actively using cocaine, which was confirmed by a urine sample on the day of the MRI scan. Most CUD patients were also active tobacco smokers (92%), and met the diagnostic criteria for dependence on other substances such as opiates (58%), cannabis (32%), and alcohol (17%). CUD patients were asked to complete the Obsessive Compulsive Drug Use Scale (OCDUS) questionnaire, which quantifies compulsive cocaine use patterns (Franken et al., 2002). Control participants were mostly non-smokers (90.3%) and scored very low on the Drug Abuse Screening Test (DAST-20, Skinner, 1982) and the Alcohol Use Disorder Test (AUDIT, Saunders et al., 1993); all urine samples provided by control participants prior to scanning tested negative for drugs. All participants were screened psychiatrically prior to scanning using the Mini International Neuropsychiatric Interview (MINI, Sheehan et al., 1998) and information about acute cerebrovascular risk markers (e.g., BMI, blood pressure) were collected. Participants were also asked to complete the Barratt Impulsiveness Scale version 11 (BIS-11, Patton et al., 1995) as a measure of trait impulsivity.



Neuroimaging Data Acquisition

The MR scans were acquired at the Wolfson Brain Imaging Centre, at the University of Cambridge, United Kingdom using a Siemens Magentom Trio Tim scanner at 3 Tesla. For T1-weighted MRs, a magnetically prepared rapid acquisition gradient echo sequence (MPRAGE) was used (176 slices of 1 mm thickness, repetition time = 2300 ms, echo time = 2.98 ms, inversion time = 900 ms, flip angle = 9 degrees, field of view = 240 × 256). These MR scans were then assessed by an independent radiographer, and if any indication of cerebral microbleeds was present the participant received a FLAIR scan.



Statistical Analysis

The data were analysed using a five-step strategy, as outlined below. All statistical tests were two-tailed with a significance threshold of p < 0.05, and performed using the SciPy library in Python version 3.2 (Virtanen et al., 2020).

1. To assess group differences in demographics, a two-tailed independent sample t-test was used, as the sample data were normally distributed. Chi square and Fisher’s exact tests were used to compare categorical variables, as appropriate. We first compared the entire study sample, before comparing CUD patients and healthy controls who received a FLAIR. We also assessed for bias in participant selection for a FLAIR by comparing participants who received a FLAIR with those who did not, as well as the proportions of control participants and CUD patients from the whole sample who received a FLAIR.

2. T1-weighted MRI hypointensity volumes were generated using the FreeSurfer image analysis suite (Fischl et al., 2004) to obtain T1-MRI microbleed-lesion volumes. Volumes were then normalised to the total brain volume and imported into Python for group comparison and correlational analysis.

3. Fluid attenuated inversion recovery lesion volumes were obtained by segmentation of hyperintense lesions using the Lesion Growth Algorithm in the Lesion Segmentation Toolbox (Schmidt et al., 2012) in the Statistical Parametric Mapping (Friston et al., 2007) software package version 12, in MatLab R2020b, to obtain FLAIR microbleed-lesion volumes. Segmentation thresholds were set at k = 0.1, 0.2, and 0.3 to generate lesion probability maps, and the best fitting lesions maps were chosen based on visual inspection, and then manually corrected to improve lesion mapping accuracy. Normalised lesion volumes were then imported into Python for group comparison and correlational analysis.

4. To compare lesion volumes between CUD patients and control participants, an inverse rank-normalisation was applied to both T1-MRI and FLAIR lesion volumes using the function RankNorm from the R library RNOmni (McCaw et al., 2020), as these are not normally distributed. Differences in lesion volumes between CUD patients and control participants were then assessed using a two-tailed independent sample t-test, with a significance threshold of p < 0.05.

5. Correlation analyses between lesion volumes and risk factors for microbleeds were conducted using a Pearson correlation, to investigate relationships between microbleeds and cocaine-related indicators [e.g., duration of regular cocaine use, age of cocaine use onset, compulsive cocaine use (OCDUS score)], vascular risk factors (e.g., blood pressure, BMI) and self-reported impulsivity (BIS-11 total score).




RESULTS


Demographics, Personality, and Cocaine Use

Descriptive statistics for demographics, personality traits, and clinical data for all participants are shown in Table 1. The two groups were well-matched with respect to age, gender, and blood pressure. As expected, CUD patients scored significantly higher on trait impulsivity (t122 = −10.87, p < 0.001) and were more likely to smoke tobacco (91.7%) compared with healthy control participants (9.8%). With regards to risk factors for vascular pathology, measures of blood pressure and pulse were in both groups within the normal range but CUD patients had a significantly lower BMI compared with their non-drug using peers [control mean: 25.0 ± 3.2 standard deviation (±SD), CUD mean: 23.5 ± 3.5 SD; t122 = 2.34, p = 0.021].


TABLE 1. Demographics, personality traits, and clinical data [means and standard deviation (Std.) in parentheses] of the full sample and the subgroups that received a FLAIR scan.

[image: Table 1]
Participants who received a FLAIR did not significantly differ on any demographic measures from those who did not receive a FLAIR (see Supplementary Table 1). FLAIRs were acquired for a similar proportion of control participants and CUD patients [26.7% of control participants and 31.3% of CUD patients; χ2 (2, N = 124) = 0.3157, p = 0.574]. However, CUD patients who received a FLAIR reported increased levels of impulsivity (CUD without FLAIR, mean BIS-11 total score: 74.4 ± 10.8 SD; CUD with FLAIR, mean BIS-11 total score: 80.1 ± 8.7 SD; t62 = −2.21, p = 0.032), and had used cocaine significantly longer compared with CUD patients without a FLAIR (CUD without FLAIR mean: 15.1 years ± 5.9 SD; CUD with FLAIR mean: 19.6 years ± 7.5 SD; t58 = −2.38, p = 0.024).



Microbleeds in Cocaine Use Disorder Patients and Control Participants

As shown in Figure 1, MR lesion volumes in all CUD patients were significantly larger compared with lesion volumes in all control participants (t122 = −2.20, p = 0.030). MR lesion volumes were only associated with the total white matter volume in control participants (r = 0.30, p = 0.019), but not in CUD patients (r = 0.10, p = 0.414), suggesting that the white matter volume did not bias the comparison between CUD patients and controls. When we restricted the comparisons to those participants, who according to independent radiographers showed suspicious abnormalities and were followed up with a FLAIR scan (see Figure 2), the significant group differences disappeared (see also Figure 3), i.e., neither the MR scans (t34 = 0.69, p = 0.496) nor the FLAIR scans (t34 = 0.16, p = 0.871) revealed any significant differences between the two groups, although both scans were highly correlated (r = 0.5, p = 0.002). It is also of note that MR lesion volumes were significantly increased in control participants with a FLAIR scan when compared with those without a FLAIR scan (t58 = −2.94, p = 0.006), but this difference in lesion volume was not evident in CUD patients with and without FLAIR scans (t62 = 0.53, p = 0.598).


[image: image]

FIGURE 1. MR derived lesion volumes (normalised) in CUD patients and healthy control participants (full sample n = 124). Lesion volumes were significantly increased in the CUD patients compared with age-and sex-matched control participants (*p < 0.05).
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FIGURE 2. Single-subject comparison of T1-weighted MR (left side) and FLAIR (right side) scans from a healthy control participant (A), and a CUD patient (B) showing white matter hyperintensities in both scan types.
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FIGURE 3. MR and FLAIR lesion volumes (normalised) of participants who received a FLAIR scan. CUD patients (n = 20) and control participants (n = 16) with microbleeds who received a FLAIR do not have measurably different microbleed lesion volumes.




Relationship Between Lesion Volumes, Personality, Cocaine Use, and Cardiovascular Risk Factors

Self-reported impulsivity levels (BIS-11) did not correlate with MR lesion volume in the entire sample but we observed a significant relationship in those control participants who received a FLAIR (r = 0.53, p = 0.036; controls without FLAIR: r = 0.33, p = 0.206). Impulsivity was not related to lesion volume in CUD patients (all p > 0.1).

With respect to cardiovascular risk factors, we only observed a significant relationship between MR lesion volumes and body mass index in CUD patients who received a FLAIR (r = 0.46, p = 0.041). However, this relationship was not evident when considering the FLAIR scans of CUD patients (r = 0.15, p = 0.533), and it was not seen not in control participants (MR controls: r = 0.13, p = 0.637; FLAIR controls: r = 0.13, p = 0.624). There was no a relationship between the number of cigarettes CUD patients smoked per day, and lesion volumes measured either by MR (r = −0.05, p = 0.700) or FLAIR scans (r = −0.34, p = 0.148), suggesting that the high levels of tobacco use in the CUD group did not confound the results. Alcohol consumption, as reflected by the AUDIT total score was not related to lesion volumes in either group (all p > 1).

The duration of cocaine use was significantly associated with lesion volume in MR scans of all CUD patients (r = 0.30, p = 0.017), but not the age of cocaine use onset or compulsive cocaine use. However, when we restricted the correlations to those CUD patients who received a FLAIR scan, this correlation did not survive.




DISCUSSION

Cerebral small vessel pathology is a significant risk factor for severe neurological conditions, but as they may be present without symptoms in vulnerable patients, their detection remains challenging. We found that, based on MR scans, the volume of these lesions was significantly increased in CUD patients when compared with age-matched healthy control participants. While the volume of these lesions was associated with the duration of cocaine use in CUD patients in MR scans, this association was not reflected in FLAIR scans. As participants were selected for FLAIR scan based on radiographers’ judgement of MR scans, these findings suggest that such subjective assessments are inadequate to identify at-risk individuals early and that FLAIR scans should be routinely acquired in vulnerable populations.


Microbleed Risk Factors and Magnetic Resonance Lesion Volume

Although MR scans can detect small vessel disease as microbleeds, it remains unclear what factors predispose individuals most significantly to developing such lesions. As hypothesised, MR lesion volumes were indeed increased in CUD patients and associated with the duration of cocaine use, in keeping with prior work reporting increased lesions in CUD patients (Bartzokis et al., 1999; Vosoughi and Schmidt, 2015; Grasso et al., 2020). However, we did not find an association between lesion volumes and cardiovascular risk factors in our study, which might seem surprising given that microbleeds and stroke have both been widely linked to hypertension and obesity (Wartolowska and Webb, 2021). This may be due to our participants having lower mean values of blood pressure and BMI when compared with other studies on microbleeds. It is also conceivable that blood pressure in CUD patients may only temporarily be raised due to the acute effects of the drug, but not persistently, which may be why their blood pressure levels were normal at the time of the assessment. It is also of note that previous studies on microbleeds often recruited older participants with higher baseline measures of cardiovascular health, or focused on populations with vascular disease (Frey et al., 2019; Moroni et al., 2020). However, we cannot rule out that other cardiovascular risk factors such as 24 h systolic blood pressure (Abraham et al., 2016), levels of fasting glucose (Park et al., 2007) or blood lipids (Jimenez-Conde et al., 2010), which were not assessed in the present study, might have influenced lesion volume.

The white matter hyperintensities on MR scans are thought to reflect injury to myelinated axons and glial scarring (van Walderveen et al., 1998), but from the scan, it is not possible to identify the underlying cause. Whilst in multiple sclerosis, hyperintensities are caused by autoimmune processes (Datta et al., 2017), in dementia and age-associated cognitive decline these are often due to vascular pathology such as arteriosclerosis (Barker et al., 2014). MR lesions in CUD patients most likely reflect ischaemic damage to the white matter, as chronic cocaine use has been shown to lead to a persistent cerebral hypoperfusion associated with decreases in cognitive function (Strickland et al., 1993). Some case studies even suggest that cocaine use may cause vascular inflammation in the brain (Younger, 2019). White matter in the brain is less well perfused than the grey matter, and therefore is more susceptible to injury (Wu et al., 2013). This may explain why the risk factors in the present study were uncorrelated with lesion volume. There were also no demographic variables that predicted hyperintensitis, which further highlights the need for objective markers.



The Added Value of Fluid Attenuated Inversion Recovery Imaging for the Detection of Microbleeds

Fluid attenuated inversion recovery scans have been especially developed to suppress cerebrospinal fluid signals, which makes lesions more visible even when these are in close proximity to the ventricles (De Coene et al., 1992). In the present study, we did not find group differences in FLAIR lesion volumes, which is particularly surprising because lesion volume in both scans were correlated in our study as well as in others (Wei et al., 2019). We believe that this is not a reflection on the general sensitivity of FLAIR scans, but more likely a result of how participants were selected for FLAIR scans by radiographers. It is worth noting that lesions measured by FLAIR and MR scans are not necessarily perfect matches, as each scanning modality varies in sensitivity when visualising lesions in different brain regions. For example, in studies of multiple sclerosis, it has been noted that FLAIR scans have increased sensitivity to periventricular hyperintensities, while MR more reliably shows lesions in the posterior fossa (Klawiter, 2013). The location of lesions may also affect the functional consequences that arise, and hence affect the association of disease progression or risk factors with MR or FLAIR lesion volumes. This may be reflected in differing correlations with disease severity reported for patients with multiple sclerosis (Narayana et al., 2014; Akaishi et al., 2020). In other words, where T1-weighted MR lesions appear to represent more severe and persistent lesions in the context of multiple sclerosis, FLAIR scans may additionally capture lesions which resolve at a later point. More research is warranted to better understand how FLAIR and MR scans complement one another.



Identification of At-Risk Participants by Radiographers

Due to the increased risk of stroke and other cerebrovascular injury associated with microbleeds, it is important to identify individuals with increased lesion loads. Based on our findings, we believe that radiographers’ selection of participants for FLAIR scanning were not sufficiently sensitive to detect participants with microbleeds. Subjective ratings and assessments of lesions on scans have previously been shown to differ from objective measures (Filippi et al., 1995), particularly in the absence of clear guidelines. Individual judgments, even those of professionals, may vary considerably (Di Leo, 2015). For patients with various neurological disorders, FLAIR and MR scans are both routinely acquired to prevent missing significant pathology less reliably detected by MR alone. This highlights why the current practice may be problematic, especially in light of the risk of missing early signs of cerebrovascular accidents in psychiatric patients. Considering also the difficulty in detecting lesions based on MR, we believe that FLAIR scans should be made compulsory in research studies with vulnerable populations.



Strengths and Weaknesses

The strengths of this study include the relatively large community sample of individuals who are most at risk, an age- and sex-matched control group, and the collection of information about various risk factors. By focusing on participants from the community without acute neurological injuries, we were able to evaluate the prevalence of subclinical lesions in asymptomatic individuals, specifically in individuals with chronic cocaine use. Moreover, the quantification of lesion volumes allowed us to assess differences between groups more reliably and establish associations between lesion loads and risk indicators. This is much more sensitive than relying on subjective visual rating scales of lesion frequency or severity that are frequently used (van den Heuvel et al., 2006). Potential limitations of this study are the lack of FLAIR scans from all participants, which would have permitted a more extensive comparison between MR and FLAIR scans and verified radiographers’ assessment. As most chronic cocaine users are men, our sample is predominantly male. It would be good if future studies could investigate lesion volume specifically in cocaine using women. Furthermore, we could not determine the contribution of other drugs study participants used on the prevalence and volume of microbleeds, as most CUD patients met criteria for dependence of at least one other substance. However, our sample is representative of chronic cocaine users in the United Kingdom and highlights their increased risk. FLAIR scans would therefore be particularly needed to identify potential small vessel disease early.




CONCLUSION AND OUTLOOK

While MR scans are sufficiently sensitive to detect small vessel disease, we believe that FLAIR scans have a number of benefits, and as they are easily and quickly obtained, they should become standard practice in vulnerable populations. FLAIR scans may also offer the opportunity for researchers to investigate neuropathology more thoroughly, which may help to develop standards to identify individuals at risk in a reliable manner to avoid subjective misjudgements.
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Excessive alcohol use is often associated with accelerated cognitive decline, and extensive research using animal models of human alcohol consumption has been conducted into potential mechanisms for this relationship. Within this literature there is considerable variability in the types of models used. For example, alcohol administration style (voluntary/forced), length and schedule of exposure and abstinence period are often substantially different between studies. In this review, we evaluate recent research into alcohol-induced cognitive decline according to methodology of alcohol access, as well as cognitive behavioral task employed. Our aim was to query whether the nature and severity of deficits observed may be impacted by the schedule and type of alcohol administration. We furthermore examined whether there is any apparent relationship between the amount of alcohol consumed and the severity of the deficit, as well as the potential impact of abstinence length, and other factors such as age of administration, and sex of subject. Over the past five years, researchers have overwhelmingly used non-voluntary methods of intake, however deficits are still found where intake is voluntary. Magnitude of intake and type of task seem most closely related to the likelihood of producing a deficit, however even this did not follow a consistent pattern. We highlight the importance of using systematic and clear reporting styles to facilitate consistency across the literature in this regard. We hope that this analysis will provide important insights into how experimental protocols might influence findings, and how different patterns of consumption are more or less likely to produce an addiction-vulnerable cognitive phenotype in animal models.
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INTRODUCTION

Accelerated cognitive decline is a feature of alcohol use disorder and can have important implications for treatment retention and relapse propensity (Bates et al., 2002). While some alcohol-induced cognitive deficits are acute and subside with sobriety, others can persist for years into abstinence (Stavro et al., 2013); in severe cases even leading to irreversible dementia (Hoffman et al., 2019). Cognitive domains that appear particularly susceptible to the effects of alcohol are cognitive flexibility, learning and memory, decision-making and inhibition (Noël et al., 2007; Woods et al., 2016). In humans, these are commonly assessed via comprehensive test batteries such as Cambridge Neuropsychological Test Automated Battery (CANTAB, Donoghue et al., 2020), or using specific cognitive behavioral tasks such as the Stroop Test (Ioime et al., 2018), Wisconsin Card Sorting Task (Reynolds et al., 2019; Faustino et al., 2021), or Iowa Gambling Task (Reynolds et al., 2019). Importantly, impairments within these cognitive domains are thought to contribute to high relapse rates and poor treatment outcomes (Bates et al., 2002; Trick et al., 2014; Worley et al., 2014). Despite decades of research, however, there is still no targeted treatment for alcohol-induced cognitive decline, and the definitive mechanism remains elusive (Perry, 2016).

Determining the amount of alcohol that may lead to cognitive decline is important for developing safe drinking guidelines. It has been suggested that low to moderate doses of alcohol may have protective effects against dementia (Xu et al., 2017; Rehm et al., 2019), however the reliability of these positive associations has been questioned (Chikritzhs et al., 2015), and findings from other studies do not report the same dose-related protective effects (Hassing, 2018). In fact, a recent review (Brennan et al., 2020) concluded that the sum evidence available was often inconsistent, with high risk of bias arising due to study design limitations (inability to randomize or adequately control, and residual confounds). Unfortunately, such limitations make it unlikely that we can obtain a clear answer regarding dose-dependent effects of alcohol on human behavior and cognition with the current data available. While it is difficult to disentangle the role of factors such as dose and exposure length in human studies, animal models can be a useful way to assess the effect of individual factors and the mechanisms underpinning these effects, in a systematical and controlled way.

In this manuscript, we review recent studies that have used animals to model the effect of chronic alcohol on behavior. The basic model has animals (usually rodents) exposed to alcohol via voluntary or non-voluntary means for a protracted period. Following this, cognitive decline is assayed via a range of different behavioral tests which we will describe in the following section. While these animal models are useful tools to recapitulate aspects of human alcohol use disorders, and for studying the mechanism underlying alcohol-induced cognitive deficits, within the current literature there is substantial variability in the methods used. This makes it difficult to accurately interpret and compare results from different studies. This review is intended as a tool to compare and contrast current animal models, to identify where alcohol-induced cognitive deficits have, or haven’t been seen, and to assess how methodological variation may impact the nature and severity of these cognitive deficits. We were interested in whether there is a relationship between the severity of the deficit and the amount of alcohol consumed, the schedule of alcohol access and length of abstinence, the age of alcohol exposure, and the sex of subjects. The cognitive functions assessed by different behavioral tasks, and their value and relevance, will also be evaluated. We hope that this analysis will provide important insights into how experimental protocols might influence findings, and into how different patterns of consumption are more or less likely to produce an addiction-vulnerable cognitive phenotype in animal models. Ultimately, our aim is to provide guidance on the value of different animal models of human alcohol use disorder.

To conduct this review, keywords: “alcohol or ethanol,” “cognition,” “cognitive decline,” and “chronic” were searched in the PubMed database, with results limited to the last 5 years. This yielded 292 manuscripts. From here, manuscripts were selected based on abstracts; including only original research that specifically examined the effect of alcohol, and included some type of behavioral test aimed at assessing cognitive performance. Most studies were conducted on rodents, so these were the focus of the review. However, some non-human primate studies were also included. While many studies addressed both behavioral changes and neural mechanisms, this review focused on behavior measuring cognitive performance only. In addition, this review looked at the direct effects of alcohol and did not include additional pathologies, such as Alzheimer’s Disease, thought to be exacerbated by alcohol (Hoffman et al., 2019). Many of the studies cited also investigated potential interventions. However, assessment of interventions and biological mechanisms is beyond the scope of the current review. Furthermore, given the volume of research carried out on this question, we limited our search to the past 5 years. We note the existence of comprehensive reviews that cover earlier literature (Vetreno et al., 2011; Perry, 2016; Staples and Mandyam, 2016).

Within the studies addressed, there was substantial variability across studies in the subject characteristic (species, age, and sex), although most research was in male rodents. While genetic differences between strains no doubt can affect alcohol intake, metabolism, and sensitivity to cognitive deficits, there was insufficient evidence available to explore this in the current review. However we have added information about the genotype tested.

There were a range of methods used for alcohol administration: some were enforced, such as gavage, intraperitoneal (i.p.) injection or vapor inhalation; while others relied on voluntary consumption, such as a two-bottle choice. The details of each of these administration methods are outlined in the section below. In addition to variable administration methods, there were also varied schedules. The length of access/administration varied from a few days to several months. Within this time, access could be multiple times a day, every other day, or a number of iterations in between. This led to variation in intoxication levels, reported as both grams of alcohol per kg of bodyweight, and average blood alcohol concentration (BAC). Following cessation of alcohol, some studies had a very short withdrawal period before commencing behavioral testing, while in others, animals were abstinent for weeks.

The behavioral tests used were often analogs of those used in humans, and ranged from assessing spatial learning and memory, discrimination learning and memory, reversal-learning and set-shifting. Through these tests, patterns emerged. For example, impaired behavioral flexibility appeared robust, while impaired acquisition of a discrimination task (i.e., working memory) was only occasionally observed. Each of these are outlined in more detail through the review. For a more expansive description of different behavioral tests assessing cognitive flexibility, please see Highgate and Schenk (2021).

As this review is intended as a tool to help researchers understand how specifics of experimental protocol might influence study outcomes, we have created a series of tables organized by behavioral task. These contain information regarding age/sex/species/genotype of subjects, method of administration, duration of administration, magnitude of intake, length of abstinence, and whether cognitive deficits were present. Table 1 shows Spatial Learning and Retrieval tasks; Table 2, Working Memory and Discrimination; Table 3, Reversal Learning; and Table 4, Set-shifting.


TABLE 1. Spatial learning and retrieval summary from reviewed studies outlining behavior task, effect, methodology and subjects.
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TABLE 2. Working memory and discrimination summary from reviewed studies outlining behavior task, effect, methodology and subjects.
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TABLE 3. Reversal learning summary from reviewed studies outlining behavior task, effect, methodology and subjects.
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TABLE 4. Set-shifting summary from included studies outlining behavior task, effect, methodology and subjects.
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The wide range of methodology used across studies provides a valuable insight into how these varying factors impact alcohol intake and resulting cognition. Unfortunately, the domains outlined above are not always consistently reported, making it difficult to compare studies accurately, and difficult to interpret discrepancies in results. Often studies neglect to report abstinence period or intoxication level, two fundamental factors when looking at alcohol use. It would be useful to create reporting guidelines to ensure results are consistent and comparable in the future. Limitations in journal length may be a factor impacting the limited reporting, but as reproducibility is fundamental in science and without it studies cannot be clearly interpreted or replicated, this is providing a barrier to translation (Perry and Lawrence, 2017).



METHODS OF ADMINISTRATION

Across the literature there is substantial variability in methods used to administer alcohol. These can broadly be divided into non-voluntary/forced, or voluntary. Even within these two categories, there are numerous different modes through which alcohol can be administered. These differences arise from the need to encourage high rates of intake, however, it is important to consider the confounding effects they may have. No doubt due to factors such as control over intake levels and timing, and issues with palatability, non-voluntary methods constitute majority of research designs. One of the most common non-voluntary methods is intragastric gavage administration (e.g., Majchrowicz protocol), where animals have alcohol (usually 3–7 g/kg/day) administered by passing a feeding needle through the mouth and into the esophagus. The Majchrowicz protocol in particular models binge intake, and involves 12 gavage administrations over 4 days. Initial dose is 5 g/kg, and subsequent doses are determined based on physical indications of intoxication in the subject (Faingold, 2008). Of course, gavage administration is not restricted to this schedule, and can be administered at doses determined by the experimenter. This method is precise and mimics the way alcohol would be ingested by humans. However, it can induce esophageal damage (Jones et al., 2016), and is a stressful procedure for animals – particularly with the frequency required to model chronic alcohol use disorders. Another forced method is intraperitoneal (i.p.) injection of alcohol, where animals are administered alcohol via needle directly into the intraperitoneal cavity. This route has fast and complete absorption when done correctly, however relies on experimenter accuracy. It is also uncomfortable and stressful for the animals, particularly with the restraint handling (Huang et al., 2015). These two forced methods of administration, gavage and i.p. injection, have been shown to produce similar high BAC across timepoints, achieving peak BACs up to ∼350–400 mg/dL depending on the dose (Ghosh Dastidar et al., 2018). Lastly, there is a forced administration method that attempts to reduce handling stress, namely ethanol vapor chamber. Here the animals are exposed to alcohol via inhalation in an airtight container. Alcohol bypasses initial metabolism and rapidly reaches arterial circulation and the brain, potentially increasing the risk of addiction; although this has not been extensively studied (Maclean et al., 2017). The dose is gradually ascending, producing blood alcohol concentrations of around 175 ± 25 mg/dl (Rogers et al., 1979; Becker and Lopez, 2016; Peterson et al., 2017) and sometimes even >500 mg/dl, depending on age, sex and genotype (Glover et al., 2021). Pyrazole, an alcohol dehydrogenase inhibitor, is administered to slow the metabolism of alcohol in mice (Goldstein, 1975), although this is not necessary in rats (Ferko and Bobyock, 1977; Wang et al., 2012). This method reduces handling stress for animals, while tightly controlling dose and timing (particularly that of abstinence) and reducing the confound of calories.

Less forceful non-voluntary methods, such as the ethanol liquid diet (Lieber-DeCarli model-, Lieber et al., 1989), allow animals to have free access to a nutritional liquid that contains alcohol, but with no other food or liquid available, producing peak blood alcohol levels of around 100 to 160 mg/dl (Lieber et al., 1989; Guo et al., 2018). The Lieber-DeCarli model does come with the caveat that the diet is high in fat, which can lead to cognitive deficits independent of alcohol (Sketriene et al., 2021), and must be controlled for. Alternatively, drinking water alone might be replaced with an alcoholic solution, with ad libitum food, although this produces lower blood alcohol levels of around 70 mg/dl (Lieber et al., 1989; Brandon-Warner et al., 2012). Although in these cases intake is initiated by the subject, the lack of ad libitum water (and in some cases food) means that consumption is still obligatory.

The drinking in the dark paradigm relies on a similar principle, but consumption is more voluntary. Water is replaced with alcohol for only 2 h, starting 3 h after the dark cycle begins. This continues for 3 days, then on the 4th day, access is extended to 4 h (Rhodes et al., 2005). This limited access schedule produces binge-like consumption, particularly on the final day, producing blood alcohol levels up to 80–100 mg/dL in mice (Thiele and Navarro, 2014; Bauer et al., 2021) and between 20 and 50 mg/dl in rats (Holgate et al., 2017).

Lastly, there are completely voluntary consumptions models. These usually involve ad libitum access to food and water with the addition of an alcohol bottle (up to 20%), creating a two-bottle choice. In some cases, there are three alcohol bottles of varying concentrations in addition to the water bottle, creating a four-bottle choice. This alcohol access is usually for 24 h, dispersed intermittently across a week and producing BACs greater than 80 mg/dl in rats (Simms et al., 2008; Carnicella et al., 2014) and mice (Hwa et al., 2011); although lower BACs are sometimes reported in rats (40 mg/dl; Holgate et al., 2017). Sweeteners and other additives may also be used to increase palatability of alcohol and encourage intake. However, these may themselves have an effect on behavior and cognition if consumed over extended periods (Erbaş et al., 2018; Jacques et al., 2019). In particular, high-calorie additives such as carbohydrates have been shown to cause cognitive deficits (Hawkins et al., 2018; Sketriene et al., 2021). It is therefore important that if sweeteners are used, they are controlled for.

These various different methods of administration clearly have different strengths and weaknesses. Where alcohol intake is non-voluntary, the experimenter has control over the dose administered, and furthermore can achieve BACs that are consistently biologically relevant (Rogers et al., 1979; Faingold, 2008; Ghosh Dastidar et al., 2018). However, these methods may pose significant handling stress on the subject. Similarly, where alcohol is compelled due to a lack of alternate food or water sources, this would presumably precipitate a physiological stress response. Given the extensive literature indicating that stress can impact cognitive decline (e.g., see Hupalo et al., 2019a), and the fact that stress interacts with the effects of alcohol (Koob, 2015; Tunstall et al., 2017), this may in fact confound any findings produced. Voluntary intake is less stressful but affords the experimenter less control and leads to lower levels of intake (Simms et al., 2008; Thiele and Navarro, 2014). Over the following sections, we will review recent literature looking at cognitive decline following chronic alcohol exposure using these methods. We will split each section into non-voluntary and voluntary methods, and further examine the effects of other factors such as length of exposure and abstinence period. Unless stated otherwise, all studies were undertaken in males. Many of the studies reviewed employed other interventions, or probed mechanisms. Where this was the case we looked only at the control group, as we were only interested in the effect of alcohol on cognition for the purpose of this review. We hope to be able to provide at least some insight into the advantages and disadvantages provided by different research methods for understanding the effects of chronic alcohol, and that these insights might in the future be used to design improved studies for investigating the mechanism of alcohol-induced cognitive decline, as well as potential interventions.


Spatial Learning and Retrieval

Spatial representation and navigational skills are commonly reported domains affected by alcohol in both humans and rodent preclinical studies (Silvers et al., 2003). Corollary to this, the hippocampus, known to be a key neural locus for processing spatial information and memory (Silvers et al., 2003; Buckley, 2005), is particularly vulnerable to alcohol insult (Staples and Mandyam, 2016). It is worth noting that the hippocampus is also sensitive to the effects of chronic stress (Kim et al., 2015), meaning that this confound might be particularly salient when considering how schedules of alcohol access mediate alcohol-induced effects on cognitive domains that involve spatial navigation.

Findings from manuscripts that assess spatial learning and memory can be seen in Table 1. These are often assessed using the Barnes maze (Barnes, 1979) or the Morris water maze (Morris, 1984), both of which require the animal to remember the location of a target zone with the assistance of distal visual cues around the testing area. Barnes maze typically involves a round platform under bright house lights, with holes around the perimeter, one of which will lead to an escape box. There is often an aversive aural stimulus playing while the subject is in the arena, which terminates upon entry into the escape box (Gibula-Tarlowska and Kotlinska, 2020). In the Morris water maze, animals are placed in a large circular pool of water and required to escape onto a hidden platform (Harrison et al., 2009). Both tests rely on the animals’ desire to escape an aversive stimulus or environment and are therefore inherently stressful.

The radial arm maze has a similar premise to the Barnes maze and Morris water maze but relies on positive reinforcement. This has up to 8 arms radiating from a central platform, each terminating with a food cache that is not visible from the center (Brown et al., 2007). The subject must learn which arms contain the filled cache. Working memory is inferred through their ability to avoid visiting an arm where food has already been consumed (where all arms are baited), while reference memory can be assessed through baiting only a single arm and measuring the length of time the subject takes to learn this location.

Alternatively, mazes such as T-maze and Y-maze capitalize on rodents’ natural inclination to explore novel arms (reference and working memory). For the T-maze, the animals are placed in the “bottom” of a T-shaped maze with one arm blocked off. The animals are later returned to the maze with no arms blocked off, and the time spent in the novel arm is measured. The Y-maze uses the same protocol, but with the gentler angles of a Y-shape. Spatial memory can also be measured using the object-in-place task, which requires subjects to investigate 2 objects based on spatial cues. While the mouse is not in the area, one of the objects is moved. Again, the rodent’s inherent preference for novelty means that they will spend more time investigating the novel location object if they recall the objects’ original locations (Denninger et al., 2018).

Binge-like intoxication, where high doses of alcohol are administered via intragastric gavage, is associated with deficits in the Barnes maze and Morris water maze, although the findings are mixed. 5 days of repeated gavage at 5 g/kg produced impairments in retrieval of the location of the Barnes maze escape box when rats were tested after 11 days of abstinence (Gibula-Tarlowska and Kotlinska, 2020). On the other hand, a similar regime (5 days gavage at 5 g/kg/day administered to rats post-training and followed by 11 days abstinence) had no effect on primary escape latency or the number of errors in the probe trial (Marszalek-Grabska et al., 2018). Both studies do, however, find impairments in the reversal phase of this task, which is discussed in the following section.

A more chronic regime of intragastric gavage across the adolescent period in male rats (16 gavages with a schedule of 2 days on, 2 days off, at 5 g/kg dose), failed to show impairments in spatial memory in the Barnes maze (Fernandez and Savage, 2017). In this study, however, unlike in the previous two mentioned, training occurred after completion of the alcohol regime and 21 days of abstinence (longer than previous studies), reflecting intact capacity to acquire rather than retrieve the memory for location of the escape box. This distinction cannot be the only relevant manipulation, however, because adolescent rats administered 5 days of gavage at a lower dose (1.5 g/kg/daily) followed by 15 days abstinence showed spatial reference memory deficits during acquisition of the radial arm maze task (Loxton and Canales, 2017).

Mice exposed to vapor chamber alcohol for 3–4 weeks followed by 5–7 days abstinence (BAC around 208.8 ± 14.3 mg/dL) did not show any differences in initial acquisition of Barnes maze, but interestingly, were faster with reacquisition than controls (Varodayan et al., 2018). This could reflect increased motivation; and it’s worth nothing in this regard that the abstinence period was shorter in this study than in the gavage binges described above.

The Morris water maze also provided mixed findings regarding the acquisition of spatial representation. For example, adolescent exposure, where male rats were gavaged daily (5 g/kg/day) for 30 days, followed by 25 days abstinence (to adulthood), did not lead to deficits in task acquisition (Vetreno et al., 2020). However, a similar exposure period of 28 days but with a lower alcohol dose (3 g/kg) was sufficient to impair spatial memory in rats after 24 h abstinence (Pamplona-Santos et al., 2019). It is probable that the length of abstinence before testing may underlie these differing results. In other words, alcohol-induced deficits in acquisition of a Morris water maze task may be transient.

A single four-day Majchorwicz binge gavage regime in adult female (≈8.8 g/kg/dose) and male (≈8.3 g/kg/dose) rats, followed by 4.5 days abstinence, produced deficits in acquisition of spatial learning in females, but not in males (Maynard et al., 2018). This highlights possible female vulnerability. Furthermore, the same regime but at a higher dose (11–15 g/kg/dose), followed by a similar abstinence period of 5 days, was sufficient to produce spatial learning deficits in male rats (Cippitelli et al., 2017) suggesting that alcohol-induced deficits are dose-sensitive. Consistent with this, 1, 5, and 10 days gavage exposure at a lower dose of 5 g/kg once daily, followed by 5 days abstinence, showed no observed effect of alcohol on spatial learning or memory in mice (Wang et al., 2018). Similarly, 5 days exposure (4 g/kg, administered i.p.) and 16 days abstinence in neonate rats produced no effect of alcohol on spatial learning/memory (Swart et al., 2017).

Longer exposure periods of gavage were more likely to produce deficits. Fourteen days with varying concentrations of 12.5, 25, and 50% alcohol, with no abstinence period between exposure and test, led to impaired spatial learning at the two higher doses in both female and male mice (Xing and Zou, 2018). However, the lack of abstinence could mean the acute effects of alcohol may present a confound in this study. A lower dose (4 g/kg/day) did produce deficits in rats where exposure period was longer: gavage at this dose for 30 days, and then i.p. injection (1 ml/kg of 20% alcohol) for 30 days delayed acquisition of Morris water maze, and decreased the time spent in target quadrant at test (Vaghef et al., 2019). Similarly, male rats given 56 days exposure (10 g/kg/day via gavage) and 11 h abstinence, displayed impaired spatial learning and memory (Chen and Hu, 2017), as did male mice exposed for 42 days (5 mg/kg, i.p.; with length of abstinence undefined) (Ikram et al., 2019). In summary, forced alcohol intake via both intragastric gavage or i.p. injection has been reported to impact spatial memory, but this is a dose-dependent and possibly transient effect in both cases.

Lieber DeCarli liquid diet involves providing subjects with a liquid diet in place of lab chow, and adding alcohol to it for the experimental group. Spiking food source with alcohol might be considered less stressful than gavage or i.p. injection, however here alcohol consumption is still coerced, since no alternative is available. Lieber DeCarli liquid diet over 28 days followed by no abstinence was sufficient to impair acquisition and retrieval of the Morris water maze task in mice (Wang et al., 2017). On the other hand, no deficits in acquisition were found in a study where liquid alcohol diet was provided for 7 × 7 day cycles, with 24 h of withdrawal between each cycle. This schedule led to consumption of on average 9 g/kg/day in adults and 7 g/kg/day in aged adults. Rats were then left in abstinence for 21 days before being given a relatively low challenge dose of 1.5 g/kg, administered via i.p. No deficits were found in either age group (Novier et al., 2016).

Where consumption was on a purely voluntary base, it seems that length of exposure was again important. 48 days of access via a four-bottle choice (intake ≈20 g/kg/day) did lead to impaired spatial memory in male mice (Liu et al., 2019). Here, there was no protracted abstinence, although sufficient time elapsed for the acute effects of withdrawal to abate. Similarly, two-bottle choice for 43 days in mice (intake was 15 g/kg) (Rajput et al., 2017) or 84 days in rats (Dwivedi et al., 2018; Pandey et al., 2020) also led to impaired spatial memory. However, a shorter exposure period of 28 days (7–11 g/kg) in mice, followed by no abstinence, did not lead to deficits in spatial memory (Pant et al., 2017). This further supports that longer exposure and higher doses lead to worse cognitive impairments.

T-Maze and Y-maze are similar tasks that measure an animal’s ability to navigate through a familiar three-armed apparatus. Here, a 4-day binge exposure via the Majchorwicz gavage method (adjusted dose given every 8 h) produced deficits in spatial working memory in both male and female rats (West et al., 2018). Rats were abstinent for 4 days before testing. On the other hand, mice that had alcohol exposure via a combination of non-voluntary administration (vapor chamber) and voluntary administration (two-bottle choice) for 37–54 days did not show impaired spatial working memory (Pradhan et al., 2018). In this study, mice had access to alcohol for 2 h a day and drank at a low rate of 1.5–2.5 g/kg across this period. There was a short abstinence period – 2–3 days – prior to testing. However, a longer exposure of 6 months in aged mice, where drinking water was replaced with increasing concentrations of alcohol (i.e., forced drinking) did produce deficits to spatial working memory, although interestingly these only emerged following 1 or 6 weeks abstinence, and were not present if mice were tested immediately following termination of alcohol access period (Dominguez et al., 2016).

Alcohol exposure consistently produced deficits in Y-maze performance. A 28-day forced alcohol exposure via spiked drinking water impaired spatial and learning memory in rats (Du et al., 2019). In mice, a longer exposure of 42 days (5 mg/kg daily i.p.) (Ikram et al., 2019), or 84 days (George et al., 2018), also impaired spatial working short-term memory. In the latter study it is unclear how alcohol was administered, however the dose applied (1.5 g/kg) was low. In all three studies, abstinence length following exposure was not stated, so it is unknown whether animals were acutely intoxicated or in withdrawal, which could affect interpretation of results.

The final task that measures spatial ability is a variation of novel object recognition. In its basic form, novel object recognition probes an animal’s ability to distinguish between familiar and unfamiliar stimuli, and is not primarily a spatial task. However, it can be adapted to probe spatial recognition. For example, in the object-in-place task, one (or two) of a number of familiar objects is moved, and spatial memory is operationalized as the time spent inspecting the object in the new location as opposed to the object in a familiar location. Performance in this task was impaired in female rats following 15 days of forced alcohol consumption via the Lieber-DeCarli liquid diet (increasing concentrations of alcohol up to 15%) (King et al., 2020). Here, the abstinence period was only 7 h, which would put the mice in acute withdrawal, magnifying the effect on cognition. However, voluntary access with a longer period of abstinence also produced deficits. Mice that received 28 days access to alcohol for 4 cycles of drinking in the dark, consumed up to 4–6 g/kg over these sessions. When tested after 2 weeks of abstinence, alcohol-exposed mice did not distinguish between the moved and unmoved object (Rico-Barrio et al., 2019).

In summary, chronic alcohol usually produces deficits in spatial learning and memory following chronic alcohol exposure in both voluntary and non-voluntary preparations. Where deficits were found in voluntary models, levels of intake were unusually high (20 g/kg/day, Liu et al., 2019 and 15 g/kg/day, Rajput et al., 2017). In fact, across the board, where deficits are not found, it seems due to a lower alcohol dose. Sweetening alcohol with saccharine did appear to encourage intake (e.g., Dwivedi et al., 2018; Pandey et al., 2020), which in turn meant that deficits were more likely to be found.

Abstinence may also be a factor, since for both Morris water maze and Barnes maze, deficits were less likely to be found in studies where there was period of abstinence between exposure and test. This suggests the deficit is transient (Novier et al., 2016; Swart et al., 2017; Wang et al., 2017, 2018). This was not the case for studies that tested spatial working memory using T-maze and Y-maze protocols (Dominguez et al., 2016; Pradhan et al., 2018). Furthermore, other inconsistencies between the studies make it difficult to infer the effect of any one manipulation. Nevertheless, the role of abstinence in uncovering or recovering cognitive effects of chronic alcohol is an interesting question that may be worth systematic investigation in the future.



Working Memory and Discrimination

Discrimination tasks measure an animal’s ability to respond differently to different stimuli. They are thought to rely on declarative memory, recognition memory and habit memory, which are mediated largely by the dorsal striatum (Broadbent et al., 2007). We have summarized results from studies looking at discrimination-based tasks in Table 2. Discrimination tasks can be based on object, odor, auditory stimuli, pattern, or novelty. They can be measured in operant tasks, where the subject needs to select a particular object from a choice of (usually) two discrete objects to obtain a reward (e.g., Charlton et al., 2019). They can also be measured by the relative amount of time spent investigating a novel object versus one that is familiar, which reflects not only the subject’s ability to discriminate between two objects, but also their ability to remember objects that they have encountered in recent experience (e.g., Leger et al., 2013; Golub et al., 2015).

The overwhelming majority of studies over the last 5 years that have examined the effect of chronic alcohol on discrimination learning and retrieval have done so using the novel object recognition task. This test is widely used to assess the effects of both voluntary and non-voluntary models of alcohol administration. As with the previous behavioral tests reviewed, the findings are mixed.

Seven days of administration via gavage (3 g/kg/day) followed by 24 h abstinence was sufficient to produce a novel object recognition deficit in rats (Geiss et al., 2019). Likewise, mice exposed to a schedule of 16 repeated i.p. injections across adolescence (2 per day at 1.25 g/kg, 2 days on, 2 days off) showed an impaired discrimination index, where testing occurred in adulthood, approximately 40 days later (Ledesma et al., 2017). On the other hand, a longer (28 day) exposure across adolescence (3 g/kg/day) followed by only 24 h abstinence did not lead to an impairment in novel object recognition compared to controls, although performance was impaired compared to rats that were forced to exercise on a treadmill alongside alcohol treatment (Pamplona-Santos et al., 2019). In another experiment looking at adolescent exposure in rats, 16 gavages (5 g/kg/dose; with 2 days on, 2 days off), followed by 21 days abstinence, also failed to produce novel object recognition deficits (Fernandez and Savage, 2017). With neonatal alcohol exposure, 5 days of i.p. injections (4 g/kg/day) followed by 16 days abstinence had no effect on rats (Swart et al., 2017).

It is unlikely, however, that these differences are due to age specific effects. 30 days adolescent exposure (5 g/kg/day), followed by a longer abstinence of 90 days, did reduce discrimination ratio relative to controls in both male and female rats (Vetreno et al., 2016). Likewise, four cycles of binge exposure across adolescence (3 g/kg i.p. daily for 4 days, followed by 3 days abstinence) produced deficits in discrimination ratio in alcohol-exposed rats when tested in adulthood, 8 days later (Sanchez-Marin et al., 2017). This shows that adolescent resilience does not underlie differences in results, and indeed even a one day of exposure (2 × 3 g/kg, administered i.p.) followed by 48 h abstinence, in late adolescent rats, led to impaired novel object recognition (Drissi et al., 2020). Thus, where alcohol is administered via gavage or i.p. injection, the impact of dose, age of exposure and length of abstinence on the ability to recognize and discriminate between a familiar and a non-familiar object is difficult to decipher.

Vapor chamber exposure consistently led to novel object recognition deficits. This was evident in mice exposed for 28 days (abstinence not stated) (Nie et al., 2018), as well as in mice exposed for 37–54 days, with a combination of voluntary intake and vapor chamber exposure (Pradhan et al., 2018). In addition, mice that had 84 days alcohol exposure, where the administration method was not stated, also showed impaired discrimination in this task (George et al., 2018). Finally, it’s worth noting that performance in this task is context-dependent, and this allows researchers to test an animal’s ability to distinguish between contexts following alcohol exposure. Animals are exposed to two different contexts, each housing a unique pair of identical objects. After a delay, animals are tested by re-exposure to the context, but holding a familiar and novel object; and interaction with the novel object for that context is measured. Mice with 29 days alcohol exposure (0.75–1 g/kg/h) via vapor chamber and drinking water, followed by 72 h abstinence, demonstrated reduced discrimination of object/context pairings (Rodberg et al., 2017), demonstrating that contextual discrimination is also impacted by alcohol.

In voluntary models, mice showed deficits following 43 days of two-bottle choice across adulthood (15 g/kg/session; no abstinence, Rajput et al., 2017), and following 28 days drinking in the dark across adolescence (4–6 g/kg/2 h session; 2 weeks abstinence, Rico-Barrio et al., 2019). However, 28 days exposure (7–11 g/kg/session; no abstinence) did not have an effect on mice (Pant et al., 2017). On the other hand, when this was studied in adolescent rats allowed access to four-bottle choice, 49–56 days of alcohol access increased the discrimination index when tested within the 1st week of abstinence. This meant that animals spent more time with the novel object than the familiar object (Silva-Peña et al., 2019) and suggests improved discrimination and working memory following alcohol exposure. Notably, the drinking rate was substantially lower in this sample, with rats consuming on average 2.2 g/kg/24 h. While this is the only discrimination-based study that found improved performance in the alcohol-exposed group, it is consistent with reports that low/moderate alcohol might improve cognitive performance in certain tasks (Xu et al., 2017; Rehm et al., 2019).

There are other ways to study discrimination learning. For example, the passive avoidance task is a fear-motivated test used to evaluate learning and memory, and probes an animal’s ability to distinguish between two contexts. Mice with 84 days alcohol exposure (method not stated, abstinence not stated) showed long-term memory dysfunction compared to controls in the passive avoidance task. These rats spent a relatively greater amount of time in the treat-associated chamber, and showed longer latency to leave that side (George et al., 2018).

Subjects can also be trained to discriminate between two stimuli (olfactory, visual), where a response to one of the two is rewarded. In fact, most studies that examine discrimination in this way do not find an effect for chronic alcohol. For example, in adult rats, neither i.p. administration of 4 g/kg/day over 6 weeks, nor intragastric gavage at the same dose, produced deficits in acquisition of an olfactory discrimination task (Badanich et al., 2016). In each case, there was a 1-week abstinence period prior to test. This study also examined the effect of higher doses using intragastric gavage, however, no dose was sufficient to incur a discrimination deficit. A shorter but higher regime, where 5 g/kg/dose alcohol given in 13 gavage sessions over 25 days, did produce a deficit in olfactory discrimination in adult rats, who required more trials to reach criterion (Fernandez et al., 2017). However, there was still no effect evident where alcohol was given across early or late adolescence. Similarly, a 4-day Majchorowicz binge in rats did not influence acquisition in an operant discrimination task (Cippitelli et al., 2017), nor did six-month voluntary access via two-bottle choice, where rats reached consumption rates of 6 g/kg/24 h (Charlton et al., 2019).



Reversal Learning and Set-Shifting

Impaired behavioral flexibility is in fact one of the hallmarks of substance use disorder and is often attributed to impaired function in prefrontal neural regions (Izquierdo et al., 2017). Behavioral flexibility reflects the ability to adjust behavior in response to the conditions of the current situation (Charlton et al., 2019), and can be assessed in animal models by probing their ability to adapt to a reversed condition in a task already acquired, or to shift their strategy for finding a reward after a rule change in an operant task.


Reversal Learning

Most of the tasks described above can include a reversal phase, where the contingencies of reward or punishment are changed, or the spatial configuration of the testing arena is altered so that the subject must change their response accordingly. Manuscripts reporting a reversal deficit are summarized in Table 3. Often, even if no deficit is reported for the acquisition phase, chronic alcohol produces deficits during reversal; although this is more common for discrimination tasks than for spatial tasks. For example, in the Barnes maze, reversal learning involves altering the location of the escape hole, usually to the opposite side of the field. Deficits can emerge at this stage of the task, although gavage administration has mixed effects. 5 gavage exposures (5 g/kg each) followed by 11–13 days abstinence did not affect rats’ acquisition, but did result in reversal learning deficits (Marszalek-Grabska et al., 2018). Following similar alcohol administration (5 gavages, 5 g/kg, followed by 11–13 days abstinence), reversal learning deficits were observed in rats. However here there were also impairments with the initial acquisition so the reversal deficits may reflect overtraining in the original learning to help all subjects reach criterion (Gibula-Tarlowska and Kotlinska, 2020). In contrast, 16 gavage exposures (5 g/kg) in adolescent rats followed by 21 days abstinence did not induce reversal learning deficits (Fernandez and Savage, 2017). Interestingly, vapor chamber administration led to improved reversal learning and set-shifting in mice with 3–4 weeks exposure (BACs around 208 mg/dL) followed by 5–7 days abstinence (Varodayan et al., 2018), which could be explained by increased motivation, as these same animals also had faster reacquisition than controls.

In the Morris water maze task, reversal learning results are similarly mixed. Here again, the reversal phase involves altering the configuration of the pool so that the concealed platform is in the opposite quadrant. 4 days Majchrowicz binge followed by 4.5 days abstinence did not cause any reversal learning deficits in male or female rats (Maynard et al., 2018). However, a longer gavage exposure led to reversal learning deficits in rats after 30 days adolescent exposure (5 g/kg/day, two days on, two days off) followed by 25 days abstinence and testing in adulthood (Vetreno et al., 2020). These differences could be due to the different ages of exposure, however, as previously, the most parsimonious explanation is that longer or larger exposure led to greater likelihood of impairment. Supporting this, Lieber DeCarli liquid diet impaired reversal learning following alcohol exposure in adult rats that consumed 9 g/kg/day and aged adults (7 g/kg/day) after 49 days exposure with weekly 24-h withdrawals. Note that here they were tested after 21 days abstinence followed by a single alcohol challenge of 1.5 g/kg which was administered i.p. 24 h before behavioral testing (Novier et al., 2016), which suggests that the difference is more likely due to varied exposure length.

In an olfactory discrimination task, 13 gavage administrations over 25 days impaired reversal learning regardless of age at exposure (early adolescent/mid adolescent/adult) (Fernandez et al., 2017). These rats were tested in adulthood, following up to 3 weeks of abstinence, and the effect was most evident upon first reversal. Furthermore, blood alcohol concentration reported correlated with the number of trials required to reach reversal criterion. In this task, there is some systematic evidence that method of administration is important. When administered i.p., but not by gavage, 4 g/kg/dose produced reversal deficits in rats in an odor discrimination task (Badanich et al., 2016). Increasing number of gavage administrations to 2 per day, escalating the dose administered to 5 g/kg, and decreasing abstinence from 7 to 5 days all failed to produce an effect (Badanich et al., 2016). This is the only study to our knowledge that systematically tests the effects of different administration, although notably the range of dose and timing is narrow.

Deficits in operant reversal learning task were found in rats following 4 days gavage (11–15 g/kg) and 5 days abstinence (Cippitelli et al., 2017). Gavaged alcohol also produced deficits in reversal in a more complex operant probabilistic task (Galaj et al., 2019). Here, male and female rats received 16 gavage doses at 5 g/kg over 30 days across adolescence. Both “correct” and “incorrect” levers were reinforced, however the correct lever was reinforced at a higher ratio. The designation of correct vs incorrect furthermore reversed within session once a particular criterion was attained. Both males and females showed deficits in this task, shown by greater response latencies. The deficits were more pronounced for male rats, who required a greater number of trials to achieve three reversals (Galaj et al., 2019). Reversal of a simpler pairwise discrimination task using a touchscreen platform was impaired in rats that had consumed alcohol voluntarily under two-bottle choice conditions for 6 months (6 g/kg/day, 3 days/week) (Charlton et al., 2019).




Set-Shifting

Set-shifting requires animals to inhibit an earlier learned response in order to learn a new one, similar to reversal learning. However, set-shifting is often more complex than reversal. For example, in an operant task, rules such as “respond to the lever under the illuminated light” or “always respond to the right-hand lever” might be established. Throughout the task, these rules are changed, and the subject must learn the new conditions to obtain the reward. Like reversal learning, this is a measure of behavioral flexibility and is sensitive to the effects of chronic alcohol. We have summarized findings from studies reporting on a set-shifting task in Table 4.

In non-voluntary models, 16 gavages (2 days on and 2 days off – 5 g/kg/dose) during adolescence, followed by 21 days abstinence, led to an increased number of trials required to set-shift in rats (Fernandez and Savage, 2017). 22 days of gavage (4 g/kg/dose) at early and late adolescence, in male and female rats, followed by 20–25 days abstinence, also produced a set-shifting deficit, though only increased regressive errors were found – that is performing an error despite having previously performed a correct response. Further, this was only evident in males that were exposed in early (not late) adolescence (Varlinskaya et al., 2020). Vapor chamber exposure over 35 days followed by 2–10 days abstinence produced a deficit in rats that was manifested as greater number trials required to reach criterion as well as greater number of errors made after the shift (Natividad et al., 2018).

Plus-maze, named for its shape, can also be used for set-shifting. Here the subject needs to find the baited arm using a set of rules, where there is shifting between a direction-based to a cue-based rule. There is only one study that looked at Plus-maze set shifting, which used a combination of vapor chamber alcohol exposure and two-bottle choice access to induce dependence in mice. Here, 37–54 days exposure produced deficits so that alcohol-exposed mice took longer to reach criterion under each rule set, and performed a greater number of errors than controls (Pradhan et al., 2018). A similar mixed schedule over approximately 4 weeks did not produce set-shifting deficits in mice where the rule shifts were in a two-dimensional odor and texture discrimination task (Rodberg et al., 2017). Differences here may be due to slightly shorter exposure time and the lower intake levels in the volitional drinking phases. That said, rats that were trained to self-administer alcohol over 28 days, achieving intake rates of 0.5–0.8 g/kg/h, showed deficits in odor and texture-based set-shifting, with increased number of trials required to complete the task and a higher error rate (Zhang et al., 2019). Although intake levels were smaller, an important difference here is that the subjects (in this case rats) had to learn to perform a specific response to obtain alcohol. This type of schedule can lead to development of habits following changes to the dorsal striatum (Dezfouli and Balleine, 2012), which in turn may manifest as inflexible behavior. Another difference is that this study did not have an abstinence period, and as such, it is difficult to exclude the possibility that the acute effects of alcohol withdrawal may be a confound.

Together the evidence presented in this section strongly implies that behavioral flexibility (reversal or set-shifting) is reliably affected by chronic exposure to alcohol. This effect appears to be independent of whether administration is voluntary or non-voluntary. There are certainly sex-dependent effects (Galaj et al., 2019; Varlinskaya et al., 2020) that would be worthwhile to follow up. Furthermore, the effect seems more robust in adolescent populations (Fernandez and Savage, 2017; Varlinskaya et al., 2020), meaning that it may be worth investigating how regions that are not fully developed at adolescence, such as the prefrontal cortex (Kim et al., 2017), might be recruited during these tasks, and whether immaturity of brain circuits might underlie the differences observed.


Learning Tasks in Non-Human Primates

Non-human primates can also be trained in cognitive behavioral tasks to assess cognitive domains such as behavioral flexibility, learning and memory (Shnitko et al., 2017). In one such study (Shnitko et al., 2019), late adolescent/young adult male rhesus macaques (4–5 years of age) were trained on operant set-shifting tasks conducted using touchscreens and dependent on visual discrimination, changing the discrimination dimension between shape and color. Performance in this cognitive task was scored based on the ratio of errors per trials, session duration, and maximum set reached, and these comprised a session performance index. Following assessment on the set-shifting task, the rhesus monkeys were taught to self-administer alcohol, and once this was acquired, they were given free access to water and alcohol for 22 h per day, 7 days per week, for a total of 22 weeks. Based on intake, animals were divided into low or heavy drinkers. Heavy drinkers averaged 3.29 ± 0.2 g/kg/day (BAC of 102 ± 10 mg/dl), low drinkers averaged 2.03 ± 0.2 g/kg/day (BACs of 29 ± 4 mg/dl). Heavy drinkers had a significantly lower performance index than low drinkers, indicating reduced cognitive flexibility may be a predictive trait of a heavy alcohol drinker. The data also highlight the impact of individual differences in drinking patterns (Xu et al., 2017).

Another study, also in rhesus macaques (Shnitko et al., 2020) looked at retention of a cognitive task following alcohol exposure. Here, male rhesus monkeys aged 3.5–4 years (indicating adolescence), consumed escalating doses of alcohol (0.5, 1, and 1.5 g/kg) via limited access self-administration for 90 days (30 days per dose), or a calorie-matched control. They were trained on the same set-shifting visual discrimination task as above, and undertook the task before alcohol exposure, and following 90 days exposure and 18 h abstinence. To make the task more difficult, the size of the stimuli was reduced once baseline was re-acquired. No differences were observed between ethanol-exposed or control groups in baseline acquisition (pre-alcohol) or retention (post-alcohol). However, when the size of the visual stimuli was reduced, the alcohol-exposed animals performed increased errors compared to controls. This demonstrates reduced cognitive flexibility when faced with a novel change.

Performance in the novel object recognition task was also associated with alcohol consumption in adult male rhesus macaques (4–6 years old) (Chandler et al., 2017). Monkeys were trained in an operant self-administration protocol the same as above, then allowed an additional month of free access to water and alcohol for 3 h per day. Although novel object recognition did not predict alcohol intake (unlike set-shifting, above), it was impaired following high total alcohol intake. Specifically, alcohol history produced increased perseverative behavior but not an inability to detect or react to novelty. These deficits persisted a year into abstinence, demonstrating that chronic alcohol can have lasting impacts on cognitive function. Together, these findings show that the cognitive decline observed following alcohol exposure may be a combination of both pre-existing cognitive deficits (such as cognitive flexibility) and those incurred by alcohol use (such as novel object recognition).



Non-cognitive Behavioral Effects of Alcohol – Motor and Affect

Motor function can be altered following alcohol consumption. Although it is less common for this to persist beyond acute intoxication, chronic motor changes have been observed in rats (da Silva et al., 2018), and humans (Woods et al., 2016). While an in-depth review of motor and affect-related behavioral changes were beyond the scope of this review, the overall findings of included rodent studies have been briefly summarized here. As most behavior tests have a locomotor component (e.g., swimming speed in the Morris water maze), it is essential to assess motor function to ensure it is intact and not confounding results. Most studies carefully control for this. For instance, in the Morris water maze, there is often an introductory task requiring animals to swim to a visible platform to assess swim speed (Vaghef et al., 2019). When a behavior task does not have a specific motor function task, an additional one can be used, e.g., rotarod or beam walk (Nie et al., 2018; Rico-Barrio et al., 2019). These results have not been reviewed, however in all cases where motor function was assessed, it was found to be unimpaired compared to controls; hence confirming that the deficits observed are indeed cognitive. This is something worth continued consideration, as impaired motor function could be falsely interpreted as cognitive dysfunction.

Disrupted affect, such as anxiety and depressive symptoms, commonly occur with alcohol intake, with mixed findings regarding whether they precede or arise from alcohol use (McHugh, 2019). Withdrawal from alcohol is thought to increase anxiety- (Gajbhiye et al., 2018) and depression-like behavior (Pang et al., 2013) both of which can persist into abstinence (Gong et al., 2017). While many studies in this review did not specifically assess affect, those that did focused on anxiety and found mixed results – with anxiety-like behavior sometimes increased (e.g., Vetreno et al., 2016; Varlinskaya et al., 2020), and other times unchanged (e.g., Novier et al., 2016; Swart et al., 2017; Maynard et al., 2018; Rico-Barrio et al., 2019). Depressive symptoms, addressed in only two studies, were unchanged (Ledesma et al., 2017; Rico-Barrio et al., 2019). This is something that should be considered in the future since increased anxiety and/or depressive symptoms may affect performance in behavioral tasks (Moritz et al., 2018). It is worth noting that while results were mixed in forced models, voluntary models did not produce any changes to anxiety (Rico-Barrio et al., 2019), suggesting in addition to occurring in response to alcohol exposure, anxiety-like behavior may also be affected by the alcohol administration method.





DISCUSSION

Across the literature reviewed there was substantial variability both in methodology and in results observed, as well as in the clarity and detail of reporting. As a result, it is difficult to draw any definitive conclusions regarding the impact of voluntary versus non-voluntary intake on likelihood of deficits being incurred. Cognitive impairment was observed following both voluntary and non-voluntary chronic alcohol administration. It is worth noting, however, that the vast majority of studies did employ a non-voluntary form of administration, which tends to suggest that impairment is more reliably observed using this practice. Nevertheless, there are some other common factors that seem to impact the severity of the alcohol-induced deficits. These include dose, length of access and abstinence, age of exposure and sex of animals. These factors are worth considering when designing experiments that investigate potential interventions that might reverse or prevent alcohol-induced cognitive decline.

The amount of alcohol consumed, usually reported in grams per kilogram, and occasionally in blood alcohol concentration, seems to be a major factor impacting whether deficits are apparent. It is worth noting that grams per kilogram can be an unreliable metric, especially with administration methods relying on bottled alcohol, as the measurement is taken as the volume missing, not that ingested by the animals. This can be problematic as bottles can leak, leading to overestimation. With this caveat in mind, dose-dependent responses were evident, with higher intake leading to more consistent deficits. In some cases, the same method was insufficient to induce deficits at one dose, such as 8.4 g/kg/day (Maynard et al., 2018), and sufficient at a higher one of 15 g/kg/day (Cippitelli et al., 2017). This suggests there is a threshold required to induce deficits, however, the minimum dose required does seem to vary greatly. That said, where assessed using a different task, the same underlying cognitive ability might show different sensitivity to alcohol. For example, in the Morris water maze, a high dose of alcohol did not produce deficits in spatial learning (Maynard et al., 2018), whereas using an appetitive radial arm task, a much lower dose (1.5 g/kg/day) was effective (Loxton and Canales, 2017). These differences could be accounted for by varying ages of exposure, and length of abstinence, but may also be due to sensitivity of the behavioral task.

In addition to the amount of alcohol consumed, the length of access also appears to be a factor impacting severity of deficits. Chronic models, unsurprisingly, were more consistent in inducing changes than those that were shorter. Interestingly, however, in some cases a lower dose over a longer period was more likely to induce deficits than a higher dose over a shorter period. While 4 days of Majchrowicz binge (≈8.4 g/kg/dose) was insufficient to produce deficits in adult males (Maynard et al., 2018), 3 g/kg/day over 28 days was sufficient in adolescents (Pamplona-Santos et al., 2019). This difference could also be attributed to different ages of exposure. It could also be due to varying abstinence periods, since the deficit was seen when tested after 24 h of abstinence (Pamplona-Santos et al., 2019), but not after 4.5 days (Maynard et al., 2018). It seems a combination of sufficiently high dose, and sufficient duration, are required to produce lasting alcohol-induced deficits. However, there are still ongoing questions as to why cognitive deficits are seen in some cases and not in others, despite similar doses and administration schedules being used.

The length of time between alcohol access period and behavioral testing also appears to have an impact on outcome, although the relationship is varied. In many cases, 24 h or less of abstinence resulted in impairments that were not seen following longer abstinence periods, suggesting deficits are frequently transient and recovery may be possible. This is most clearly illustrated where two gavage schedules of similar length and dose produced a deficit in spatial memory in a Morris water maze task following 24 h (Pamplona-Santos et al., 2019) but not 25 days of abstinence (Vetreno et al., 2020). Potential withdrawal-induced stress may contribute to cognitive deficits (Koob, 2008) which then recover once acute withdrawal symptoms have passed. Unfortunately, however, deficits were not always recoverable with longer abstinence. For example, a longer exposure of 6 months in aged mice only saw spatial working memory deficits in the T-maze following 1- or 6-weeks abstinence but not when tested immediately after cessation of drinking (Dominguez et al., 2016). In addition, Vetreno and Crews (2015) found deficits in object recognition that persisted up to 108 days abstinence. The persistence of these deficits into abstinence could be due to the longer exposure period, leading to increased alcohol-induced damage. Since many studies did not state their withdrawal/abstinence period, it is challenging to know precisely what role it is playing. Where it was reported, the variable effects of different abstinence periods clearly show that this is something that warrants further research.

It has been suggested that adolescents are more vulnerable to the cognitive deficits associated with alcohol consumption (Spear, 2018). Adolescence is a period where the brain undergoes rapid development, particularly in regions such as the prefrontal cortex which are important for mediating executive function and behavioral flexibility (Kim et al., 2017; Luikinga et al., 2018; Cullity et al., 2019). This state of change may lead to increased susceptibility to the negative effects of alcohol (Spear, 2018). It has even been suggested that within adolescence there are windows of increased vulnerability (Spear, 2015; Varlinskaya et al., 2020) and although this was beyond the scope of the research reviewed here, these could be teased out with further studies. In fact, there were very few studies that suggested that adolescents were more vulnerable, and indeed one study found that olfactory discrimination was more likely to be impaired in adults (Fernandez et al., 2017). However, most studies examined one age group only, and therefore it may be worth systematically probing age differences in future research.

While clearly important, there were very few studies in this review that looked at both male and female animals. In those that did, either both sexes were affected (West et al., 2018; Xing and Zou, 2018) or sex differences emerged suggesting males may be more prone to reversal errors (Varlinskaya et al., 2020), and females were more vulnerable to spatial learning deficits (Maynard et al., 2018). The latter study supports sex differences seen in human studies, where more severe alcohol-induced changes have often been observed in females (Wilhelm et al., 2015; McCaul et al., 2019). Although the biological basis for increased vulnerability in females is currently unknown, Maynard et al. (2018) suggest it may be due to lower basal rates of cell proliferation combined with higher apoptosis in females, making recovery from alcohol insult more difficult.

Interestingly, for the most part we did not uncover any major differences based on different administration method. One study did compare directly between i.p. and gavage administration, finding that only the former produced a deficit (Badanich et al., 2016). Generally, i.p. and gavage yield the same BAC at all time points (Chen et al., 2013). However, one study did observe a slightly increased BAC resulting from i.p. injection compared to gavage (Livy et al., 2003), where the difference could be attributed to metabolism by gastric alcohol dehydrogenase when alcohol was administered by gavage. This may account for the effect described above.

The intuitive observation that higher amounts of alcohol are more likely to cause a deficit may contribute to the seeming lack of consideration for the impact of other experimental protocols on study outcomes. Study designs focus on achieving highest possible intake levels, without accounting for other influential factors such as frequency of access, the amount of work required to obtain alcohol, and the impact of abstinence. Subject factors such as age, sex and genotype are also important considerations. This review highlights the need for further studies elucidating the effects of different alcohol administration methods on cognitive function.

We also propose that it would be worthwhile to consider the effects of a range of doses as well as individual differences in alcohol preference, rather than focusing only on the higher end. For example, in one study, improved cognition was reported following alcohol exposure in response to relatively lower intake levels (Varodayan et al., 2018). Indeed, where individual differences in drinking were taken into account, performance index could be stratified according to intake levels (Shnitko et al., 2019), however the lack of an alcohol naïve group in this study makes it harder to draw definitive conclusions regarding the effect of alcohol. A more comprehensive investigation of both dose-dependent deficits and individual differences in preference and vulnerability would be useful to help understand the mechanism of alcohol-induced change, as well as elucidating any potential protective effect of low alcohol intake.

Corollary to this, it is also worth noting that within the voluntary studies, sweetening appears to increase intake (Dwivedi et al., 2018; Pandey et al., 2020). High calorie sweeteners such as sugar and carbohydrates are thought to negatively impact cognition (Hawkins et al., 2018; Jacques et al., 2019; Sketriene et al., 2021), so it is important that control groups are calorie-matched (Charlton et al., 2019). In fact, this is relatively common practice in other forced models, such as Lieber DeCarli liquid diet. Furthermore, given that alcohol consumed by humans is typically sweetened in some form, any deleterious effects of sugar or calories on the human brain needs to be considered and recapitulated in our animal models.

Stress may also be contributing to cognitive deficits but as it is difficult to control for, its exact role is difficult to measure or assess. Clearly, non-voluntary methods of administration will pose more of a stress on the subject. The stress of the forced alcohol intake in addition may exacerbate the cognitive effects of alcohol (Tunstall et al., 2017; Hupalo et al., 2019a), especially in adolescents who are particularly vulnerable to the effects of both alcohol and stress (Spear, 2015, 2018; Romeo, 2017). In addition, both alcohol itself, as well as withdrawal effects of alcohol can act as acute stressors, leading to changes in corticotropin-releasing factor, and glucocorticoid dysregulation (Koob, 2008; Béracochéa et al., 2019; Hupalo et al., 2019b), which can in turn manifest as cognitive deficits. With many behavioral tests being performed while animals are in withdrawal, this could be impacting cognition. However, this is not often accounted for in studies, and in fact many studies failed to report the length of abstinence and/or signs of withdrawal where abstinence periods were short. In addition, inherently stressful behavioral tests, such as the Morris water maze and Barnes maze, may compound this withdrawal stress, further impacting the animal’s performance. It’s worth noting too that voluntary methods of administration did not result in increased anxiety in animals in the way that many non-voluntary methods did (Dwivedi et al., 2018; Jacques et al., 2019; Pandey et al., 2020). To determine the cognitive effects of alcohol, we must account for and assess the role of stress, which would also commonly occur in the human condition, but also look to those deficits that persist outside it.

In summary, from the collective literature, a chronic voluntary model that embraces variability and stratifies individuals into groups based on alcohol consumption (with heavy drinkers reaching 6 g/kg), which can be assisted by sweetening, appears to produce deficits with minimal stress confounds. Withdrawal and abstinence periods also play a significant role, and this should be explored and reported more accurately in the future. In addition, behavioral tests that are not inherently stressful or reliant on aversive stimuli would also reduce the confound of stress, giving clearer results on the effect of alcohol. A battery of such tests would help ascertain nuances of the cognitive functions impacted. This research should be conducted in both females and males and compared across age groups. In addition, due to the high variability in methods, it would be useful to have some consistent reporting guidelines that include blood alcohol concentration and abstinence period to form a more holistic understanding of the effects of alcohol intake on cognition.
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Exposure to intermittent repeated social defeat (IRSD) increases the vulnerability of mice to the rewarding effects of cocaine in the conditioned place preference (CPP) paradigm. According to the “inoculation of stress” hypothesis, a brief period of maternal separation (MS) can provide protection against the negative effects of IRSD. The aim of the present study was to assess whether exposure to a brief episode of MS prevents the subsequent short-term effects of IRSD on depression- and anxiety-like behaviors and to explore its long-term effects on cocaine CPP in mice. Four groups of male C57BL/6 mice were employed; two groups were separated from their mother [6 h on postnatal day (PND) 9], while the other two groups were not (controls). On PND 47, 50, 53 and 56, mice that had experienced MS were exposed to social defeat in the cage of an aggressive resident mouse (MS + IRSD group) or were allowed to explore an empty cage (MS + EXPL group). The same procedure was performed with control mice that had not experienced MS (CONTROL + IRSD and CONTROL + EXPL groups). On PND57-58, all the mice performed the elevated plus maze and the hole-board, social interaction and splash tests. Three weeks after the last episode of defeat, all the mice underwent the CPP procedure with cocaine (1 mg/kg). Irrespective of whether or not MS had taken place, a reduction in open arms measures, dips, and social interaction was observed in mice that experienced IRSD. A higher latency of grooming and acquisition of cocaine-induced CPP were observed only in mice exposed to IRSD alone (CONTROL + IRSD). These results suggest that exposure to a brief episode of stress early in life increases the subsequent resilience of animals to the effects of social stress on vulnerability to cocaine.
Keywords: anxiety-like behaviour, cocaine, conditioned place preference, depression-like behaviour, maternal separation, mice, social defeat, stress inoculation
1 INTRODUCTION
In spite of cumulative evidence of the potential risks of drug abuse, cocaine is widely consumed among adolescents and young adults (European Monitoring Centre for Drugs and Drug Addiction, 2020). It is clear that biological factors can predispose an individual to cocaine addiction; however, different animal models have demonstrated that environmental factors are also involved (Badiani and Spagnolo, 2013; El Rawas and Saria, 2016; Montagud-Romero et al., 2018; Ahmed et al., 2020).
Among these environmental factors, stress - understood as adversity/negative experiences in life—has been shown to enhance vulnerability to the rewarding effects of cocaine and other drugs of abuse (Aguilar et al., 2013; Rodríguez-Arias et al., 2013; Vannan et al., 2018). Among the different types of stress, social stress is currently the most common, and can be modelled in experimental animals with the chronic/repeated social defeat (SD) paradigm, which is known to have predictive power (Vasconcelos et al., 2015; Patel et al., 2019; Wang et al., 2021; García-Pardo et al., 2022). Several studies have shown an increase in the rewarding effects of cocaine in the conditioned place preference (García-Pardo et al., 2019; Calpe-López et al., 2020; Montagud-Romero et al., 2020) and self-administration (Holly EN. et al., 2016; Rodríguez-Arias et al., 2017) paradigms among animals exposed to SD. In a recent study, we observed that mice exposed to SD displayed anxiety- and depression-like behaviours, social avoidance and greater stress reactivity (Calpe-López et al., 2020).
Another intervention that induces social stress is interference with the maternal-offspring relationship, which has an essential influence on the development of mammals. After birth, pups are vulnerable and the mother carried out important functions, such as protection, warming and feeding, in order to guarantee the physical health and survival of their offspring (Numan and Insel, 2003). Several research works have demonstrated that inadequate maternal care has devastating consequences for the maturation of the central nervous system and mental health of the pups (Yang et al., 2017; Courtiol et al., 2018). In this sense, maternal separation (MS) stress constitutes a critical experience that can induce behavioural alterations and neuropsychiatric disorders in later life (George et al., 2010; Gracia-Rubio et al., 2016; Lukkes et al., 2017; Zhou et al., 2020). Repeated episodes of MS (4–8 h per day, from postnatal day (PND) two to PND16) have been shown to increase the vulnerability of offspring to the rewarding effects of drugs of abuse during adolescence or adulthood (Delavari et al., 2016; Viola et al., 2016; Orso et al., 2017; Castro-Zavala et al., 2020; Castro-Zavala et al., 2021a; Castro-Zavala et al., 2021b; Arenas et al., 2022). Furthermore, different procedures of repeated MS (for 4–8 h per day, from PND2 until PND12-20) enhance the anxiety of adolescent mice in the elevated plus maze (EPM) (Shin et al., 2016; Wang et al., 2017) and in the social preference test (Wang et al., 2017) and induce anhedonia in the saccharin preference test (Wang et al., 2017) and depression-like behaviour in the forced swimming test (He et al., 2020). Moreover, exposure to MS (3 h/day, PND 1–14), though it did not alter the behaviour of mice by itself, was seen to increase the risk of depression-like behaviours in the forced swimming and sucrose preference tests when mice were exposed to an additional restraint stress in late adolescence (PND 42–56) (Han et al., 2019).
However, stress is not necessarily negative, as it can have adaptive properties and induce responses aimed to improve the physical and psychological functioning of the individual (Southwick and Charney, 2012; Brockhurst et al., 2015). In early life, while not of an excessive magnitude, a stressful episode can promote resilience to subsequent stressful experiences later in life (Lyons et al., 2010; Daskalakis et al., 2013; Ashokan et al., 2016). In fact, although resilience is an innate capacity, it is not a stable trait, but rather is a dynamic process that develops throughout a life span (Rutter, 2012; Kalisch et al., 2019) and can be enhanced by different factors (Calpe-López et al., 2022, in press). This could explain why some people rebound after adverse situations while others develop a mental disorder and never recover (Charney, 2004; Yao and Hsieh, 2019). In this sense, exposure to mild or moderate stressors can induce an adaptive stress response in the individual, increasing his/her resilience to the negative effects of future stressful events (Russo et al., 2012; Southwick and Charney, 2012).
Repeated SD has proven itself to be a useful animal model for studying resilience to the negative consequences of social stress and the mechanisms which are involved (Krishnan et al., 2007; Hodes et al., 2014; Henry et al., 2018). A recent study carried out in our laboratory demonstrated that some mice are resilient to the effects of intermittent repeated SD (IRSD) on cocaine reward (Calpe-López et al., 2020). We observed that exposure to IRSD increased the rewarding effects of cocaine in the CPP paradigm, but mice with certain behavioural traits showed resilience to the negative effects of stress (Calpe-López et al., 2020). However, how exposure to an episode of stress in early life affects the subsequent effects of social stress on cocaine reward in later life has not been studied. Thus, the objective of this work was to determine if a brief MS in early life modifies the behavioural response to IRSD in late adolescence and can reverse the potentiating effects of social stress on the rewarding effects of cocaine in adulthood. For this purpose, experimental groups were exposed to MS, IRSD, MS + IRSD or did not undergo stress. Different behavioural tests (EPM, hole-board, social interaction, and splash tests) were employed in order to determine the behavioural effects of both types of stress exposure in late adolescent animals. Three weeks after the last episode of defeat, acquisition of CPP following conditioning with cocaine was evaluated in all the groups. Our hypothesis was that a brief MS in early life can inoculate against the negative effects of subsequent stress and promote resilience to anxiety-, depression- and addiction like symptoms induced by IRSD.
2 MATERIAL AND METHODS
2.1 Animals
Forty-nine male mice of the C57BL/6 strain (born in the Psychology Department Laboratory, University of Valencia, from parents acquired from Charles River, France) and 15 male mice of the OF1 strain (Charles River, France) were used in the present study. They were housed by litter with mother and siblings in plastic cages (25 cm × 25 cm × 14.5 cm). Later, they were weaned and separated from the female mice on PND 21, but remained grouped by litter (3–6 male mice). Mice used as aggressive opponents (OF1) arrived in the laboratory on postnatal day (PND) 21 and were housed individually in plastic cages (23 cm × 32 cm × 20 cm) for three or more weeks before initiation of the experimental procedures in order to induce heightened aggression (Rodríguez-Arias et al., 1998). All mice lived under constant temperature (21°C), a reversed 12 h light schedule (on 19:30–07:30) and food and water ad libitum. Before initiation of social defeat or exploration, experimental mice were handled (5 min/day, for 3 days) in order to decrease their stress response to manipulation. All protocols were conducted in compliance with Directive 2010/63/EU and were approved by the Ethics Committee in Experimental Research (Experimentation and Animal Welfare) of the University of Valencia (A1507028485045).
2.2 Drugs
For place conditioning, mice received intraperitoneal injections (0.01 ml/g of body weight) of cocaine (Alcaliber Laboratory, Madrid, Spain) or physiological saline (NaCl 0.9%) (the same as that used to dissolve the drug). On the basis of previous studies, we employed a dose of 1 mg/kg of cocaine (García- Pardo et al., 2019; Calpe-López et al., 2020).
2.3 Experimental Design
Experimental mice (C57BL/6) were assigned to four groups according to the type of stress experienced in early-life (PND 9) and late adolescence (PND 47, 50, 53 and 56). The first group was exposed to a brief maternal separation and subsequently to four episodes of social defeat (MS + IRSD, n = 21); the second group was exposed to MS but did not experience social stress during adolescence (MS + EXPL, n = 12); the third group was not exposed to MS but experienced IRSD in late adolescence (CONTROL + IRSD, n = 8); and the fourth group was not exposed to MS or IRSD (CONTROL + EXPL, n = 8).
The battery of behavioral tests took place on PND 57–58. On PND 57, the mice performed first the EPM, then the hole-board and then the social interaction test, with an interval of 1 h between each test. On PND 58 mice performed the splash test. Subsequently, after a 3-weeks interval, all the mice underwent the CPP procedure (see Figure 1). All experiments took place during the dark period (8.30–16.30 h), and mice were introduced into the dimly lit experimental room (different to that of the defeat and exploration procedures) 1 h prior to testing in order to facilitate adaptation.
[image: Figure 1]FIGURE 1 | Timeline of experimental procedures. On postnatal day (PND) 9, a group of mice (n = 33) was exposed to a brief stress consisting of 6 h of maternal separation (MS), while a group of other mice did not undergo stress (control, n = 16). Subsequently, in late adolescence, mice exposed to MS and controls were divided into two groups in each case. The first MS group was exposed to intermittent repeated social defeat (group 1, MS + IRSD, n = 21). On PND 47, 50, 53 and 56, experimental mice were introduced into the cage of an aggressive opponent. Physical contact between them was allowed for only 5 min, during which the experimental mouse experienced social defeat (SD). On the same PND, the other MS group explored (EX) an empty cage (group 2, MS + EXPL, n = 12). Control mice without early life stress were divided into the same two groups (group 3, CONTROL + IRSD, n = 8; group 4, CONTROL + EXPL, n = 8). On PND 57, all mice performed the elevated plus maze (EPM), the hole board (HB) and the social interaction (SI) test. On PND 58, all mice performed the splash test. After an interval of 3 weeks, all mice underwent the conditioned place preference (CPP) paradigm. On PND 77, 78 and 79, mice underwent the pre-conditioning (Pre-C) phase. On PND 80, 81, 82, 83, mice performed four conditioning sessions (C1-C4), in which they received 1 mg/kg of cocaine (Coc) or saline (Sal) before being placed in the drug- or saline-paired compartment, respectively. On PND 84, mice underwent the post-conditioning (Post-C) phase. 
2.4 Experimental Protocols
2.4.1 Brief Maternal Separation
Repeated experiences of MS (PND2-12 or more, 3–8 h/day), often combined with early weaning (MSEW), constitute an animal model of early-life stress that reproduce the consequences of childhood adversity (George et al., 2010; Vetulani 2013; Bian et al., 2015) and allows researchers to evaluate their impact on the development of depression-like behaviour and on the response of animals to cocaine (Gracia-Rubio et al., 2016; Liu et al., 2018; Vannan et al., 2018; Castro-Zavala et al., 2020). Conversely, by enforcing MS for a short period, we aimed in this study to examine the impact of an acute episode of stress. Newborn mice (n = 54) were separated from their mothers for 6 h (9:00–15:00 h) on PND 9 (following a slight modification of the procedure employed in Llorente-Berzal et al., 2013). We selected PND nine for MS because this day marks the end of the neonatal period (PND3-9) and the initiation of postnatal transition (PND9-15) (Fox, 1965). In addition, mice show full retention 24 h after learning on PND 9 (Alleva and D’ Udine, 1987). During the separation, the mother was removed and placed in another cage (23 cm × 32 cm × 20 cm) with food and water access, while the pups remained in their home box. No specific procedure was used to keep the litter warm during this period, as the room temperature in the laboratory was maintained at 21°C and pups have a thick (almost complete) fur on PND 9, which helps thermoregulation. After 6 h, the mother was placed again with her litter. Weaning was carried out on PN21, during which the mice were separated by sex. Only male mice (n = 33) were used for the subsequent experiment. We randomly assigned each litter to the corresponding experimental group (5 litters in the SM + IRSD group, 3 litters in the SM + EXPL group, 2 litters in the CONTROL + IRSD group and 2 litters in the CONTROL + EXPL group). The 5 litters which comprised the 21 male mice of the SM + IRSD group were those in cages 1 (n = 4), 2 (n = 4), 4 (n = 5), 6 (n = 4) and 7 (n = 4). The 3 litters which comprised the 12 male mice of the SM + EXPL group were those in cages 3 (n = 3), 5 (n = 3) and 8 (n = 6). The 2 litters which comprised the eight male mice of the CONTROL + IRSD group were those in cages 9 (n = 4) and 10 (n = 4). The 2 litters which comprised the eight male mice of the CONTROL + EXPL group were those in cages 11 (n = 4) and 12 (n = 4).
2.4.2 Repeated Social Defeat
On PND 47, 50, 53 and 56, the experimental mice (intruders) underwent the RSD procedure, which consisted of four agonistic encounters in which the animal was introduced into the home cage of a conspecific OF1 male mouse that had previously lived in isolation (aggressive opponent). Each encounter lasted for 25 min and consisted of three phases. During the first and last phases, it was protected from attack by a wire mesh wall, which allowed social threats from the aggressive resident (10 min). In the second phase, the wire mesh was removed and confrontation was allowed for 5 min, culminating in the defeat of the experimental mouse (for example, the adoption of an upright submissive position). For more details about the RSD procedure see Calpe-López et al. (2020). The non-defeated animals underwent the same protocol, but without the presence of an aggressive mouse, and simply explored (EXPL) the cage.
2.4.3 Elevated Plus Maze
The effects of stress on anxiety-like behavior were evaluated on PND 57. The EPM consisted of two open and two enclosed arms (30 cm × 5 cm) and was elevated 45 cm above floor level. Mice have a natural aversion to open elevated areas; thus, anxiety is considered to be higher when open arms measurements (time spent and entries) are decreased (Rodgers and Johnson, 1995; Rodgers and Dalvi, 1997). The mice’s behaviour in the EPM was video recorded for 5 min and later analysed (Raton Time 1.0 software; Fixma SL, Valencia, Spain). The time and percentage of time [(open/open + closed) × 100] spent in the open arms, the number and percentage of open arm entries, time on the centre platform, total distance travelled, number of stretch-attend postures, number of head dips (protected or not) and rearing in the close arms were submitted to statistical analysis. For more details about the EPM apparatus and procedure see Calpe-López et al. (2020).
2.4.4 Hole Board Test
The hole board test, used to evaluate novelty-seeking behavior, was carried out (PND 57) in a square box (28 cm × 28 cm × 20.5 cm) with 16 equidistant holes in the floor (Cibertec SA, Madrid, Spain) and equipped with photocells to detect the number of head-dips performed by the mouse during a 10-min period. For more details about the hole board test see Calpe-López et al. (2020).
2.4.5 Social Interaction Test
On PND 57, the social behaviour of the mice was evaluated in an open field (37 cm × 37 cm × 30 cm), which contained a perforated plexiglass cage (10 cm × 6.5 cm × 30 cm). The mouse was allowed to explore the open field for 10 min on two occasions, separated for 2 min. On the first occasion (object phase), the plexiglass cage was empty. On the second occasion (social phase), a second mouse (OF1 strain) was put into the perforated cage and the experimental mouse was then reintroduced into the open field. In both phases, the time spent by the experimental mouse in the 8 cm area surrounding the perforated cage—considered the interaction zone (IZ) — was automatically registered (Ethovision 2.0, Noldus, Wageningen, Netherlands). An index of social interaction (ISI) was obtained [time spent in the IZ during the social phase/(time spent in the IZ during the social phase + time spent in the IZ during the object phase); Henriques-Alves and Queiroz, 2016]. It is common to use the ISI as the social preference-avoidance index (Krishnan et al., 2007). For more details about the social interaction test see Calpe-López et al. (2020).
2.4.6 Splash Test
The splash test was carried out on PND 58. A 10% sucrose solution was sprayed on the dorsal coat of mice placed in a transparent cage (15 cm × 30 cm × 20 cm) containing bedding, which was designed to encourage grooming behaviour. Mice were recorded for 5 min, and the latency and frequency of grooming were analysed with the aid of a computerized method (Raton Time 1.0 software; Fixma SL, Valencia, Spain) by an observer who was unaware of the treatment administered. Lower frequency of grooming and higher latency to initiate this behaviour are considered to represent depressive-like behaviour (Smolinsky et al., 2009). For more details about the splash test see Calpe-López et al. (2020).
2.4.7 Conditioned Place Preference
Three weeks after the last episode of social defeat, the mice underwent the CPP procedure (PND77-84). Eight identical Plexiglas boxes with two equal-sized compartments (30.7 cm long × 31.5 cm wide × 34.5 cm high) separated by a grey central area (13.8 cm long × 31.5 cm wide × 34.5 cm high) were employed. The compartments had different coloured walls (black vs. white) and contrasting floor textures (fine grid vs. wide grid). The position of the animals and their movement between compartments were detected by four infrared light beams in each of the compartments and six in the central area (MONPRE 2Z, Cibertec SA, Madrid, Spain).
The three phases of CPP took place during the dark cycle, and the assignment of the cocaine-paired compartment was carried out following a non-biased design (for more detail, see Maldonado et al., 2007). In summary, during pre-conditioning (Pre-C), the time spent by the animal in each compartment during a 15-min period was recorded, and those with a strong aversion or a preference for a particular compartment (less than 33% or more than 67% of the total time) were removed from the rest of study (n = 4). In the second phase (conditioning), lasting 4 days, experimental animals were administered saline and then confined to the vehicle-paired compartment for 30 min. Four hours later, they were injected with 1 mg/kg of cocaine and were immediately confined to the drug-paired compartment for 30 min. The sequence of the injections alternated each day (in the second and fourth conditioning session mice received cocaine first and then saline). During the third phase, or post-conditioning (Post-C), performed 24 h after the last conditioning session, the time spent by the untreated mouse in each compartment during a 15-min period was recorded. A conditioning score for each animal was calculated (time spent in Post-C minus time spent in Pre-C).
2.5 Statistical Analysis
The effects of MS and IRSD were evaluated using a two-way ANOVA with two between-subjects variables - Maternal Separation, with two levels (CONTROL and MS)—and Defeat, with two levels (EXPL and IRSD). Post hoc comparisons were performed with Bonferroni tests. The following behavioural measures were analysed: time, entries, percentage of time and percentage of entries in the open arms of the EPM, time on the centre platform of the EPM, total distance travelled in the EPM, number of stretch-attend postures, head dipping (protected or not) and rearing in the close arms of the EPM, number of dips in the hole board test, social interaction index (ISI), latency and frequency of grooming in the splash test, and conditioning score. In order to determine whether there was a relationship among the performances of mice in the different procedures, Pearson correlation tests were carried out. All statistical analyses were performed with the SPSS program.
3 RESULTS
3.1 Effects of Maternal Separation in the EPM
ANOVAs of the time (Figure 2A) and percentage of time (Figure 2B) spent in the open arms of the EPM revealed a significant effect of the variable Defeat {[F (1, 45) = 11.181, p < 0.002] and [F (1, 45) = 13.084, p < 0.001], respectively}, while the variable Separation and the Interaction Defeat X Separation were not significant. Mice exposed to IRSD (irrespective of whether they had been exposed or not to MS) spent less time and percentage of time in the open arms than mice exposed to Exploration.
[image: Figure 2]FIGURE 2 | Effects of Maternal Separation (MS) and Intermittent Repeated Social Defeat (IRSD) on the Elevated Plus Maze (Open Arms Measurements). Control mice without early life stress explored an empty cage (CONTROL + EXPL, n = 8) or were exposed to SD (CONTROL + IRSD, n = 8) in the late adolescence (PND 47, 50, 53 and 56). Similarly, mice with early life stress (6 h of MS on PND9) explored an empty cage (MS + EXPL, n = 12) or were exposed to SD (MS + IRSD, n = 21) in late adolescence (PND 47, 50, 53 and 56). The animals’ behavior in the maze was evaluated on PND 57. (A) Bars represent the mean (±SD) time spent in the open arms (OA) of the maze for each group. ***p < 0.002, significant difference between mice exposed to IRSD and mice exposed to EXPL. (B) Bars represent the mean (±SD) percentage of time spent in the OA for each group. ***p < 0.002, significant difference between mice exposed to IRSD and mice exposed to EXPL. (C) Bars represent the mean (±SD) number of entries into the OA for each group. *p < 0.05, significant difference between the groups MS + EXPL and MS + IRSD; **p < 0.01, significant difference between the groups CONTROL + EXPL and MS + EXPL (post-hoc comparison of the Interaction Defeat X Separation). (D) Bars represent the mean (±SD) percentage of entries into the OA for each group. ****p < 0.001, significant difference of the group MS + IRSD with respect to the other groups (post-hoc comparison of the Interaction Defeat X Separation).
ANOVAs of the number of entries in the open arms of the EPM (Figure 2C) revealed a significant effect of the Interaction Defeat X Separation [F (1, 45) = 6.540, p < 0.05], while the variables Defeat and Separation were not significant. Post-hoc analysis of the Interaction showed that mice exposed to MS (MS + EXPL group) performed a higher number of entries into the open arms in comparison to control mice (CONTROL + EXP) (p < 0.01); in addition, the group exposed to MS and defeat entered the open arms fewer times than mice only exposed to MS (MS + IRSD vs MS + EXPL, p < 0.05).
ANOVAs of the percentage of entries into the open arms of the EPM (Figure 2D) revealed a significant effect of the variables Defeat [F (1, 45) = 27.048, p < 0.001] and Separation [F (1, 45) = 7.170, p < 0.01], and of the interaction of the two [F (1, 45) = 7.527, p < 0.01]. Post-hoc analysis of the Interaction showed a lower percentage of entries into the open arms in the group exposed to MS and defeat (MS + IRSD) than mice exposed only to SM (MS + EXPL) or defeat (CONTROL + IRSD) (ps < 0.001).
ANOVA of the total distance travelled in the EPM (Figure 3A) revealed significant effects of the Interaction Defeat x Separation [F (1, 45) = 21,415, p < 0.001]. Post-hoc comparison of the Interaction showed that the group SM + IRSD travelled a shorter distance than the SM + EXPL (p < 0.01) and CONTROL + IRSD (p < 0.05) groups.
[image: Figure 3]FIGURE 3 | Effects of Maternal Separation (MS) and Intermittent Repeated Social Defeat (IRSD) on the Elevated Plus Maze (Additional Measurements). Control mice without early life stress explored an empty cage (CONTROL + EXPL, n = 8) or were exposed to SD (CONTROL + IRSD, n = 8) in the late adolescence (PND 47, 50, 53 and 56). Similarly, mice with early life stress (6 h of MS on PND9) explored an empty cage (MS + EXPL, n = 12) or were exposed to SD (MS + IRSD, n = 21) in late adolescence (PND 47, 50, 53 and 56). The animals’ behavior in the maze was evaluated on PND 57. (A) Bars represent the mean (±SD) distance travelled in the EPM for each group. *p < 0.05, significant difference between the groups CONTROL + IRSD and MS + IRSD; **p < 0.01, significant difference between the groups MS + IRSD and MS + EXPL (post-hoc comparison of the Interaction Defeat X Separation). (B) Bars represent the mean (±SD) number of stretch-attend postures in the EPM for each group. *p < 0.05, significant difference between the group MS + IRSD with respect to CONTROL + IRSD and MS + EXPL groups; ****p < 0.001, significant difference between the group CONTROL + EXPL with respect to CONTROL + IRSD and MS + EXPL groups (post-hoc comparison of the Interaction Defeat X Separation). (C) Bars represent the mean (±SD) number of rearing behaviors in the closed arms of the EPM for each group. ****p < 0.001, significant difference between mice exposed to IRSD and mice exposed to EXPL.
ANOVA of the number of stretch-attend postures (Figure 3B) revealed significant effects of the Interaction Defeat x Separation [F (1, 45) = 21,415, p < 0.001]. Post-hoc comparison of the Interaction showed that the SM + IRSD group performed a greater number of stretch-attend postures than the CONTROL + IRSD and SM + EXPL groups (ps < 0.05). In addition, the CONTROL + EXPL group performed a greater number of stretch-attend postures than the SM + EXPL and CONTROL + IRSD groups (ps < 0.001).
ANOVA of the number of rearings in the close arms of the EPM (Figure 3C) revealed a significant effect of the variable Defeat [F (1, 45) = 5,858, p < 0.001]. A higher number of rearings was observed among mice exposed to defeat in comparison to those exposed to exploration.
ANOVAs of the time spent on the centre platform of the EPM and of head dipping (protected or not) did not reveal significant differences for the variables Defeat or Separation, or for their Interaction (data not shown).
3.2 Effects of Maternal Separation in the Social Interaction Test
ANOVA of data obtained in the social interaction test (Figure 4) revealed a significant effect of the variable Defeat [F (1, 45) = 10.476, p < 0.002], while the variable Separation and the Interaction Defeat X Separation were not significant. A lower ISI was observed among mice exposed to defeat in comparison to those exposed to exploration.
[image: Figure 4]FIGURE 4 | Effects of Maternal Separation (MS) and Intermittent Repeated Social Defeat (IRSD) on the Social Interaction Test. Control mice without early life stress explored an empty cage (CONTROL + EXPL, n = 8) or were exposed to SD (CONTROL + IRSD, n = 8) on the late adolescence (PND 47, 50, 53 and 56). Similarly, mice with early life stress (6 h of MS on PND9) explored an empty cage (MS + EXPL, n = 12) or were exposed to SD (MS + IRSD, n = 21) in late adolescence (PND 47, 50, 53 and 56). The behavior of mice in the social interaction test was evaluated on PND 57. Bars represent the mean (±SD) index of social interaction (ISI) in each group. ***p < 0.002, significant difference between mice exposed to IRSD and those exposed to EXPL.
3.3 Effects of Maternal Separation in the Hole-Board Test
ANOVA of the number of dips in the hole-board test (Figure 5) revealed a significant effect of the variable Defeat [F (1, 45) = 5.458, p < 0.05], while the variable Separation and the Interaction Defeat X Separation were not significant. A lower number of dips was observed among mice exposed to defeat in comparison to those exposed to exploration.
[image: Figure 5]FIGURE 5 | Effects of Maternal Separation (MS) and Intermittent Repeated Social Defeat (IRSD) on the Hole-Board Test. Control mice without early life stress explored an empty cage (CONTROL + EXPL, n = 8) or were exposed to SD (CONTROL + IRSD, n = 8) in late adolescence (PND 47, 50, 53 and 56). Similarly, mice with early life stress (6 h of MS on PND9) explored an empty cage (MS + EXPL, n = 12) or were exposed to SD (MS + IRSD, n = 21) in late adolescence (PND 47, 50, 53 and 56). The behaviour of mice in the hole board test was evaluated on PND 57. Bars represent the mean (±SD) number of dips in each group. *p < 0.05, significant difference between mice exposed to IRSD and mice exposed to EXPL.
3.4 Effects of Maternal Separation in the Splash Test
ANOVA of the latency of grooming in the Splash Test (Figure 6A) revealed significant differences for the variables Defeat [F (1, 45) = 5.641, p < 0.05] and for the Interaction Defeat x Separation [F (1, 45) = 6.350, p < 0.05]. Post-hoc analysis of the Interaction showed that mice exposed only to defeat (CONTROL + IRSD) displayed a higher latency of grooming than non-defeated mice (CONTROL + EXPL) or mice exposed to both defeat and MS (MS + IRSD) (ps < 0.01). ANOVA of the frequency of grooming (Figure 6B) did not reveal significant differences for the variables Defeat or Separation or for their Interaction.
[image: Figure 6]FIGURE 6 | Effects of Maternal Separation (MS) and Intermittent Repeated Social Defeat (IRSD) on the Splash Test. Control mice without early life stress explored an empty cage (CONTROL + EXPL, n = 8) or were exposed to SD (CONTROL + IRSD, n = 8) in late adolescence (PND 47, 50, 53 and 56). Similarly, mice with early life stress (6 h of MS on PND9) explored an empty cage (MS + EXPL, n = 12) or were exposed to SD (MS + IRSD, n = 21) in late adolescence (PND 47, 50, 53 and 56). The behavior of mice in the splash test was evaluated on PND 58. (A) Bars represent the mean (±SD) latency of grooming behavior in each group. **p < 0.01, significant difference between the group CONTROL + IRSD with respect to CONTROL + EXPL and MS + IRSD groups (post-hoc comparison of the Interaction Defeat X Separation). (B) Bars represent the mean (±SD) frequency of grooming in each group.
3.5 Effects of Maternal Separation in the CPP Paradigm
ANOVA of the conditioning scores (Figure 7) revealed a significant effect of the Interaction Defeat X Separation [F (1, 45) = 3.99, p < 0.05], while the variables Defeat and Separation were not significant. Post-hoc analysis of the Interaction showed that mice exposed only to defeat (CONTROL + RSD) had a higher conditioning score than non-defeated mice (CONTROL + EXPL) or mice exposed to both defeat and MS (MS + RSD) (ps < 0.05).
[image: Figure 7]FIGURE 7 | Effects of Maternal Separation (MS) and Intermittent Repeated Social Defeat (IRSD) on the Conditioned Place Preference (CPP) paradigm. Control mice without early life stress explored an empty cage (CONTROL + EXPL, n = 8) or were exposed to SD (CONTROL + IRSD, n = 8) in late adolescence (PND 47, 50, 53 and 56). Similarly, mice with early life stress (6 h of MS on PND9) explored an empty cage (MS + EXPL, n = 12) or were exposed to SD (MS + IRSD, n = 21) in late adolescence (PND 47, 50, 53 and 56). After behavioural tests on PND57-58 and an interval of 3 weeks, mice were conditioned with cocaine (1 mg/kg). Bars represent the mean (±SD) CPP score (in seconds) of each group. *p < 0.05, significant difference between the group CONTROL + IRSD with respect to CONTROL + EXPL and MS + IRSD groups (post-hoc comparison of the Interaction Defeat X Separation).
3.6 Correlations Between Behavioral Measures
Pearson tests revealed the existence of a significant positive correlation between the different measures of the open arms (time, percentage of time, entries and percentage of entries) (see Table 1). Some of these open arms measures also correlated with additional measurements evaluated in the EPM such as stretch-attend postures, protected and unprotected head dipping, and distance travelled in the EPM (see Table 1). In addition, the ISI positively correlated with the frequency of grooming (r = 0.297; p < 0.05), with time (r = 0.480; p < 0.001), percentage of time (r = 0.522; p < 0.001) and percentage of entries (r = 0.442; p < 0.001) in the open arms of the EPM, and with the distance travelled in the EPM (r = 0.352; p < 0.05).
TABLE 1 | Correlations between measures of the elevated plus maze (EPM).
[image: Table 1]4 DISCUSSION
The present study demonstrates that a brief MS prevents some effects of subsequent IRSD exposure in late adolescent mice, including increased latency of grooming behavior in the splash test and the potentiation of cocaine-induced CPP. However, MS did not modify the social avoidance and anxiety-like behavior induced by social defeat in our animals. Thus, we suggest that early stress induced in pups by a brief MS inoculates mainly against the long-term effects of subsequent social stress on vulnerability to cocaine reward.
In accordance with previous studies in our laboratory, we observed that mice exposed to IRSD during late adolescence displayed an increase in the rewarding effects of cocaine in adulthood, since defeated mice acquired CPP after being conditioned with a dose of cocaine, that is, known to be ineffective in inducing place conditioning in non-stressed mice (Montagud-Romero et al., 2017; García-Pardo et al., 2019; Calpe-López et al., 2020). On the other hand, as we expected, the MS procedure employed in our study did not alter the rewarding effects of cocaine. Conversely, other studies have demonstrated that exposure to MS increases the vulnerability of animals to cocaine reward (Matthews et al., 1999; Moffett et al., 2006; Viola et al., 2016; Alves et al., 2020). However, it is important to note that most of the studies in question used a combination of repeated episodes of MS (3 or 8 h per day, from PND2 to PND 12 or later) with early weaning (EW) on PND 14 or 17 (before PND 21, which is the natural moment for weaning) (Kikusui et al., 2004). In fact, MSEW is an animal model of early-life adversity (George et al., 2010; Vetulani 2013; Bian et al., 2015) and permits its impact on cocaine abuse to be evaluated (Liu et al., 2018; Vannan et al., 2018). MSEW causes an impairment of cocaine-induced behavioral sensitization, possibly due to a dysfunction of the dopaminergic system, a potential vulnerability factor for the development of substance use disorders (Gracia-Rubio et al., 2016). In addition, mice exposed to MSEW expressed higher cocaine intake, an enhanced vulnerability to the acquisition of cocaine self-administration, and an incapacity for this behavior to be extinguished (Castro-Zavala et al., 2020; Castro-Zavala et al., 2021a; Castro-Zavala et al., 2021b). In the CPP paradigm, MS (3h/day, from PND2 to PND14-15) also increased vulnerability to cocaine reward in adolescent rats (Alves et al., 2020) and mice (Viola et al., 2016), suggesting that this early life stress subsequently enhances the motivational salience of stimuli associated with cocaine.
The lack of an effect of our MS procedure on cocaine reward and the other behavioral parameters we have evaluated indicated that a single episode of MS (6 h, on PND9) is not a potent stressful event. In fact, our objective was to induce mild stress in early life in order to promote resilience to a subsequent stressful experience later in life, a phenomenon often referred to as stress inoculation (Ashokan et al., 2016). Indeed, the main contribution of our study is that is demonstrates how a brief MS can prevent the long-term effects of IRSD on the rewarding properties of cocaine. In particular, we observed that mice exposed to an episode of MS in early life and to repeated experiences of defeat in late adolescence behaved in the same way as non-stressed mice and did not acquire CPP after conditioning with a low dose (1 mg/kg) of cocaine. Thus, exposure to an episode of MS prevented enhancement of the sensitivity of mice to the rewarding effects of cocaine induced by IRSD. Although the effects of MS on the subsequent influence of stress on cocaine reward has not yet been evaluated, our results are in line with those of some studies which have demonstrated that neonatal stress procedures, including MS, can reduce the rewarding effects of drugs of abuse such as morphine (Boasen et al., 2009), MDMA (Llorente-Berzal et al., 2013) and cocaine (Hays et al., 2012). In addition, inoculation against stress early in life by means of disrupting dam-pup interactions (MS or limited bedding) was found to increase subsequent resilience to the effects of chronic SD stress on several physiological and behavioral parameters (Hsiao et al., 2016; Qin et al., 2019).
The protective effects of our MS procedure on the short-term effects of IRSD were less consistent. One or 2 days after the last episode of IRSD, late adolescent mice showed a reduction in all measurements related to the open arms of the EPM (considered to represent anxiety-like behavior; Campos et al., 2013), a reduced number of dips in the hole board (indicative of low novelty-seeking behaviour; Vidal-Infer et al., 2012), a deficit in social interaction, and a higher latency of grooming in the splash test (considered to represent depression-like behavior; Butelman et al., 2019). These results are in accordance with those of previous studies performed in our laboratory in which we observed that IRSD increased anxiety-like behavior in the EPM (García-Pardo et al., 2015; Calpe-López, et al., 2020), reduced social interaction (García-Pardo et al., 2015; Calpe-López, et al., 2020), induced social subordination (Rodríguez-Arias et al., 2016) and increased depression-like behavior (reduction in the frequency of grooming in the splash test) (Rodríguez-Arias et al., 2016; Calpe-López, et al., 2020). Conversely, our MS procedure did not alter the behavior of mice in any of the tests performed. These results contrast with data showing that MS increases social avoidance and induces anxiety- and depression-like behavior (Bian et al., 2015; Rana et al., 2015; Shin et al., 2016; Alves et al., 2020; He et al., 2020); nevertheless, it should be taken into account that these studies included repeated experiences of MS, while we used a single MS episode in order to induce a mild stress. In this line, a recent study has demonstrated that prolonged MS (3h/day, from PND1-21), but not short MS (15 min/day, from PND1-21), increases susceptibility to depression-like behavior when mice are exposed to chronic unpredictable mild stress in adulthood (Bian et al., 2021). In the present study, mice exposed to a brief MS became resilient to the depression-like behavior induced by exposure to IRSD in late adolescence (as indicated by changes in the latency of grooming). This result is especially important, as it underlines a close link between depression and cocaine abuse (Filip et al., 2013; Xu et al., 2020). In this sense, a recent study in our laboratory showed that resilience against the depression-like behavior (reduction in the frequency of grooming) observed a short time after IRSD is a behavioral trait related with subsequent resilience against the long-term effects of IRSD on cocaine reward (Calpe-López et al., 2020).
However, our MS protocol did not prevent other effects of IRSD, including anxiety-like behavior in the EPM, the reduced number of dips in the hole-board, and a deficit in social interaction. Some of these effects could also be related with the behavioral profile of mice that were resilient to the effects of IRSD on cocaine reward. In our previous study we observed that defeated mice that spent a lower percentage of time in the open arms of the EPM and performed a lower number of dips in the hole-board a short time after IRSD (animals exhibiting a greater concern for potential dangers in novel environments) are resilient against the potentiation of cocaine CPP induced by IRSD; conversely, defeated mice that displayed mild anxiety-like behavior and marked novelty-seeking behavior a short time after defeat were more vulnerable to the long-term effects of IRSD and developed CPP after conditioning with a low dose of cocaine (Calpe-López et al., 2020). In the present study, MS did not prevent the effects of IRSD in the EPM, since mice exposed to MS + IRSD exhibited a similar profile to mice exposed only to defeat (CONTROL + IRSD). Indeed, mice exposed to MS + IRSD showed a decrease in the percentage of entries in the open arms of the EPM and a reduction in the distance travelled in the EPM, neither of which were observed among mice exposed to IRSD or MS alone. On the other hand, mice exposed to MS + IRSD performed a greater number of stretch-attend postures than mice in the CONTROL + IRSD and MS + EXPL groups, but the MS + IRSD group was the only one that did not differ from non-stressed mice (CONTROL + EXPL group). Although an increase in stretch-attend postures has been interpreted as representing enhanced anxiety (Grewal et al., 1997), we observed higher values among mice in the CONTROL + EXPL group, which raises doubts about the true meaning of this measure. Stretch-attend postures in the EPM can be interpreted as a measure of risk behavior which occurs when the animal experiences an exploratory-anxiety conflict (Holly KS. et al., 2016). There was a positive correlation amongst all measurements in the open arms (time, entries, percentage of time, percentage of entries) and with unprotected head dipping, suggesting that this latter measure is also indicative of lower anxiety. Similarly, the distance travelled correlated positively with number of entries, percentage of entries and percentage of time in the open arms. All these measurements were higher in non-stressed mice than in defeated animals, thus indicating anxiety-like behavior irrespective of whether or not there was exposure to MS. Conversely, there was a negative correlation between the number of stretch-attend postures and the number of entries and time spent in the open arms, but not with the percentages of these measures. These results may simply indicate that mice perform stretch-attend postures more frequently when they are in closed arms than when they are in open arms.
The fact that MS did not ameliorate the social interaction deficit induced by IRSD also contrasts with our previous study in which resilient defeated mice that did not develop cocaine CPP were also characterized by a lack of social avoidance (Calpe-López et al., 2020). From our point of view, the most plausible explanation is that a more pronounced early-life stress is necessary to induce inoculation against the short-term effects of IRSD on the EPM and social interaction test. In support of this hypothesis, it has been observed that repeated MS (1 h/day, from PND 3–21) alleviates the increased anxiety-like behavior induced by chronic SD stress in adulthood (Qin et al., 2019). Similarly, fragmented dam-pup interactions during PND2-9 (by limiting bedding and nesting material in the cage) was seen to reduce the social interaction deficit induced by chronic SD stress (Hsiao et al., 2016). While MSEW induced a depression phenotype and increased cocaine abuse (Liu et al., 2018; Vannan et al., 2018), we observed that a mild MS stress prevented the depression-like behavior and potentiation of cocaine reward induced by IRSD, though not enough to counteract other effects of IRSD. Future studies need to determine the level of MS that induces positive effects and effectively reverses all the effects of subsequent stress exposure. Age and sex could be mediating factors in the inoculation against stress by MS, since adolescence is a period of extreme vulnerability to the effects of drugs of abuse and the development of mental disorders (Dow-Edwards et al., 2019), and there are distinctive sex differences in these disorders, including substance use disorders (Becker, 2016; Li et al., 2017). Thus, it could be relevant to evaluate the effects of MS in female mice exposed to vicarious social defeat stress. Furthermore, the genetic predisposition of subjects to low or high emotional reactivity may be an important factor in determining the positive or negative effects of MS. Rats with a high novelty response and low anxiety/depression levels have been found to be resilient to the negative physiological effects of MS stress (3 h/day, from PND1-14) (Clinton et al., 2014). The same protocol of MS induced social avoidance and anxiety-, and depressive-like behaviors in Wistar rats, but had the opposite effects in Wistar-Kyoto rats, an animal model of comorbid depression and anxiety (Rana et al., 2015). The present study has other limitations. First, we have evaluated only the effects of MS on the CPP induced by a low dose of cocaine. This single-dose experiment provided limited information, and so a complete dose-response study would need to be performed in order to draw solid conclusions about the effects of MS on cocaine reward. Second, the design of our study can induce litter effects; in other words, mice from the same litter are phenotypically more similar than mice from different litters. Litter effects account for an elevated percentage of variability and can mask the true effects of an experimental treatment. Thus, the impact of litter-to-litter variability should be controlled and minimized in order to enhance the rigor and reproducibility of the results observed in this study.
Our results suggest that inoculation against stress early in life through a brief episode of MS increases subsequent resilience to some of the negative effects of IRSD stress, since it prevents the development of depression-like behavior in mice defeated in late adolescence and long-term enhancement of their sensitivity to cocaine reward in adulthood. In terms of the mechanisms underlying such adaptive changes, we hypothesize that the glutamatergic system and the hypothalamus pituitary adrenal (HPA) axis are involved. A moderate MS that prevented the increase in anxiety-like behavior induced by chronic SD stress in adulthood was also seen to prevent the hyperactivity of glutamatergic transmission in the basolateral amygdala induced by this kind of stress (Qin et al., 2019). In addition, mice exposed to moderate early life stress show less social interaction deficits after chronic SD stress (Hsiao et al., 2016), and exhibit a significant decrease in the corticosterone response to a subsequent stressful event (Plotsky and Meaney, 1993; Hsiao et al., 2016). No studies have been performed about the inoculating effect of MS on the subsequent response of stressed animals to drugs of abuse. However, studies of the mechanisms than underlie the effects of more stressful protocols of MS on the rewarding properties of cocaine have revealed that MS modifies the activity of AMPA and NMDA receptors in structures of the brain reward circuit and other areas involved in the learning of cocaine-cue association (Ganguly et al., 2019; Castro-Zavala et al., 2020; Castro-Zavala et al., 2021b). MSEW was seen to enhance glutamatergic function in the nucleus accumbens and increase excitability of ventral tegmental area DA neurons (Castro-Zavala, et al., 2021a). Moreover, the impairment in reward function induced by MS was reversed by blocking glutamate signaling during adolescence (O'Connor et al., 2015). Additionally, a link between MS and cocaine reward and levels of tumor necrosis factor (Ganguly et al., 2019), brain-derived neurotrophic factor (BDNF, Viola et al., 2016) or TrkB receptors (Orso et al., 2017) has been demonstrated. We hypothesize that the protective effects of a brief MS on the subsequent potentiation of cocaine reward induced by IRSD is also mediated by the glutamatergic system and modifications of both the HPA system and different signaling pathways. In previous studies in our laboratory, we observed that social defeat decreased the expression of several subunits of NMDA and AMPA receptors (García-Pardo et al., 2019), and that the antagonism of NMDA receptors before each episode of defeat prevented the potentiation of cocaine CPP induced by IRSD. The same effect has been observed with the antagonism of CRF receptors (Ferrer-Pérez et al., 2018). Dopaminergic pathways, BDNF signaling and TrkB receptors also play a role in the effects of IRSD on cocaine reward (Montagud-Romero et al., 2017). Future research should attempt to unravel the cellular and molecular mechanisms underlying the protective effect of brief or moderate protocols of MS on the negative consequences of social defeat stress. In addition, the mother’s reactions when returned to her litter may contribute to the inoculation against stress induced by brief MS. The potential impact of mother/pup interactions before and after MS on the outcomes observed in the offspring should be evaluated by future research. Such studies could help to develop new intervention approaches for the prevention of stress-related disorders and new therapeutic strategies to treat vulnerable individuals at risk of developing a drug use disorder following stressful experiences.
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A large number of different mechanisms have been linked to Alcohol Use Disorder (AUD), including psychosocial, neurocognitive, affective, and neurobiological factors. Gender has been shown to impact the presentation and progression of AUD; yet, little work has been done to parse the different mechanisms underlying AUD within the lens of gender differences. A review of the literature on adolescence revealed that psychosocial factors, in particular lack of family social support and interactions with peers, drive the onset of alcohol use more strongly in girls relative to boys. However, research done on gender differences in disease progression in adults remains limited. Our gender-specific analysis of the mechanisms underlying AUD in adults revealed that lack of social support was causally linked to negative affect, mental health symptoms, and AUD symptom severity in women, but not men. These novel results suggest that psychosocial factors may play a gender-specific role not only in the onset of use in adolescence, but also in the maintenance of addiction in adults. If confirmed, this suggests the need for investigating gender-specific recovery trajectories. In this perspective piece, we review the literature regarding gender differences in the onset and maintenance of AUD and present original data that support unique risk factors in women.
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INTRODUCTION

Alcohol use disorder (AUD) inflicts a huge societal burden and is one of the leading causes of preventable death, with an estimated lifetime prevalence of about 30% (Hasin et al., 2007; Grant et al., 2015). Prevalence rates for AUD are rising among women, with the gender gap narrowing substantially over the past decades (Grant et al., 2017). Despite decades of research that have contributed to understanding the etiology and potential treatments for AUD, relapse rates remain high, and patients report low confidence in the effectiveness of existing treatment options (Grant, 1997; Rapp et al., 2006; Walitzer and Dearing, 2006). Women, in particular, experience more barriers and are less likely to seek treatment, in part because standard treatment approaches have often been developed primarily for men (Vannicelli and Nash, 1984; Brady and Ashley, 2005; Weisner, 2005). Previous research, albeit limited, also evidences gender differences in the onset and pattern of alcohol use (Nolen-Hoeksema, 2004; Becker et al., 2017). Furthermore, escalation from casual use to addiction seems to be more rapid in women than in men, and women are more likely to relapse following a stressful event or drug-related cue relative to men (Becker et al., 2017). The underlying etiology of these gender differences in substance use, however, remains understudied. Biomedical research, in fact, has been optimized to the benefit of men by excluding females in preclinical studies for convenience. It was not until 2016 that the National Institutes of Health mandated that sex as a biological variable be accounted for in preclinical studies (Clayton and Collins, 2014). Thus, prior to this mandate, biomedical research on women in general, including female animal models of addiction, was severely limited. In humans, social, psychological, and neurobiological differences all likely contribute to AUD pathology. To design and implement effective treatments that take gender differences in these factors into account, a thorough understanding of the large number of contributing mechanisms must be obtained. Current neurobiological theories of addiction neglect the role of social factors, despite evidence that social factors may contribute to gender differences in AUD (Becker et al., 2016). Therefore, we will focus on the impact of social factors, specifically social support, on alcohol use and potential gender differences in this relationship. Although a systematic review of the current literature is outside the scope of this perspective piece, we will provide a brief narrative review regarding alcohol use and gender differences in social support among adolescents and adults. We include both subthreshold alcohol use and formal AUD diagnosis in this review because problematic or heavy drinking often precedes a formal AUD diagnosis (Shankman et al., 2009; Beseler et al., 2012; Kranzler and Soyka, 2018). We include literature from both adolescents and adults because adolescent-onset heavy drinking increases the odds of meeting criteria for AUD in adulthood (Yuen et al., 2020). We hence review the influence of social factors on a continuum from adolescence to adulthood, and from heavy drinking to dependence. We also present novel data on the causal mechanisms underlying AUD, and how they differ by gender. These novel data suggest a causal role of social support in AUD in women, but not men.



SOCIAL SUPPORT

Social support refers to the extent to which someone perceives their social relationships as able to help them cope in times of stress (Cohen, 2004). The NIH Toolbox Social Relationships Assessment battery synthesizes several scales into a single comprehensive assessment of social support (Cyranowski et al., 2013). This assessment probes six subdomains: emotional support, instrumental support, friendship, loneliness, perceived rejection, and perceived hostility (Cyranowski et al., 2013). Emotional support refers to having someone available who can provide advice and empathy in a difficult situation (e.g., “I feel there are people I can talk to if I am upset”). Instrumental support refers to the availability of individuals who can provide functional aid, such as cooking and shopping (e.g., “Someone is around to make my meals if I am unable to do it myself”). Friendship refers to the existence of friends and companions in one’s social sphere (e.g., “I get invited to go out and do things with other people”). Loneliness refers to self-reported subjective feelings of loneliness (e.g., “I feel alone and apart from others”). Finally, the perceived rejection subdomain probes experiences including experiences of insensitivity or neglect from others (i.e., “people act like my problems aren’t that important”), while perceived hostility probes experiences of a hostile or critical nature as well as active ridicule (“i.e., people blame me when things go wrong”) (Cyranowski et al., 2013). We will briefly review the existing literature regarding each of these subdomains of social support in relation to substance use in adolescents and adults.



SOCIAL SUPPORT AND ALCOHOL USE IN ADOLESCENTS

Several domains of social support are important to the development of substance use in adolescents. Parental support is consistently indicated as a protective factor against the onset and escalation of substance use (for a thorough review see Wills et al., 2014). Parental support, typically defined as a combination of emotional and instrumental support, exerts its protective impact via a stress-buffering effect (Wills and Cleary, 1996; Wills et al., 2014). That is, high levels of parental support result in less detrimental impact of a particular stressor on an adolescent. Adolescents between the ages of 9 and 18 with more affirmative parent relationships, defined as those that consist of both emotional closeness and parental supervision, were less likely to have tried alcohol, marijuana, and cigarettes (Tharp and Noonan, 2012). Correspondingly, another study found that in a sample of 9–12th graders, lower levels of family functioning, measured by indices including family problem-solving, affective involvement, and affective responsiveness, increased the magnitude of the association between peer risk behavior and the frequency of marijuana and cigarette use in adolescents (although not heavy episodic drinking), suggesting that lack of family support is a vulnerability factor in adolescent drug use (Miller et al., 1985; Prinstein et al., 2001). In sum, parentally derived emotional and instrumental support protects against the onset and escalation of adolescent substance use, largely by buffering against the impact of negative stressors.

In contrast to the stress-buffering effects typically found for parental support, studies of peer support have indicated that alcohol use is greater in adolescents with high peer support. In fact, one analysis found that parent support and peer support, both measured using a combination of adolescent-reported items probing emotional and instrumental support, had opposite effects on adolescent alcohol use such that parental support was related to fewer symptoms of alcohol use and dependence while peer support was related to more symptoms (Urberg et al., 2005). Moreover, high parental support, even in the context of heavy parental alcohol use, reduced the impact of parental alcohol use on alchol-related symptoms in adolescents. This finding suggests that high parental social support may mitigate the stressful impact of parental alcohol abuse in adolescents (Urberg et al., 2005). Similarly, another study found that in a sample of urban ninth-graders, after controlling for neighborhood and demographic factors, maternal support, measured by both emotional and instrumental support, was associated with less frequent alcohol use among adolescents while peer support, measured by identical emotional and instrumental support items, was related to more frequent alcohol use (Brenner et al., 2011). Thus, high levels of peer support predict alcohol use, in contrast to parental support. This paradoxical finding has been replicated in other studies, and current research proposes that this relationship may be mediated by more risk-taking and higher levels of peer drug use among adolescents with high peer support (Wills et al., 2004). Thus, although the level of support (as measured by the ability to derive sympathy and support from a person) from either a parent or peer may be comparable, divergent values endorsed between parent and peer groups (e.g., peer groups value more risk-taking actions and have more positive attitudes toward alcohol use) may drive different end outcomes (Wills et al., 2004).

Parental rejection, defined as an adolescent’s negative assessment of their emotional connection with a parent, may also be associated with adolescent alcohol use (Stogner and Gibson, 2016). One study of a sample of 7–12th graders reported an association between adolescents who endorsed higher levels of perceived parental rejection (measured by statements referring to the respondent’s satisfaction with the relationship, encouragement from the parent to be independent, good communication, and warmth) and increased alcohol use in those with a genetic vulnerability (Stogner and Gibson, 2016). In reference to perceived parental hostility specifically, the literature appears limited. One recent study found that relative to adolescents who had not reported alcohol use initiation by 8th grade, adolescents who had reported alcohol use initiation by 8th grade were more likely to belong to families reporting high levels of parent-adolescent and parent-parent hostility in 6th grade (Xia et al., 2020). Although parental hostility may also be interpreted as child maltreatment, a review of the child maltreatment literature is outside the scope of this perspective piece. In brief, there is extensive literature regarding the positive association between child maltreatment and adolescent alcohol use (Hamburger et al., 2008; Shin et al., 2009; Cicchetti and Handley, 2019; Hagborg et al., 2020).

Perceived rejection by peers is also associated with alcohol use in adolescents. One study found that chronic peer exclusion at age 12, measured by the Child Social Preference Scale (e.g., “I’d like to hang out with other kids, but I’m often excluded”) was associated with higher levels of alcohol use over the past year at age 19 (Bowker and Raja, 2011; Meisel et al., 2018). When perceived peer hostility is interpreted as peer victimization (i.e., bullying), extant literature supports the association between perceived hostility from peers and adolescent alcohol use, although a recent review notes that conflicting evidence may due to differing sample characterizations and different subtypes of peer victimization (Maniglio, 2017; Meisel et al., 2018).

Research is limited regarding the other subdomains that contribute to social relationships. Loneliness has also been associated with alcohol use in adolescents. One study found that high levels of loneliness in ninth-graders, as measured by a three-item scale probing self-reported feelings of isolation and companionship, was indirectly associated with greater alcohol-related harm (e.g., sick after drinking and trouble with police after drinking) via impaired self-efficacy (McBride et al., 2000; McKay et al., 2017). How loneliness and high peer support, two seemingly different ends of the social relationship spectrum, interact to affect alcohol use has yet to be delineated. To our knowledge, there is no research on the relationship between “friendship” as defined by the NIH toolbox and alcohol use in adolescents, although this construct can likely be interpreted in parallel to research regarding peer support.



GENDER DIFFERENCES IN THE RELATIONSHIP BETWEEN SOCIAL SUPPORT AND ALCOHOL USE IN ADOLESCENTS

Although both familial and peer social support are impactful in the initiation of substance use in both adolescent boys and girls, there appears to be gendered differences in the extent to which these social relationships affect alcohol use in adolescence. For example, one study found in 10- to 15-year-olds, maternal social support buffered the effect of pro-drug use promoting peer affiliation on the frequency and quantity of alcohol use in girls but not boys, such that the association between pro-drug peer affiliation and alcohol use was stronger at lower levels of maternal support relative to high levels of maternal support in girls only (Marshal and Chassin, 2000). Similarly, paternal support buffered the effect of pro-drug use promoting peers on adolescent girls’ alcohol use with no effect on peer influence in boys (Marshal and Chassin, 2000). These findings suggest a differential role of maternal and paternal social support on alcohol use in adolescent girls relative to boys. Furthermore, one study of 12- to 15-year-olds found that family conflict was associated with alcohol and/or marijuana abuse or dependence in girls but not boys, suggesting an elevated vulnerability to AUD within the context of impaired familial social support (Skeer et al., 2011). Similarly, another study of ninth-graders found that higher levels of family social support was related to lower odds of alcohol use in the past month in girls, but not for boys (Nelson et al., 2017), and youth-reported higher quality parent-youth relationships was a stronger protective factor against alcohol initiation in eighth-grade girls relative to boys (Rusby et al., 2018). In sum, these findings suggest that for adolescent girls, familial social support and strong parent-youth relationships seem to be protective against both initiation of alcohol use and alcohol dependence/abuse, but less so in adolescent boys.

There are also gender differences in the relationship between peer-derived social support and alcohol use, although the literature on peer support is mixed. Some research indicates that having peers who drink may be a greater risk to adolescent girls’ drinking behavior relative to boys (Brooks-Russell et al., 2014; Dir et al., 2017). For example, one study of 15- to 19-year-old students reported that girls who reported closer relationships with school-based friends rather than family or church-based friends were more likely to binge drink, while this relationship did not exist in boys (Zarzar et al., 2012). These studies provide insight into the complex role of peer support vs. peer affiliation on alcohol use. For example, one study found in seventh-graders that although the proportion of friends who drink alcohol was predictive of heavy episodic drinking in adolescent girls and boys, strong emotional bonds to peers were protective against heavy episodic drinking in girls only (Danielsson et al., 2011). This finding indicates that further work parsing the effect of peer support (i.e., emotional and instrumental support derived from a peer relationship) vs. peer affiliation (i.e., reported relationship with peers without regard to level of emotional and instrumental support derived from said relationship) in girls relative to boys is necessary. Gender differences in the relationship between perceived rejection and hostility from peers may also exist. For example, one study of 9–12th graders found that although peer victimization in general was predictive of adolescent alcohol use in both boys and girls, the form of peer victimization affected them differently (Kim et al., 2019). The effect of school bulling victimization was predictive of alcohol use in girls, but not boys, while sexual dating violence was predictive of alcohol use in boys, but not girls (Kim et al., 2019). We are not aware of current work on gender differences in the effects of perceived parent rejection.

Furthermore, there is early evidence of gender differences in the other subdomains of social relationships. One recent study reported that in a sample of ninth-graders, girls who reported loneliness were more likely to have had an alcoholic drink in the past month and more likely to ever have consumed a full alcoholic drink, compared to boys who reported experiencing loneliness (McKay et al., 2017). Although this relationship between loneliness and alcohol use should be further explored, these findings provide preliminary evidence that gender differences exist in how loneliness affects future drinking behavior.



SOCIAL SUPPORT AND ALCOHOL USE IN ADULTHOOD

For both adult men and women, social networks and social support influence substance use behaviors, although the literature remains limited. Previous work indicates that adults with AUD report less family cohesion (e.g., the degree to which family members are helpful and supportive of each other), less expressiveness (e.g., the extent to which family members can express feelings toward each other), and more family conflict (e.g., the degree to which open expressions of anger and aggression are characteristic of the family), as measured by the Family Environment Scale, than adults without AUD (Barry and Fleming, 1990). Similarly, higher levels of work-family conflict, referring to stress between work and family environments (e.g., “Things going on in my family life make it hard for me to concentrate at work”) are associated with increased alcohol use, which is mediated by perceived distress and moderated by high tension reduction expectancies (e.g., “Alcohol makes me worry less”) (Wolff et al., 2013). These findings suggest a relationship between lack of support in managing work-life balance and AUD. Another study measured social support as a combination of tangible (i.e., instrumental) support, appraisal support (i.e., the availability of someone with whom to confide), and belonging support (i.e., the availability of someone with whom to relax), and found that tangible support was negatively related to drinking to cope across men and women (Peirce et al., 1996). Belonging support was negatively related to alcohol problems (e.g., losing a job because of drinking, having blackouts) (Peirce et al., 1996). Moreover, both recovery-specific social support and overall social support were positively associated with increased motivation to reduce alcohol use and motivation to change, respectively, among a sample of individuals with problematic drinking (Moon et al., 2019). Social support from both family and partner, measured by the extent to which the participant felt loved, esteemed by, and involved with others, was also reported as an important factor in maintaining remission following treatment for AUD (Rumpf et al., 2002). This finding is corroborated by a recent study reporting that individuals with AUD whose partners exhibited more negative behaviors (e.g., observer-coded hostility, psychological abuse, and distress-maintaining behaviors while discussing a problem that caused intense disagreement within a laboratory setting) at baseline reported slower declines in drinking trajectories, more frequent drinking, and more alcohol problems over time as well as higher levels of drinking and alcohol-related problems at follow-up (Fairbairn and Cranford, 2016).

Furthermore, although much of the adult literature focuses on family-relevant support, peer relationships, particularly in young adults, may also play a role in alcohol use. One comprehensive review found that a lack or breakdown of quality peer relationships may facilitate alcohol use via reduced levels of intimacy, increased alienation, emotional pain, and social support (Borsari and Carey, 2006). For example, in a study of university students, researchers found that students who reported a high number of people who they could rely on for support in stressful times consumed a lower quantity of alcohol during a stressful period (i.e., class examinations) relative to students who reported a lower number of such contacts (Steptoe et al., 1996). Moreover, recent work suggests that time spent with peers and higher perceived friendship, measured by the perceived availability of friends with whom to interact, is related to increased consumption of alcohol among college-aged students (Gesualdo and Pinquart, 2021; Li et al., 2021). The importance of quality of peer support vs. quantity of peer affiliation may be key in parsing the effect of peer-derived social support on alcohol use in young adults. Taken together, the present literature suggests that social support from both family and peers plays an important role in alcohol use in adulthood.

Previous research regarding loneliness and adult alcohol use is mixed. For example, one review synthesized several different indices of loneliness and its effect on alcohol use, postulating that loneliness facilitates alcohol use at all phase of addiction, including initiation, maintenance, and difficulty in maintaining abstinence (Akerlind and Hörnquist, 1992). This finding is corroborated by a recent study reporting that compared to individuals who reported never feeling lonely, participants who reported loneliness (e.g., “How often have you felt lonely and wished for more friends?”) in the prior 2 weeks exhibited a higher average days of alcohol use over the past month (Gutkind et al., 2022). Similarly, data from the ongoing COVID-19 pandemic provides evidence in young adults linking loneliness to alcohol use such that increasing levels of loneliness, evaluated via self-reported feelings of loneliness and social isolation, are related to increased alcohol use severity (as measured by quantity and alcohol-related consequences) via heightened anxiety (Horigian et al., 2021). However, an examination of loneliness in adults over the age of 50 found that increased frequency of loneliness was associated with decreased frequency in drinking alcohol, although there was no difference in binge drinking or “at-risk” drinking (characterized as outside of the NIAAA guidelines of “low-risk” drinking) (Canham et al., 2016).



GENDER DIFFERENCES IN THE RELATIONSHIP BETWEEN SOCIAL SUPPORT AND ALCOHOL USE IN ADULTHOOD

Literature exploring gender differences in the relationship between social support and alcohol use in adulthood is limited. One study found that neighborhood disorder (e.g., presence of graffiti on buildings, noise nuisance, fear of robbery in the neighborhood) was associated with more hazardous alcohol use (defined as >14 drinks/week for women and >21 for men) for women, but not for men. For men, moderate social cohesion (e.g., feelings of attachment to a neighborhood, being in touch with other neighbors, high levels of neighborhood solidarity) was associated with more hazardous alcohol use (Kuipers et al., 2012). These disparate findings suggest that there may be gender-specific pathways between social support and hazardous alcohol use in adults. Another study found that more welfare contacts, including the receipt of general assistance or welfare (i.e., instrumental support), was related to decreased alcohol consumption in problem-drinking women but not men (Ammon et al., 2008). Interestingly, one intervention designed to alter the social network of individuals with AUD to promote sobriety was more successful in men than in women (Litt et al., 2015). Analysis of this gender difference in treatment outcome found that women with AUD in the treatment group had social systems that were overall less supportive of abstinence than the social circles of their male counterparts (Litt et al., 2015). Thus, women with AUD in this study had stable yet more maladaptive social circles and did not expand their social circles to include sobriety-encouraging members throughout the treatment. A recent study reported that levels of work- family conflict (e.g., “Things I want to do at home and do not get done because of the demands my job puts on me”) was positively associated with increased drinking (both risky single occasion drinking and standard drinks consumed on a drinking day) as a coping mechanism in mothers of young children, but not fathers of young children, suggesting that lack of support managing work-life balance differentially affects alcohol use in mothers relative to fathers (Kuntsche and Kuntsche, 2021). Furthermore, a longitudinal study reported that maternal hostility, measured by observer-coded interactions of mother-toddler dyads at age 2–3.5 years of age, predicted later alcohol use at follow-up at age 19 in the female, but not male children of these mothers (Englund et al., 2008), again suggesting that social interaction has a larger impact on women as compared to men. The field remains limited in work regarding gender differences in the relationship of other subdomains of social support (loneliness, perceived rejection, and perceived hostility) and alcohol use in adults.



EMPIRICAL DATA ON THE CAUSAL ROLE OF SOCIAL SUPPORT IN ALCOHOL USE DISORDER IN WOMEN

We have previously used a machine learning method – Causal Discovery Analysis – to analyze the causal factors driving symptom severity in a large sample of adults with AUD (Rawls et al., 2021). This sample was deeply phenotyped through a 2-day assessment that looked at psychological, neurocognitive, affective, neurobiological and social factors. Importantly, our previous analysis, which was not gender-specific, found that social factors played a crucial role in explaining high levels of alcohol use in this sample, as social support buffered the negative effects of impaired cognition, negative affect and mental health issues that were causally linked to AUD symptom severity (Rawls et al., 2021). To investigate if there is a gender-specific role of social support as suggested by our literature report, we conducted a gender-specific CDA within the same sample. The methods and results for this analysis are described in detail in the Supplementary Material, and the main result of this analysis is summarized in Figure 1. In short, we found that in women, increased social support had a buffering effect on negative affect, internalizing and externalizing mental health symptoms, and lack of self-regulation, which in turn improved AUD symptom severity. In men, there was no such effect; instead, negative affect, mental health symptoms, and lack of self-regulation dysregulated both AUD symptom severity and the availability of social support. Our gender-specific causal pathway analysis thus converged with the literature to demonstrate that social support plays a larger role in modulating AUD symptom severity in women as compared to men. Based on both our literature review and the provided novel empirical results, we conclude that social factors play a larger role as a causal mechanism underlying problematic drinking and alcohol dependence in women than in men.
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FIGURE 1. Summary of our empirical gender-specific causal pathway analysis on the role of social support in AUD in women (A) vs men (B) (see Supplementary Material for details on the approach and results). Causal modeling suggested that increased social support had a buffering effect on negative affect, internalizing and externalizing mental health symptoms, lack of self-regulation and AUD symptom severity in women, but not men. In men, in contrast, negative affect, mental health symptoms and a lack of self-regulation dysregulated both AUD symptom severity and the availability of social support. These novel results support the existing literature by demonstrating that social support plays a larger role in modulating AUD symptom severity in women compared to men.




PERSPECTIVE

Our novel empirical findings confirm the reviewed literature and solidify the conclusion that social support plays a unique role in the maintenance of AUD in women as compared to men. While many of the complexities in the details remain to be researched, our literature review did reveal a remarkable continuity from adolescence into adulthood regarding the importance of social relationships in girls and women, both as a risk and protective factor. Equally, our empirical data analysis supported the importance of social support in maintaining problematic alcohol use and alcohol dependence in women, but not men. However, parsing specific aspects of social support, and which aspects are most targetable by interventions, has yet to be done.

Furthermore, exciting novel work in preclinical models supports the role of social influences on alcohol drinking (Heilig et al., 2016). A growing area of work has extended this research to probe the effect of sex on alcohol drinking in animal models. For example, in one animal model of adolescent peer rejection, peer-rejected female rats exhibited increased alcohol-seeking behavior following extinction relative to control females, while males exhibited reduced alcohol-seeking behavior after peer-rejection (Surakka et al., 2021). Additionally, the effect of social interaction on adolescent drinking behavior has been modeled in rats using a variety of paradigms, including the demonstrator-observer paradigm. In this paradigm, the demonstrator animal is exposed to ethanol, and a change in social behavior as well as voluntary ethanol consumption is measured in the observer animals. One recent study using this paradigm found that only female adolescent rats exposed to ethanol-intoxicated peers exhibited increased voluntary ethanol consumption, suggesting sex-specific differences in peer influence on alcohol intake (Maldonado et al., 2008; Gamble et al., 2019).

These studies, among others, corroborate human work indicating gender-specific effects of social support on alcohol use. As the gender gap in AUD is closing, research provides alarming early evidence of a more rapid escalation of substance use and increased barriers to treatment in women. It will be vital to the wellbeing of women to understand the role of the social environment and related targetable treatment approaches. For example, interventions focused on promoting peer-supported sobriety, and effectively utilizing emotional support from family and health care providers, may be more tailored toward successful remission in women. Furthermore, large-scale interventions targeting the development and distribution of instrumental support from governmental agencies and treatment providers may be more successful in addiction treatment in women. Combining this knowledge of the impact of social systems on addiction with further research on the role of hormonal cycles, cognitive processing, and brain structure in women may provide treatment providers the tools to best conceptualize and target precise, individualized treatment plans for their patients. Furthermore, in addition to benefiting women themselves, women remain the primary caretakers of children in the United Sates. Providing effective treatment for parenting and pregnant women will inherently provide children and their families with better tools for a healthier future (Women’s Bureau, U.S. Department of Labor, 2019).
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Opioid use disorder (OUD) is a major epidemic in the United States, and fentanyl is a major culprit. The National Institute on Drug Abuse has highlighted an urgent need for research on the risks and outcomes of OUD with fentanyl; a better understanding of sex/gender differences is also critically needed given that the opioid epidemic has been particularly impactful on women. In response to this need, we developed a rat model of OUD with fentanyl and showed that sex impacts relapse vulnerability following extended-access self-administration under a low fentanyl dose. Here, our goal was to determine sex differences across a broad dose range, including high doses expected to maximize the expression of addiction-like features (e.g., vulnerability to relapse and physical dependence). Male and female rats were assigned to self-administer one of four fentanyl doses (0.25, 0.75, 1.5, and 3.0 µg/kg/infusion), and once they acquired, they were given extended (24-h/day), intermittent access (2, 5 min trials/h, fixed-ratio 1) to fentanyl for 10 days. Physical dependence (spontaneous weight loss) was assessed during early withdrawal, and relapse vulnerability was assessed on withdrawal day 15 using an extinction/cue-induced reinstatement procedure. Despite markedly higher intake in the high- versus low-dose groups, each group responded similarly during relapse testing (extinction and cue-induced reinstatement). However, number of infusions, or frequency of use, during extended access was predictive of later vulnerability to relapse, whereas total intake impacted physical dependence given that weight loss only occurred following the discontinuation of fentanyl self-administration at the three highest doses. Females self-administered more fentanyl each day and within each binge (active trial), and had longer lasting weight loss during withdrawal than males. Relapse vulnerability was also higher in females than males and highest in females tested during estrus. These findings indicate that sex is an important risk factor for patterns and levels of fentanyl intake, relapse, and physical dependence, and while fentanyl intake predicts physical dependence, frequency of use predicts relapse.
Keywords: sex differences, addiction-like phenotype, fentanyl intake and frequency of use, extended intermittent access, self-administration, vulnerability to relapse, physical dependence, opioid use disorder and biological sex
INTRODUCTION
Opioid use disorder (OUD) is a major epidemic in the United States. The epidemic is intensifying with opioid-involved overdose deaths reaching the highest number ever recorded in the 12-month period leading up to April 2021, which was primarily driven by fentanyl, a synthetic opioid (Centers for Disease Control and Prevention, 2021). The National Institute on Drug Abuse (NIDA) has highlighted an urgent need for research on the risks and outcomes of OUD specifically with fentanyl (NIDA, 2021). The influence of biological factors, such as sex, on risks and outcomes of OUD are important to consider given that the opioid epidemic has been particularly impactful on women. For example, although men have higher rates of OUD and opioid-induced overdose deaths than women, differences have narrowed in the current opioid epidemic (i.e., 2.3:1 male-to-female ratio in 2002 versus a 1.8:1 ratio in 2018; National Survey on Drug Use and Health, 2018) with women showing a sharper increase in opioid use in the past decade than men (e.g., 283% versus 108% increase in heroin use from 2007 to 2014; Marsh et al., 2018) and being more likely than men to be prescribed opioids and to misuse prescription opioids (Mazure and Fiellin, 2018). Women are also more sensitive to the reinforcing effects of opioids, develop OUD more rapidly, and have higher cravings in response to drug cues compared with men (Anglin et al., 1987; Hser et al., 1987; Lynch and Carroll, 2001; Hernandez-Avila et al., 2004; Yu et al., 2007; Back et al., 2011a; Kennedy et al., 2013; Adelson et al., 2018; Moran et al., 2018).
In response to this need to understand the impact of biological sex on the risks and outcomes of OUD with fentanyl, we recently developed an extended-access fentanyl self-administration procedure that readily induces addiction-like features, including binge-abstinent patterns of use and an enhanced vulnerability to relapse, in both male and female rats (Bakhti-Suroosh et al., 2021). This latter feature, the enhanced vulnerability to relapse, emerged following extended-access self-administration and protracted withdrawal, and was blocked in both males and females by administering buprenorphine, an FDA-approved treatment for OUD, during abstinence, thus, validating our relapse model. Importantly, our preclinical findings were also similar to reports of sex/gender differences in humans and showed that females self-administered higher levels of fentanyl during the extended-access phase and responded at higher levels than males during subsequent relapse testing, especially when they were tested during estrus versus non-estrus phases of their cycles. These findings demonstrated that both males and females developed an addiction-like phenotype when given extended access to fentanyl and demonstrated that sex is an important risk factor for both intake and the development of expression of relapse vulnerability with fentanyl.
Now in this study, our goal was to determine sex differences across a broad dose range, including high doses expected to maximize the expression of addiction-like features (e.g., vulnerability to relapse and physical dependence). This is important because in our original study, we focused on the effects of a low dose of fentanyl (0.25 μg/kg/infusion) since low doses engender greater individual differences and are, thus, more sensitive to sex differences. However, low doses may not maximally induce an addiction-like phenotype considering that higher drug intake and/or frequency of use is predictive of an enhanced vulnerability to relapse in both humans with an OUD (Gossop et al., 2002; Smyth et al., 2010; Grau-López et al., 2012) and in animal models with other addictive drugs (Mantsch et al., 2004). Thus, in the current study, we examined fentanyl self-administration across a broad range of fentanyl doses (0.25, 0.75, 1.5, and 3.0 µg/kg/infusion) and hypothesized that relapse vulnerability would be highest following high-dose fentanyl self-administration. We also expanded our model to include an additional key feature of OUD in humans, physical dependence (American Psychiatric Association, 2013), as assessed by spontaneous weight loss during early withdrawal, a highly predictive single factor of withdrawal (Cicero and Meyer, 1973; Gellert and Holtzman, 1978; Nickel and Aledter, 1987; Maldonado et al., 1992; Houshyar et al., 2004; Navarro-Zaragoza et al., 2010; Pintér-Kübler et al., 2013; Bobzean et al., 2019; Seaman and Collins, 2021; Townsend et al., 2021). Physical dependence is a defining feature of OUD in humans (American Psychiatric Association, 2013), and women experience a more severe withdrawal syndrome than men (Huhn and Dunn 2020). Given that higher drug intake/frequency of use is also predictive of greater physical dependence, we hypothesized that weight loss would be greatest following high-dose fentanyl self-administration. Based on findings in humans and our previous results with fentanyl, we further hypothesized that the expression of enhanced vulnerability to relapse would be greater in females than males.
METHODS
Subjects
Sexually mature male (N = 29) and female (N = 29) Sprague–Dawley rats (Charles River) that weighed approximately 250 g (female) and 340 g (male) upon arrival were used as subjects in this study. At the start of the study, rats were individually housed in operant test chambers (Med Associates, St. Albans, VT, USA) with ad libitum access to water and food (Teklad LM-485 7912; except as noted below for some animals during fentanyl self-administration training) and maintained on a 12-h light/dark cycle (lights on at 7a.m.). After a 2-day acclimation period, rats were pretrained to lever press for sucrose pellets (45 mg) in 24-h/day sessions under a fixed-ratio 1 schedule to ensure rapid subsequent acquisition of fentanyl self-administration. Sessions continued daily until lever-press responding was acquired (two consecutive days wherein >50 pellets were obtained, typically two to three sessions; Lynch, 2008). Rats were weighed three times a week, and health was monitored daily throughout the study. Body weight was used as an assessment of overall health during extended access and as a measure of physical dependence to fentanyl. Physical dependence has been assessed previously by expression of opioid withdrawal syndrome upon cessation of chronic opioid exposure, and spontaneous loss of body weight has long been used as a highly predictive single factor of withdrawal (Cicero and Meyer, 1973; Gellert and Holtzman, 1978; Nickel and Aledter, 1987; Maldonado et al., 1992; Houshyar et al., 2004; Navarro-Zaragoza et al., 2010; Pintér-Kübler et al., 2013). All procedures were conducted within the animal care guidelines set by the National Institute of Health and were approved by The University of Virginia Animal Care and Use Committee.
Procedure
Surgery and catheter maintenance
After lever pretraining, rats underwent jugular catheterization surgery using methods previously described (Lynch 2008). Briefly, rats were anesthetized with ketamine/dexdomitor and implanted with an indwelling catheter (Silastic tubing; 0.51 and 0.94 mm o.d.; Dow Corning, Midland, MI, USA) into the right jugular vein. Catheters were flushed with heparinized saline 3 days a week to help verify and help maintain patency. If the patency of a catheter was questionable, patency was verified by administering methohexital (1.5 mg/kg). Any catheter that was no longer patent (i.e., the catheter was leaking, pressure prevented flushing, or the animal did not lose the righting reflex immediately after methohexital) was replaced with a new catheter implanted into the left jugular vein with testing resuming following recovery from surgery (1–2 days).
Fentanyl self-administration training
Following recovery from surgery, rats were randomly assigned to self-administer one of four fentanyl doses (µg/kg/infusion): 0.25 (9 females and 8 males), 0.75 (9 females and 8 males), 1.5 (8 females and 8 males), or 3.0 (7 females and 8 males). These doses were selected because the majority of studies using fentanyl self-administration procedures in rodents use a dose of fentanyl ranging from 0.25 to 2.5 ug/kg (Morgan et al., 2002; Wade et al., 2015; Bakhti-Suroosh et al., 2021; Dao et al., 2021; Fragale et al., 2021; Hammerslag et al., 2021; Malone et al., 2021; Martin et al., 2021); therefore, we selected a dose range that included both low (0.25 and 0.75 µg/kg/infusion) and moderate-to-high doses (1.5 and 3.0 µg/kg/infusion; Morgan et al., 2002; Wade et al., 2015; Martin et al., 2021; Dao et al., 2021; Malone et al., 2021; Hammerslag et al., 2021) in order to maximize the likelihood of sex and group differences in levels and patterns of fentanyl self-administration and subsequent effects on relapse vulnerability. Rats were trained to self-administer their assigned dose of fentanyl under a fixed-ratio 1 schedule with a 1-s time out following each infusion and a maximum of 40 infusions/day (Bakhti-Suroosh et al., 2021). At the beginning of each session, the left lever was extended into the chamber and remained extended until the session ended once all 40 infusions were obtained or until 11:50 a.m. the next day. Each response on the left lever produced an infusion of fentanyl, which was paired with the sound of the pump and the illumination of a stimulus light above the lever. The right lever remained extended throughout the session, and responses on this lever (inactive) were recorded but had no consequence. Sessions were conducted daily until acquisition occurred (i.e., 5 consecutive days wherein all 40 infusions were obtained). Moderate food restriction (85% of its free-feeding body weight) was used briefly (2–3 days) when necessary (i.e., fewer than 15 infusions/day by training day 5). All groups acquired fentanyl self-administration rapidly under these conditions, and rates of acquisition did not differ between groups.
Extended-access fentanyl self-administration
Once rats acquired fentanyl self-administration, they were given extended, 24 h/day access to fentanyl for 10 consecutive days under an intermittent-access procedure shown to induce an addiction-like phenotype in both males and females (Bakhti-Suroosh et al., 2021). With this procedure, rats have unrestricted, fixed-ratio 1 access (no timeout after infusions) to rapidly delivered infusions of fentanyl (within 1–2 s) during 5-min trials that initiated every 30 min around the clock. Each trial began with the extension of the left lever into the operant chamber; each response on this lever resulted in an infusion of fentanyl paired with the sound of the pump and the illumination of the stimulus light above the active lever. The 5-min trial ended with the left lever being retracted from the operant chamber. The right lever remained extended for the entire duration of the session; responses on this lever were recorded but had no consequence. Two females in the 0.25 μg/kg group, one female and one male in the 0.75 μg/kg group, and one female and one male in the 1.5 μg/kg group were excluded from the study and all analyses due to patency, toxicity, or technical issues during acquisition or extended-access self-administration. The final group sizes for females and males were 7 and 7 for the 0.25 μg/kg group, 8 and 7 for the 0.75 μg/kg group, 7 and 7 for the 1.5 μg/kg group, and 7 and 8 for the 3.0 μg/kg group, respectively.
Extinction and reinstatement testing
Vulnerability to relapse was assessed on withdrawal day15 using an extinction/cue-induced reinstatement procedure (Bakhti-Suroosh et al., 2021). Testing began between 12 and 1 p.m. with extinction responding being examined in a minimum of six 1-h sessions (Sanchez et al., 2014; Peterson et al., 2014; Beiter et al., 2016). Each session began with the introduction of the left lever into the operant chamber; responses on this lever, as well as the right lever, were recorded but did not have a consequence. Sessions continued until responding was extinguished (≤15 responses/h). This extinction criterion was typically met within six to nine sessions and with the exception of two males and three females (as detailed below). Cue-induced reinstatement responding was assessed 5 min after the final extinction session in a 1-h session. This session began with the introduction of the left lever into the operant chamber and the presentation of the cues formerly associated with fentanyl (sound of pump activation and the light above the left lever, 1–2 s). Each response on the left lever produced these same cues under a fixed-ratio 1 schedule. For the two males (one each in the 0.75 and the 1.5 μg/kg dose groups) and three females (two in the 0.25 μg/kg dose group and one in 1.5 μg/kg dose group) that did not extinguish within the nine extinction sessions run, their sessions terminated following the ninth extinction sessions, and then the next day, a second day of extinction testing was conducted using the same procedures (i.e., six to nine 1-h sessions) to ensure that responding was extinguished prior to reinstatement testing, and reinstatement testing was conducted during a similar time in the light cycle. The reinstatement test session began once responding had extinguished using the same procedure as described above. Data from the first day of extinction testing were used in the analyses of hourly extinction responses, whereas the second day was used for the last extinction session (versus reinstatement).
Estrous cycle phase determination
In order to track the pattern of the estrous cycle leading up to relapse testing and to habituate rats to the procedure, the phase of the estrous cycle was determined daily over a 5-day period beginning 3 days prior to extinction/reinstatement testing. The swabs of the vaginal epithelium cells were collected between 11 a.m. and 12 p.m.; male rats underwent similar handling by brushing their rear end with the cotton swab as described previously (Lynch et al., 2019). The phase of the estrous cycle was determined based on the proportion of three vaginal cell types: leukocytes, nucleated epithelial cells, and cornified epithelial cells. The rat was considered to be in estrus if there were an abundant number of cornified epithelial cells with no leucocytes, metestrus or diestrus if leukocytes were present, and proestrus if there were numerous, uniform in size round nucleated cells and no or few leucocytes. Swabs obtained on the day of extinction/reinstatement test were further categorized as either estrus (n = 13) or non-estrus (n = 17) based on findings from our group (Peterson et al., 2014; Lynch et al., 2019) and others (Kerstetter et al., 2008) showing that relapse vulnerability, including opioid seeking, is highest during estrus, but not different between metestrus, diestrus, and proestrus (Lynch et al., 2019; Nicolas et al., 2019; Lacy et al., 2020; Bakhti-Suroosh et al., 2021; Corbett et al., 2021).
Drugs
Fentanyl hydrochloride was obtained from the National Institute on Drug Abuse (Research Triangle Park, NC, USA) and dissolved in sterile saline at a concentration of 6.25, 18.75, 37.5, or 75 µg/ml for the 0.25, 0.75, 1.5, and 3.0 µg/kg dose conditions, respectively. Fentanyl solutions were sterile filtered (0.22 μm; Millipore, Billerica, MA, USA) and stored at 4°C. The duration of infusions was adjusted for changes in body weight on Mondays, Wednesdays, and Fridays to ensure that the mg/kg dose was consistent throughout the study.
Analysis
We first determined whether there was an effect of fentanyl dose on levels (μg/kg/day) and patterns of intake over the 10day extended-access self-administration period. Patterns of intake included frequency of use (total number of infusions/day and total intake/day in µg/kg), number of active trials within each extended-access session, and “binge” intake (average intake/day in µg/kg within each of the “active” trials that had one or more infusions). Group differences were assessed using repeated measures ANOVA with sex and fentanyl dose as between-subject factors and extended-access session as a within-subject factor; separate analyses were used for each of the dependent measures. Given that sex differences have previously been shown to be most robust under low versus high drug dose conditions (Lynch and Carroll 2001; Carroll et al., 2004; Torres et al., 2014; Towers et al., 2019), following a significant interaction of sex by dose, we examined sex differences within the two low fentanyl dose groups (0.25 and 0.75 μg/kg) and the two high dose groups (1.5 and 3.0 μg/kg). Repeated measures ANOVA was also used to examine sex and group differences in body weight over arrival, training (days 3–5), extended access (ExA; ExA 1, days 4–6; and ExA 2, days 9, 10, and first day of withdrawal at the time of discontinuation of drug self-administration), and withdrawal (W1, days 2–4; W2, days 6–8; and W3, days 12–14). To equate baseline sex differences in body weight, the same analysis was ran for percent change in body weight over ExA-1 and ExA-2 relative to prior to the beginning of extended access (training) as an assessment of overall health, and percent change in body weight over W1, W2, and W3 relative to ExA-2 as a measure of physical dependence to fentanyl. This measure (e.g., weight loss during spontaneous withdrawal) is a known proxy of physical dependence in animals and has long been used as a highly predictive and single factor of withdrawal (Cicero and Meyer, 1973; Gellert and Holtzman, 1978; Nickel and Aledter, 1987; Maldonado et al., 1992; Houshyar et al., 2004; Navarro-Zaragoza et al., 2010; Pintér-Kübler et al., 2013). A one-sample t-test was used to confirm significant decrease or increase in changes of body weight relative to baseline (or 0).
Effects on extinction and reinstatement were compared between the sexes and each of the dose groups as well as between males and females tested during estrus versus non-estrus phases. For extinction, we compared hourly responses on the formerly active lever within the first six extinction sessions run using repeated measures. The total number of responses on the formerly active lever were also compared using univariate ANOVA. For reinstatement, we compared responses on the formerly active lever during the last extinction session versus the cue-induced reinstatement session. Associations between fentanyl intake/infusions and total extinction and reinstatement responding/weight loss during withdrawal were assessed using the Pearson correlation coefficient. The analysis was performed collapsed across sex unless the univariant ANOVA determined there was a significant difference in the correlation coefficients for males and females. All post hoc comparisons were corrected for multiple comparisons using Tukey’s method. One-tailed tests were used for all a priori predicted differences (higher intake/infusions in females than males, greater fentanyl seeking in estrus females versus males and non-estrus females, positive association between fentanyl intake/infusions and extinction/reinstatement responding); all other tests were two tailed. Statistical analyses were performed using SPSS (V26) with alpha set at 0.05.
RESULTS
Extended-access fentanyl self-administration
Sex and dose-dependent effects were observed for the number of infusions self-administered over the 10-day extended-access period (Figure 1A) with results revealing significant overall effects of sex (F1, 50 = 8.5, p < 0.01), dose (F3, 50 = 11.4, p < 0.001), and session (F9, 450 = 2.6, p < 0.01) as well as significant interactions of sex by dose (F3, 50 = 3.2, p < 0.05) and session by dose (F27, 450 = 1.6, p < 0.05). While the overall effect of sex indicates higher infusions in females than in males, this difference appears to be driven primarily by effects at the lower doses given the sex by dose interaction as well as results from the subsequent analyses within the low (0.25 and 0.75 μg/kg) and high (1.5 and 3.0 μg/kg) doses, which revealed a significant effect of sex within the low (F1, 27 = 9.7, p < 0.01), but not high, doses (p > 0.05). While the overall effect of dose reflects higher infusions at the lower versus higher doses (0.25 versus 1.5 and 3.0 μg/kg, p’s <0.05; 0.75 versus 1.5 and 3.0 μg/kg; p’s < 0.05), this difference appears to be driven primarily by effects in females given the significant interaction of sex by dose as well as results from the follow-up comparisons within females and males, which revealed a significant effect of dose within females (F3, 25 = 11.4, p < 0.001), but only a trend for an effect of dose within males (p = 0.076). Further comparison within females revealed significant differences between the two lower doses and the two higher ones (0.25 versus 1.5 and 3.0 μg/kg, p’s < 0.001; 0.75 versus 1.5 and 3.0 μg/kg, p’s < 0.05). Finally, the overall effect of session appears to be attributable to a decrease in infusions from sessions 1 to 2 (t57 = 4.2, p < 0.001) as well as an increase in infusions from session 2 to 10 (t57 = 2.3, p < 0.05). However, both effects were apparent for the two highest doses, but not the two lowest doses, which likely account for the significant interaction observed between dose and session. Indeed, subsequent analysis within each of the doses revealed a significant overall effect of session within the 1.5 and 3.0-μg/kg doses (F9, 108 = 4.1, p < 0.001 and F9, 117 = 3.7, p < 0.001, respectively), but not the 0.25 or 0.75-μg/kg doses (p’s > 0.05); subsequent analyses within the 1.5 and 3.0-μg/kg doses also confirmed a significant decrease in infusions from sessions 1 to 2 and a significant increase in infusions from sessions 2 to 10 for both doses (p’s < 0.01). Thus, females self-administered more fentanyl infusions than males, particularly at low doses.
[image: Figure 1]FIGURE 1 | Effect of sex and dose on the number of infusions and fentanyl intake in female and male rats under extended-access conditions. Mean (±SEM) number of infusions for each of the 10 extended-access sessions (A) and fentanyl intake averaged across the extended-access period (μg/kg); (B) for females and males in the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions. (*) Significant sex difference within the two lower doses. (+) Significant decrease from session 1. (^) Significant increase from session 2. (#) Significant difference between the two lowest and two highest doses in females. Significant difference from (@) 0.25, (!) 0.75, and (%) 1.5 μg/kg.
Average daily fentanyl intake (µg/kg) over the extended-access period was greatest in rats given access to higher versus lower doses of fentanyl (Figure 1B; effect of dose, F3, 50 = 23.4, p < 0.001) with the 3.0 μg/kg group having the highest intake (versus 0.25, 0.75, and 1.5 μg/kg, p < 0.05) and the 0.25 μg/kg group having the lowest intake (versus 0.75 and 1.5 μg/kg, p’s < 0.05). In contrast to effects with infusions, dose-dependent effects on intake were apparent for both males and females (nonsignificant interaction of dose by sex). Although no overall or interactive effects of sex were observed for intake (p’s > 0.05), a planned comparison of males and females in the low-dose groups (0.25 and 0.75 μg/kg) confirmed that, similar to the effects with infusions, females had higher fentanyl intake than males (t27 = 1.7, p < 0.05). Thus, fentanyl intake dose-dependently increased in both males and females with increases in fentanyl dose with females taking more fentanyl than males at low fentanyl doses.
To further explore sex and dose-dependent differences in patterns of fentanyl self-administration, we also analyzed the number of active trials during each of the 10 extended-access sessions. This analysis revealed an overall effect of dose (Figure 2A; F3, 50 = 3.7, p < 0.05) and session (F9, 450 = 21.0, p < 0.001) and a trend for an interaction of sex by dose (p = 0.069) and session by dose (p = 0.085). The overall effect of dose appears to be attributable to rats in the 0.75-μg/kg dose having significantly more active trials compared with the lowest and highest dose conditions (0.75 versus 0.25 and 3.0 μg/kg, p’s < 0.05). As with findings for daily intake, the session effect in this analysis appears to be due to a decrease in the number of active trials from sessions 1 to 2 (t57 = 6.4, p < 0.001) and an increase from sessions 2 to 10 (t57 = 8.4, p < 0.001). However, these session effects appear to be more robust at higher versus lower doses, which likely accounts for the trend for an interaction between dose and session. Although no overall effect of sex was observed (p > 0.05), given the trend for an interaction of sex by dose (p = 0.069) and our hypothesis that sex differences would be most apparent under low dose conditions, we examined sex differences within the low versus high dose groups. This analysis showed, that as with daily intake, females had more active fentanyl trials than males under low (F1, 27 = 7.9, p < 0.01), but not high dose (p > 0.05) conditions. Thus, rats in the 0.75 μg/kg group had more active trials than rats in the other dose groups, and females in the low dose groups had more active trials than males in these groups.
[image: Figure 2]FIGURE 2 | Effect of sex and dose on binge fentanyl intake in female and male rats under extended-access conditions. Mean (±SEM) number of active trials for each of the 10 extended-access sessions (A) and binge fentanyl intake (μg/kg) in active trials across all extended-access session (B) for females and males within the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions. (*) Significant sex difference within the two lower doses. (+) Significant decrease from session 1. (^) Significant increase from session 2. (#) Significant increase compared with 0.25 and 3.0 μg/kg. Significant difference from (@) 0.25, (!) 0.75, and (%) 1.5 μg/kg.
Average binge fentanyl intake (µg/kg) within active trials across the 10 extended-access sessions was greater in females compared with males (Figure 2B; overall effect of sex, F1, 50 = 4.8, p < 0.05) and in higher versus lower dose conditions (F3, 50 = 61.4, p < 0.001; 3.0 versus 0.25, 0.75, and 1.5 μg/kg, p’s < 0.010; 1.5 versus 0.25 and 0.75, p’s < 0.01; and 0.75 versus 0.25, p < 0.01). Given that there were no significant overall or interactive effects of session (p’s > 0.05), these data are presented as average binge intake/day across the extended-access period to highlight the overall effects of sex and dose. There were no interactions of dose or sex (p’s > 0.05). Thus, in contrast to daily intake, the higher binge intake in females was similarly maintained across low and high fentanyl doses. However, similar to daily fentanyl intake, binge intake increased in both sexes with increases in fentanyl dose.
Changes in body weight during extended-access self-administration and over withdrawal
As expected, there was a marked sex difference in body weight across the study (Figure 3A; overall effect of sex, F1, 50 = 1338.6, p < 0.001) with males weighing more than females. There were also significant overall effects of dose (F1, 50 = 4.2, p = 0.01) and time (F6, 300 = 508.2, p < 0.001), and interactions of time by sex (F6, 300 = 95.7, p < 0.001), time by dose (F18, 300 = 3.3, p < 0.001), and time by sex by fentanyl dose (F18, 300 = 4.3, p < 0.001). Further analysis of body weight at the end of fentanyl self-administration training (days 3–5) just prior to the start of extended access confirmed an overall effect of sex (F1, 50 = 906.7, p < 0.001) with males weighing more than females (p < 0.001), but no overall or interactive effects of dose (p’s > 0.05); therefore, to determine sex- and dose-dependent effects of extended-access fentanyl self-administration on body weight, we analyzed percent change in body weight from just prior to extended-access self-administration (training) to after approximately 5 (ExA-1) or 10 (ExA-2) days of access (Figure 3B). Results from this analysis revealed an overall effect of dose (F3, 50 = 4.0, p < 0.05) as well as significant interactions of sex by dose (F3, 50 = 5.5, p < 0.01) and sex by day by dose (F3, 50 = 3.9, p < 0.05). While the overall effect of dose reflects lower percent body weight gain in the 3.0 μg/kg group compared with the 0.75 μg/kg group (p < 0.05), this difference appears to be driven by males given the significant interaction between dose and sex and the follow-up comparisons within males and females, which revealed a significant effect of dose within males (F3, 25 = 7.7, p < 0.001), but only a trend for an effect of dose within females (p = 0.084). The analysis within males also revealed a significant interaction of day by dose (F3, 25 = 32.7, p < 0.05) with follow-up comparisons within ExA-1 and 2 revealing that males in the 3.0 μg/kg dose gained significantly less weight compared with males in the 0.25, 0.75, and 1.5 μg/kg doses at ExA-1 and that males in both the 1.5 and 3.0 μg/kg doses gained significantly less weight than males in the 0.25 and 0.75 μg/kg dose at ExA-2 (p’s < 0.05). Given the significant interactions of sex by dose and sex by dose by day, we also examined sex differences within each of the dose groups. This analysis revealed a significant effect of sex within the 0.25-μg/kg dose group (F1, 12 = 12.0, p < 0.01), wherein females had less percent body weight gain than males, as well as a trend for an effect of sex in the 3.0 dose group (p = 0.052), wherein males tended to have less percent body weight gain than females. Thus, in males, fentanyl dose-dependently decreased percent body weight gain and the highest dose tended to have a greater anorectic effect in males than in females. In contrast, females showed an enhanced sensitivity to the anorectic effect of the low dose of fentanyl compared with males, and although this effect may be the result of greater fentanyl intake in females than in males at the lower doses, it was not further enhanced in females with increases in fentanyl dose.
[image: Figure 3]FIGURE 3 | Effect of sex and dose on body weight (g) in female and male rats during extended-access self-administration and withdrawal. Mean (±SEM) body weight (g) at arrival, the end of self-administration training (training, days 3–5) just prior to extended-access self-administration, following approximately 5 days (ExA-1, days 4–6) and 10 days (ExA-2, days 9–10 or at the time of discontinuation of drug self-administration on withdrawal day 1) of extended-access self-administration, and during early (W1, days 2–4), intermediate (W2, days 6–9), and late withdrawal (W3, days 12, 13, and 14) for males and females in the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions (A). These data are also plotted as percent change in body weight after approximately 5 (ExA-1) and 10 (ExA-2) days of extended-access self-administration relative to the end of training (training) just prior to extended-access self-administration (B) and during early, intermediate, and late withdrawal relative to the end of extended-access self-administration (ExA-2) just prior to withdrawal (C). (*) Significant effect of sex. (#) Significant difference from higher doses in males. (+) Significant difference between each of the withdrawal phases. (@) Significant difference from 0.25 μg/kg. (^) Significant difference from prewithdrawal body weight (versus 0 or no change).
We also analyzed percent change in body weight during early (W1, withdrawal days 2–4), intermediate (W2, withdrawal days 6–8), and late withdrawal (W3, withdrawal days 13–15) relative to the end of the extended-access self-administration (ExA-2) as a measure of physical dependence to fentanyl (Figure 3C). This analysis revealed significant overall effects of sex (F2, 50 = 33.2, p < 0.001) and withdrawal timepoint (early, immediate, and late; F2, 100 = 341.4, p < 0.001), which reflect greater increases in percent body weight in males versus females and at later versus earlier timepoints during withdrawal (early versus intermediate and late, p’s < 0.001; intermediate versus late, p < 0.05) as well as significant interactions of sex by withdrawal timepoint (F2, 100 = 50.5, p < 0.001) and sex by withdrawal timepoint by dose (F6, 100 = 2.7, p < 0.05). The overall sex effect appears to be driven by changes during intermediate and late withdrawal given the significant interaction of sex by withdrawal timepoint and the results from analysis within each withdrawal timepoint, which revealed significant effects of sex within the intermediate and late withdrawal timepoints (p’s < 0.001), but not within the early withdrawal timepoint (p > 0.05). Further analysis within the early withdrawal timepoint revealed a significant effect of dose (F3, 50 = 7.9, p < 0.001) and significant differences between the 0.25 μg/kg dose and all other doses (p’s < 0.05). The decreases in percent body weights during early withdrawal were also significantly different from body weights at the end of the extended access (ExA-2; versus 0) for each of the doses except the 0.25 μg/kg dose (p’s < 0.001). Further analysis within intermediate and late withdrawal revealed nonsignificant overall and interactive effects of dose indicating that the sex differences were due to greater percent body weight gain in males than females in each of the dose groups with males, but not females, surpassing their previous body weight at ExA2 by intermediate withdrawal (p < 0.001); by late withdrawal, both males and females had surpassed their previous body weight at ExA-2 (versus 0; p’s < 0.001). Thus, rats in the three highest dose groups lost body weight during early withdrawal and this weight loss was similar between males and females indicating that physical dependence was expressed similarly in males and females following fentanyl self-administration at 0.75 μg/kg doses and higher. Despite the similar weight loss between males and females during early withdrawal, weight loss persisted longer in females compared with males.
Extinction and reinstatement of fentanyl seeking
To our surprise, the dose of fentanyl self-administered during the extended-access period did not impact extinction responding over the first six extinction sessions (Figure 4A; no overall or interactive effects of dose, p’s > 0.05). As expected, however, females responded at higher levels than males (effect of sex, F1, 250 = 4.9, p < 0.05). Responding was also highest during the first extinction session compared with the later ones (effect of session, F5, 250 = 40.7, p < 0.001; session 1 compared with sessions 2–6, p < 0.001). Analysis of total extinction responding confirmed the nonsignificant overall and interactive effect of dose (p’s > 0.05) and higher responses in females than males (F1, 50 = 5.3, p < 0.05; Figure 4B). Extinction responding also differed between males and females tested during estrus versus non-estrus phases (F1, 46 = 6.3, p < 0.01) with estrus females responding at higher levels compared with both males (p < 0.001) and non-estrus females (p < 0.05).
[image: Figure 4]FIGURE 4 | Effect of sex, estrous cycle phase, and dose on responding during extinction testing in female and male rats. Mean (±SEM) number of responses made on the lever formerly associated with fentanyl during the first six 1-h extinction sessions for males (A; left) and females (right) within the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions and across all doses and extinction sessions run (B) (n = 29 males, n = 29 females). (*) Significantly higher responding in females compared with males. (+) Significantly higher responding in session 1 compared with sessions 2–6. (^) Significantly higher responding in estrus females compared with non-estrus females and males.
Similar to the effects during extinction, the dose of fentanyl self-administered during the extended-access period did not impact cue-induced reinstatement responding (Figure 5A). Specifically, results from the repeated measures ANOVA comparing responding during the last extinction session to the reinstatement session revealed a significant overall effect of session (F1, 50 = 100.1, p < 0.001), but nonsignificant overall or interactive effects of dose (p’s > 0.05) indicating that fentanyl-seeking was similarly reinstated within each of the fentanyl groups. In contrast to the extinction findings, there was also no overall or interactive effect of sex (Figure 5B; p > 0.05). However, as predicted, reinstatement responding was higher in females tested during estrus versus non-estrus phases (p 0.05); estrus females also tended to respond at higher levels than males (p = 0.08). Inactive lever responses during extinction and reinstatement were minimal and analysis of inactive lever responses revealed no overall or interactive effects of sex or groups (p > 0.05). Thus, the dose of fentanyl self-administered during extended access did not have a significant effect on subsequent relapse vulnerability; relapse vulnerability was most pronounced in females during estrus.
[image: Figure 5]FIGURE 5 | Effect of sex, estrous cycle phase, and dose on responding during reinstatement testing in female and male rats. Mean (±SEM) number of responses made on the lever formerly associated with fentanyl during the last extinction session versus the reinstatement session for males (A; left) and females (right) within the 0.25 (n = 8 males, n = 9 females), 0.75 (n = 8 males, n = 9 females), 1.5 (n = 8 males, n = 8 females), and 3.0 (n = 8 males, n = 7 females) dose (μg/kg) conditions and across all doses (B) (n = 29 males, n = 29 females). (+) Significantly higher responding in the reinstatement session compared with the last extinction session. (^) Significantly higher responding in estrus females compared with non-estrus females.
Associations between frequency or amount of intake and vulnerability to relapse or physical dependence
As predicted, frequency of fentanyl use, as defined by the average number of fentanyl infusions obtained during the extended-access period, was predictive of later relapse vulnerability during extinction and reinstatement testing (total responding; Figure 6A; r = 0.45, p < 0.001); this relationship was also similar between males and females (nonsignificant interaction of sex, p > 0.05). However, to our surprise, fentanyl intake (averaged across the extended-access period) was not significantly associated with relapse vulnerability in males or females (Figure 6B; p’s > 0.05). Although, as expected, the amount of fentanyl use was predictive of the development of physical dependence (Figure 6C), as defined by percent decrease in body weight during early withdrawal; however, this correlation was significant in males (r = −0.72, p < 0.001), but not in females (interaction of sex, F1, 54 = 5.5, p < 0.05). Importantly, this effect was specific to fentanyl intake, and not frequency of fentanyl use, given that the relationship between infusions and percent change in body weight during early withdrawal was nonsignificant for both males and females (Figure 6D; p’s > 0.05). Thus, frequency of opioid use, but not opioid intake, was predictive of relapse vulnerability in both males and females; whereas, opioid intake, but not frequency of use, was predictive of physical dependence in males, but not in females.
[image: Figure 6]FIGURE 6 | Associations between frequency of fentanyl use and relapse vulnerability and fentanyl intake and the development of physical dependence. Frequency of fentanyl use (A), or average number of fentanyl infusions, but not amount of fentanyl use (B), or average fentanyl intake, was positively correlated with relapse vulnerability during extinction and reinstatement testing (total responses) in both males and females (n = 29 males, n = 29 females). However, amount of fentanyl use (C), but not frequency of fentanyl use (D), was significantly correlated with development of physical dependence, or percent decrease in body weight during early withdrawal in males, but not in females (n = 29 males, n = 29 females). r, Pearson correlation, (*) significant association.
DISCUSSION
The goals of this study were to determine the fentanyl dose conditions that maximize the expression of an addiction-like phenotype in both males and females and to expand our model to include an additional key feature of OUD in humans, physical dependence. Surprisingly, despite markedly higher intake in groups given access to higher versus lower doses of fentanyl, each of the groups responded at similar levels during relapse testing (extinction and cue-induced reinstatement). We did observe a positive association between relapse vulnerability and number of infusions, but not fentanyl intake, indicating that frequency of use, but not total intake, impacts vulnerability to relapse. However, total intake was associated with the development of physical dependence given that weight loss was apparent following discontinuation of fentanyl self-administration at the three highest doses, but not following discontinuation of self-administration at the lowest dose. While this effect was similar between both males and females, the association between intake and weight loss was significant in males, but not females. Other notable sex differences were that both frequency of fentanyl use and intake were greater in females than in males, with particularly robust differences at lower doses, and that the time course for recovery of body weight loss during withdrawal was prolonged in females versus in males. As with our previous findings, females also had exhibited higher relapse vulnerability than males, particularly when they were tested during the estrus phase of their estrous cycle. Together, these findings indicate that sex is an important risk factor for pattern and levels of fentanyl intake, physical dependence, and relapse vulnerability, and while fentanyl intake predicts physical dependence, frequency of use predicts relapse vulnerability.
Contrary to our prediction, the dose of fentanyl self-administered during extended access did not impact subsequent vulnerability to relapse. This is surprising considering that fentanyl intake prior to withdrawal and relapse testing was markedly higher in the groups given access to higher versus lower doses of fentanyl. Our prediction that vulnerability to relapse would be enhanced in groups with higher versus lower intake of fentanyl (i.e., groups given access to higher versus lower doses of fentanyl) was based on reports in humans showing that the risk of relapse following treatment for OUD is higher in individuals who report higher levels of opioid use prior to treatment compared with those reporting lower levels (Gossop et al., 2002; Smyth et al., 2010; Grau-Lopez et al., 2021). While our findings appear to be in contrast to these results, it is important to note that these same studies also identified frequency of opioid use as a risk factor for relapse following treatment. It is also important to note that it is difficult in humans to determine levels of opioid use, since the dose is often unknown. For example, in one study (Smyth et al., 2010), the amount of heroin use prior to treatment was estimated based on the amount of the substance relative to a quarter. In this preclinical study, where levels and frequency of use were precisely measured, we found that frequency of use, but not levels of use, was predictive of vulnerability to relapse. Specifically, like findings in humans, we observed significant associations between frequency of use and relapse responses; rats in the lower fentanyl dose groups also obtained more infusions than rats in the higher dose groups and the highest relapse responses were observed in the groups given access to the lowest dose of fentanyl, not the highest dose (although this difference was not significant). Our interpretation of the association is also consistent with other studies with fentanyl and other addictive drugs showing that patterns of intake, but not amount of intake, are predictive of an enhanced vulnerability to relapse (Belin et al., 2009; Martin-Garcia et al., 2014; Allain and Samaha, 2019) as well as the development of an enhanced motivation for the drug (Zimmer et al., 2012; Allain et al., 2018; Fragale et al., 2021; Martin et al., 2021). The translational implication is that additional antirelapse interventions should be targeted toward individuals reporting high frequencies of opioid use and questions such as “how often” rather than “how much” may be more beneficial when trying to identify high-risk patients with OUD.
Intake was predictive of the development of physical dependence to fentanyl, and while the correlation between intake and weight loss was only significant in males, it is notable that in both sexes, physical dependence only developed following fentanyl self-administration at the three highest doses and neither males nor females showed weight loss during withdrawal from the 0.25-μg/kg dose. The significant correlation between intake and weight loss in males was expected based on multiple previous studies showing that rodents with greater opioid intake have more signs of physical dependence compared with rodents with less opioid intake (Vendruscolo et al., 2018; Towers et al., 2019; Moussawi et al., 2020). Clinical studies also report greater physical dependence in individuals reporting higher levels of opioid use (O’Malley and O’Malley, 2020; Rodríguez-Espinosa et al., 2021). However, it is somewhat surprising to observe it here considering that the weight loss observed during early withdrawal in males was similar between each of the three highest dose groups and fentanyl intake increased significantly with increases in the dose of fentanyl self-administered during extended access. Although, there was considerable variability in intake within dose groups, which likely accounts for this association in males. Interestingly, despite intake being greater in females compared with males, weight loss during early withdrawal was the same in females and males, which is similar to findings in mice where females had greater heroin intake over extended-access self-administration, but displayed a similar number of naloxone-precipitated withdrawal signs (Towers et al., 2019). This, along with weight loss not being significantly associated with physical dependence in females, is curious and suggests that physical dependence develops in females once a certain threshold of intake is achieved, but that, unlike effects in males, further increases in intake do not further enhance physical dependence in females.
Our findings showing that physical dependence developed in the three highest dose groups, but not the lowest dose group, yet each of the groups, including the lowest dose group, responded at similar levels during relapse testing suggest that the development of physical dependence is not necessary for the development of other addiction-like behaviors. This conclusion is supported by findings in humans showing that a substantial subgroup of people with OUD have relatively low levels of physical dependence (Kanof et al., 1991). Interestingly, a recent preclinical study (Townsend et al., 2021) also showed that despite similarities between men and women for both escalation of fentanyl intake and physical dependence, only the men developed an enhanced preference for fentanyl over a nondrug alternative reinforcer (Ensure). This is important because this shift is believed to represent another key feature of OUD in humans, an enhanced preference for a drug to the exclusion of other reinforcing stimuli and activities and further supports the notion that features of the addiction-like phenotype develop independently of one another. It also suggests that sex differences in vulnerability to OUD vary between different features of the disease (relapse, preference for the drug over other rewards, compulsive use, and motivation for the drug). This idea is also supported by our current findings showing that females were more vulnerable than males during relapse testing but did not differ from males for the expression of physical dependence during early withdrawal. It should be noted, however, that the conditions necessary for inducing addiction-like features with fentanyl have yet to be fully established. For example, we and others have shown that extended-access fentanyl self-administration induces an enhanced vulnerability to relapse when assessed following protracted abstinence; we also showed that this phenotype can be blocked by buprenorphine treatment during withdrawal. However, it is not clear if these effects differ from those observed following short-access self-administration, and the time–course for such changes during withdrawal have yet to be fully explored. A few studies have explored effects with other addiction-like features, although the Townsend study did show that the preference for the drug over a nondrug reinforcer was attenuated following treatment with methadone in men, but not in women, which further indicates that their model induced this feature of an addiction-like phenotype in men, but not in women. Further research is necessary to explore the fentanyl self-administration and withdrawal conditions necessary to induce addiction-like features in men and women.
Our findings also confirmed biological sex as an important vulnerability factor across the disease process. Specifically, during the extended-access phase, females self-administered more infusions and had higher levels of fentanyl intake than males, and as expected (Towers et al., 2019), these differences were most apparent under low dose conditions. These findings are consistent with our previous study with fentanyl self-administration under these extended-access conditions (Bakhti-Suroosh et al., 2021) and previous work with heroin showing robust sex differences in intake during extended-access self-administration under lower dose conditions (30 and 60 μg/kg/infusion; Towers et al., 2019), but not higher dose conditions (250 μg/kg/infusion; Zhang et al., 2015). These findings also provide insight as to why a few studies using higher doses of opioids have reported no sex differences in levels of opioid intake under extended-access conditions with heroin (100 μg/kg/infusion; Venniro et al., 2017; Venniro et al., 2019) and fentanyl (3.2 μg/kg/infusion, Townsend et al., 2021; 2.5 μg/kg/infusion, Hammerslag et al., 2021, Reiner et al., 2020). One exception was for binge intake, where females had higher intake than males regardless of dose. This is interesting because it suggests that even under high-dose conditions where intake is similar between males and females (Venniro et al., 2017; Venniro et al., 2019; Reiner et al., 2020; Hammerslag et al., 2021; Townsend et al., 2021), there is likely a sex difference in the pattern of self-administration. Indeed, numerous studies have shown that there are sex differences in patterns of extended-access drug self-administration under both high and low dose conditions (e.g., Lynch and Taylor, 2004; Towers et al., 2019) with female rodents self-administering more heroin during the first hour of a long, continuous access session (fixed-ratio 1, 6-h session; Towers et al., 2019), having a longer initial period of “binge” cocaine before taking a break and showing a more diurnal dysregulation pattern of cocaine use during 24-h/day sessions (Lynch and Taylor, 2004), and having greater binge-like alcohol drinking using a two-bottle, limited-access “drinking-in-the-dark” procedure (Sneddon et al., 2019) compared with males.
Females also showed an enhanced sensitivity to the anorectic effect of the low dose of fentanyl during extended-access self-administration. Most preclinical self-administration studies use 6- or 12-h extended-access sessions, which result in daily cycles of intake and withdrawal that are long enough to induce weight changes due to physical dependence (Townsend et al., 2021). This is the first study, to our knowledge, that has monitored changes in body weight in males and females over a period of 24-h/day opioid access followed by prolonged withdrawal. Under the lowest dose condition, females gained less percent body weight than males during both the first and last 5 days of extended-access self-administration. Although this effect may be driven by females having greater fentanyl intake than males under the lowest dose condition, weight gain in females was not further impacted with increases in fentanyl dose/intake like it was in males. In fact, males tended to have a smaller percent of body weight gained in the high dose conditions compared with females even though fentanyl intake was similar under these self-administration conditions. These anorectic effects of fentanyl are consistent with the side effects reported with the use of fentanyl patches in cancer patients (Wiffen et al., 2014), and while sex/gender differences have not been examined in humans, based on our findings, we would expect that this side effect might be more apparent in women at low doses and more apparent in men at high doses. Further research is necessary to examine these possibilities as dose-dependent side effects of opioid analgesics may have important sex differences that could impact patient care.
Although fentanyl intake was not correlated with weight loss during early withdrawal in females, there was an overall effect of dose with females self-administering the three highest doses of fentanyl, but not the lowest dose, losing a significant amount of their body weight during early withdrawal, similar to the findings in males. This finding, in addition to previous findings showing that weight loss occurs during early withdrawal (∼12 h) in females, similar to males (Townsend et al., 2021), and that the recovery of this weight loss follows a similar pattern as other somatic signs of opioid withdrawal in females (Bobzean et al., 2019), provides support for the use of weight loss as a measure of physical dependence in females. Interestingly, despite similar weight loss in males and females during early withdrawal from the three highest doses of fentanyl, females took longer to regain their body weight and continued to gain less body weight than males even during late withdrawal. These findings are consistent with another study that showed weight loss and somatic withdrawal symptoms, including stomach writhing symptoms, persisted longer in women compared with men following discontinuation of morphine administration (Bobzean et al., 2019) and findings in humans indicating that women experience a more severe withdrawal syndrome than men (Back et al., 2011b; Huhn et al., 2019; Dunn et al., 2020). These findings indicate that the physiological effects of opioid withdrawal may be prolonged in females compared with males. However, it is important to note that there are sex differences in weight gain under normal conditions, and these differences may contribute to the effects observed here during withdrawal. Future research that includes additional measures of physical dependence/opioid withdrawal is necessary to examine this possibility especially considering that the current withdrawal scales were developed using male animals. To our knowledge a detailed withdrawal syndrome following extended-access opioid self-administration remains unknown for females.
Finally, females showed an enhanced vulnerability during relapse testing compared with males, and these effects were particularly robust during extinction testing and when females were tested during estrus versus non-estrus phases of their estrous cycle. These results were expected based on our previous findings with fentanyl (Bakhti-Suroosh et al., 2021). They are also consistent with results with other addictive drugs showing greater cue-induced reinstatement responding in estrus females compared with non-estrus females and males during late and protracted withdrawal (days 15, 30, and 48; Nicolas et al., 2019: Corbett et al., 2021); although here, there was only a trend for estrus females having higher reinstatement versus males, extinction responding was significantly higher in estrus females compared with non-estrus females and males. This is important considering that a number of recent studies have reported that sex differences are not relevant for cue-induced relapse/reinstatement with opioids (Cooper et al., 2007; Venniro et al., 2017; Venniro et al., 2019; Fredriksson et al., 2020; Reiner et al., 2020), yet differences were likely due to inclusion of a greater percentage of non-estrus versus estrus females. Importantly, our preclinical findings are consentient with clinical findings showing that women have greater opioid (Yu et al., 2007; Kennedy et al., 2013; Moran et al., 2018), alcohol (Willner et al., 1998; Seo et al., 2011), and cocaine (Robbins et al., 1999) craving in the presence of drug-associated cues compared with men (but see Avants et al., 1995; Volkow et al., 2011). These sex/gender differences in humans have also attributed, at least in part, to hormonal changes over the menstrual cycle given that the positive subjective effects of cocaine tend to increase with higher levels of estradiol during the follicular phase and to be reduced when progesterone is higher during the luteal phase (Fox et al., 2008). Although similar effects have not been observed in women with OUD, the menstrual cycle is disrupted by opioid use making it difficult to determine the impact of gonadal hormones on drug craving and use (Santen et al., 1975). Our findings indicate that gonadal hormones likely impact relapse vulnerability with opioids given that extinction and reinstatement responding was higher in females tested during estrus, when the ratio of estradiol to progesterone is relatively high, versus non-estrus females. Future studies investigating relapse vulnerability in females, and particularly those that examine effects within one test session, should consider hormonal status prior to making conclusions regarding sex differences (or lack thereof) as the proportion of females tested during estrus versus non-estrus phases (or luteal versus follicular phases) could drastically change the results and conclusions.
In summary, our findings indicate that patterns of use, rather than absolute levels of use, impact vulnerability to relapse. Females also showed an enhanced vulnerability to relapse compared with males, particularly when they were tested during estrus. The translational implications of our findings are that additional antirelapse intervention may be necessary for women and individuals reporting high frequencies of opioid use. These findings also have implications for studies on sex/gender differences in substance-use disorder as they further support the idea that sex differences are most apparent under low-dose conditions that induce intersubject variability. They also indicate that sex/gender differences may be apparent for patterns of intake even in the absence of a sex difference for overall levels of use; this is important considering that the pattern of use, but not intake, was predictive of relapse vulnerability. Finally, they indicate that a lack of a sex/gender difference for relapse vulnerability during extinction/reinstatement testing may be due to the distribution of females tested at different menstrual/estrus cycle. Thus, phase of menstrual/estrous cycle should be considered in studies of sex differences in relapse.
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Dopamine D, receptor (D,R) KO mice

o 1 Cocaine self-administration (Caine et al., 2002)

o 1 Cocaine conditioned place preferences (Bello et al., 2011).

o 1+ Dopamine response to cocaine (Rouge-Pont et al., 2002;
Bello et al., 2011).

o 1 Dopamine response to morphine (Rouge-Pont et al., 2002).

o | Cocaine sensitization (Solis et al., 2021).

¢ | Methamphetamine sensitization (Solis et al., 2021).

o No change in morphine self-administration (Elmer et al., 2002).

e | Food self-administration (Caine et al., 2002).

e | Alcohol consumption (Phillips et al., 1998; Cunningham et al., 2000;
Risinger et al., 2000).

e | Feeding (Caine et al., 2002).

o | Electrical Intracranial Self-Stimulation (ICSS; Emer et al., 2005).

Dopamine D3 receptor (D3R) KO mice

o 1 Basal extracellular dopamine and locomotion (Koeltzow et al., 1998;
Song et al., 2012).

e 1 Locomotor response to novel environment (Accili et al., 1996;
Boyce-Rustay and Risinger, 2003; Li et al., 2010).

o 1 Cocaine self-administration (Song et al., 2012; but see Caine et al., 2012).

o 1 Cocaine conditioned place preferences (Xu et al., 1997;
Kong et al., 2011).

o 1 Motivation for cocaine seeking, delayed extinction of cocaine conditioned
place preferences (Xu et al., 1997; Kong et al., 2011).

e 1 Cocaine hyperactivity (Xu et al., 1997).

o 1 Cocaine sensitization (Carta et al., 2000; Chen et al., 2018).

e 1 Methamphetamine sensitization (Carta et al., 2000; Chen et al., 2018; but
see Harrison and Nobrega, 2009; Zhu et al., 2012).

o 1 Cue-conditioned hyperactivity (Le Foll et al., 2002).

e 1 Impulsive behavior in 5-choice serial reaction time task
(Wang et al., 2017).

o 1 Heroin self-administration (Zhan et al., 2018).

e Mixed effects in alcohol preference, consumption or self-administration

(Narita et al., 2002; Boyce-Rustay and Risinger, 2003;
Leggio et al., 2014).

e 1+ Morphine analgesia (Li et al., 2012).

o | Tolerance in morphine analgesia and withdrawal response (Li et al., 2012).

o 1 Morphine conditioned place preferences (Narita et al., 2003; Frances

et al., 2004).

o | Methamphetamine hyperactivity (Carta et al., 2000; Chen et al., 2018).

o | Morphine hyperactivity and sensitization (Li et al., 2010; Lv et al., 2019).

o | Dopamine response to cocaine (Song et al., 2012).

e | Dopamine response to heroin (Zhan et al., 2018).

Dopamine D4 receptor (D4R) KO mice

o No effect on cocaine self-administration (Thanos et al., 2010b).

e 1 Cocaine hyperactivity (Rubinstein et al., 1997; Katz et al., 20083;
Thomas et al., 2007).

o 1 Methamphetamine hyperactivity (Rubinstein et al., 1997; Katz et al., 2003;
Thomas et al., 2007).

o 1 Cocaine discrimination (Katz et al., 2003).

o 1 Methylphenidate conditioned place preferences (Thanos et al., 2010a).

o 1 Amphetamine conditioned place preferences (Thanos et al., 2010a).

¢ 1 Alcohol hyperactivity (Rubinstein et al., 1997; Katz et al., 2003;
Thomas et al., 2007).

e No effect on alcohol consumption (Falzone et al., 2002).
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Metabotropic glutamate receptor type 2 (mGluRz) KO rats or mice
e 1 Cocaine self-administration (Yang et al., 2017).
e 1 Cocaine conditioned place preferences (Morishima et al., 2005).
e 1 Cocaine sensitization (Morishima et al., 2005).
e | Cocaine seeking during extinction (Yang et al., 2017).
e | Cocaine-induced reinstatement of drug seeking (Yang et al., 2017).
e 1 Heroin self-administration (Gao et al., 2018).
e | Heroin-induced reinstatement of drug seeking (Gao et al., 2018).
e | Electrical Intracranial Self-Stimulation (ICSS; Yang et al., 2017).
e 1 Opioid analgesia (Gao et al., 2018).
o 1 Naloxone-precipitated withdrawal responses (Gao et al., 2018).
e 1 Alcohol drinking and preference (Zhou et al., 2013; Wood et al., 2017).
e 1 Risk taking and emotional behavior (Wood et al., 2017).
e 1 Morphine hyperactivity and locomotor sensitization (Gao et al., 2018).
o 1 Dopamine response to cocaine (Morishima et al., 2005; Yang et al., 2017).
e 1 Glutamate response to cocaine (Morishima et al., 2005; but see
Yang et al., 2017).
o 1 Dopamine response to heroin (Gao et al., 2018).
e 1 Glutamate response to heroin (Gao et al., 2018).
Muscarinic M4 acetylcholine receptor KO mice
e 1 Cocaine self-administration (Schmidt et al., 2011;
Thomsen and Caine, 2016).
e 1 Dopamine response to cocaine (Schmidt et al., 2011;
Thomsen and Caine, 2016).
e 1 Locomotor response to cocaine (Schmidt et al., 2011;
Thomsen and Caine, 2016).
e 1 Alcohol consumption (De La Cour et al., 2015).
s nicotinic acetylcholine receptor KO mice
o 1 Nicotine self-administration (Fowler et al., 2011).
o 1 Nicotine-induced reinstatement of drug-seeking (Forget et al., 2018).
e No change in cocaine self-administration (Forget et al., 2021).
e 1 Cocaine-induced reinstatement of drug seeking (Forget et al., 2021).
e 1 Alcohol-induced hypothermia and anxiolysis (Dawson et al., 2018).
e | Alcohol consumption and preference (Dawson et al., 2018, but see
Santos et al., 2013).
1 opioid receptor-T394A mutation
e 1 Heroin self-administration (Wang et al., 2016).
o No effect on cocaine self-administration (Wang et al., 2016).
e 1 Dopamine response to heroin (Wang et al., 2016).
e 1 Locomotor response to heroin (Wang et al., 2016).
e | Tolerance in opioid analgesia (Wang et al., 2016).
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DASS-21 Total score

Chronotype 0.16 (0.022)
Age —0.15 (0.032)
Education —0.23 (<0.001)

DASS-21 Anxiety

0.18 (0.009)
—0.15 (0.023)
—0.26 (<0.001)

DASS-21 Depression

0.12(0.10)
—0.07 (0.32)
—0.16 (0.018)

DASS-21 Stress

0.12(0.082)
—0.17 (0.015)
—0.20 (0.003)

Bold values are significant at p < 0.05.
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Resilient (N = 4) Mean (SD)

OFT 1.32 (0.88)
EPM 1.11 (1.05)
EtOH weeks 6-8 —0.75 (0.55)

Neither (N = 6) Mean (SD)

~0.70 (0.58)
0.14(0.70)
—0.59 (0.60)

Vulnerable (N = 7) Mean (SD)

—0.15 (0.57)
—0.75 (0.45)
0.94 (0.66)

F pairwise contrasts

11,8171 > 2, 1 > 3+
9.08" 1> 3"
00 { 5 B9, 2 . g%

**P < 0.01 and *™P < 0.001.
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Line n/sex Generation Number of Pups/litter Age at

litters and sex weaning or
delivery (PND)
P 20 S82-S83 11 1-3 22-25
HAD1 19-20 S70 8 2-3 23-25
HAD2 20 S69 9 1-4 22-25
NP 12 $81-582 6 2 23-27
LAD1 12 S70 6 1-4 24-26
LAD2 12 S69 11 2 22-25
Wistar 20 n.a. n.a. n.a. 22

n.a., not applicable; PND, postnatal day.
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Phase of SUD

Acute

Acute, chronic

Acute

Acute, chronic

Acute

Acute

Chronic

Chronic,
withdrawal

Chronic,
withdrawal

Withdrawal

Chronic

Chronic

Species

Mouse

Mouse

Mouse/Rat

Mouse, human

Mouse

Rat

Mouse

Rat, vervet
monkey

Rat, mouse,
human

Rat, mouse

Human

Human

Model of a component of addiction

Locomotor activation (LMA)

Locomotor sensitization (LMS)

(Mesolimbic) dopammine (DA) release

Head scratching/twitch in mice,
self-reported euphoria in humans

Conditioned place preference (CPP)

Intracranial stimulation threshold

Memory CPP

Intermittent access two-bottle choice (i.a.

TBO); forced abstinence followed by
reintroduction

Self-administration (oral or iv), also called
operant conditioning

- Fixed ratio (FR)
- Progressive ratio (PR)

- Extinction

- Drug or cue-triggered reinstatement

Abstinence symptoms such as aniety
measured by Elevated plus maze (EPM)

Genetic associations

Human laboratory studies/ Clnical
studies

Description

Most drugs increase motor activity, which correlates with dopamine
release and reward. Treatments that reduce drug intake and reward tend
to also reduce the LMA following an acute dose of the addictive drug
When a drug is administered multiple times, the magnitude of locomtor
activation increases each time, indicating the brain is getting sensitized to
the drug

The release of dopamine from VTA to NAC shell is the most studied and
most robust neurochemical correlate of reward (positive affect) gained
from addictive drugs, though DA signaling in other regions can also be
relevant

Difficult to operationalize, the head-twitch response in mice s behavioral
model of hallucinogen effects

After repeatedy pairing a chamber with distinct sensory features to a drug
and another distinc chamber to vehicle, the preference for the two
chambers is assessed. Treatments to decrease reward of the drug are
administered simultaenously to conditioning

Individual subjects respond for rewarding electrical self-stimulation at a
certain rate untiltheir reward threshold, addictive drugs tend to decrease
this threshold

Similar to CPP above, here the treatment to decrease reward is
administered during the post-conditioning test, to evaluate whether the
treatment can disrupt the already formed positive reward mermory formed
during the condifioning

A bottle of water and a bottle of (10-20%) ethanol is available in the:
homecage on an intermittent basis, intake and alcohol preference over
water is measured, post-withdrawal relapse drinking is usually higher than
before withdrawal

The subject s taught to press a lever, button or perform a nose-poke in
order to receive a dose of drug orally or iv. In FR (e.g., FR1, FR3, etc) the
number of responses per administered dose is constant (e.g., 1 press, 3
presses, etc). In PR, the number of responses necessary increases over
the session (e.g., 1,2, 4, 9, etc) ~ this is considered a better test of
motivation as the animal needs to work increasingly hard to receive the
reward. During extinction, the subject is placed in same environment as
for conditioning, but their responses fail to produce any reward. Following
from extinction, rapid reinstatement is achieved by triggering with a low
dose of the drug or a cue previously associated with the drug reward
Withdrawal symptoms include an increase of anxiety, this can be tested
by allowing the animal to explore a maze with some closed arms (dark,
less anxiogenic) and some open arms (ight, more anxiogenic)
Polymorphisms of genes related to the studied signaling systems can be
correlated to prevalence of addiction or drug self-administration responses
For approved drugs, patients already taking a treatment can be
interviewed or included in a controlled study to measure their drug intake
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Predictors Equation factors Correlation

B B SE t P Bivariate Partial

Open field test —0.006 —0.619 0.018 —3.801 0.001 —0.147 —0.010
Elevated plus maze —0.051 —0.555 0.135 —3.407 0.025 —0.658 —0.641
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N=17

Control:
N=16

| Day 1 | |Day52-8| | Day 9 l |Day10| |Day11| |Day12| | Day 15 | |+8Weeks
Novel Chamber Two-Bottle

Exposure + Cue Cue Forced Choice Ethanol Ethanol
Rats Left Open Elevated Reactivity Swim Drinking Drinking

SPS Undisturbed Field Test Plus Maze Test Test Begins Continues
Handling Minimal Open Elevated cu? ) Forced Two-Bottle Ethanol
Handling Field Test Plus Maze Reactivity Swim Choice Ethanol Drinking

Novel Chamber Test Test Drinking Continues

Exposure + Cue
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Experiment 2

Day 1 Days 2 - 8 Day 9 Day 10 Day 12
y
SPS: Novel Chamber
N=56. Exposure + Cue Rats Left Open Elevated Brain Tissue
’ SPS Undisturbed Field Test Plus Maze Collection
_ Handling Minimal Open Elevated Brain Tissue
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N=24 Novel Chamber

Exposure + Cue
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Behavior Task

Set-Shifting —
Operant
Set-Shifting —
Operant
Set-Shifting —
Operant
Set-Shifting —
Texture and
Odor
Set-Shifting —
Texture and
Odor
Set-Shifting-
Plus-maze

Effect

- SO

J

Voluntary/Non-

Voluntary

Non-voluntary

Non-voluntary

Non-voluntary

Non-voluntary

Voluntary

Non-voluntary

Method of
Administration

Gavage

Gavage

Vapor

Vapor + Drinking
Water

Self-Admin

Vapor + 2BC

Alcohol
Exposure
(days)

30

22

35

29

30

37-54

Abstinence
before test

3 weeks

20-25 days

2-10 days

4-5 days

none

2-3 days

Intake
(9/kg)

5 g/kg

4 g/kg

N/S

0.75-
1 g/kg/h

0.5-
0.8 g/kg/h

2BC: 1.5-
2.5g/kg/2h

Species: Sex:
Genotype M/F

Rat: Sprague M
Dawley

Rat: Sprague M+ F
Dawley

Rat: M
Long-Evans
Mouse: M
C57BL/6J

Rat: Wistar M

Mouse: M
C57BL/6

Age of
exposure

Adolescent
Adolescent
Adult

Adult

Young adult
(250g), N/S

Adult

References

Fernandez and
Savage, 2017

Varlinskaya et al.,
2020

Natividad et al.,
2018

Rodberg et al.,
2017

Zhang et al., 2019

Pradhan et al.,
2018

M, male; F, female; Gavage, intragastric or oral gavage; IR, intraperitoneal injection; Vapor, vapor inhalation chamber; Drinking Water, alcohol in drinking water; 2BC,
two-bottle choice; Self-Admin, Oral self-administration; N/S, Not explicitly stated; g/kg, grams per kilogram;, h, hour; mg/dL, milligrams per deciliter.
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TOA

TOA
EOA -
PTOA S
PEOA i
DISTRAV ns
PROTHD ns
UNPROTHD o]
STR-ATT .

ns

ns

DISTRAV

0.101
0.392
0.294
0.479

ns

ns

PROTHD

0.086
0.284
0111
0.259
0.268
ns
ns

UNPROTHD

0.402
0.388
0.426
0374
0471
0.007

ns

STR-ATT

-0.327
-0.284
-0.238
-0.249
-0,4
-0.57
-0.178

Pearson correlations between different measures registeredin the EPM. TOA, time spent in the open arms; EOA, number of entries in the open arms; PTOA, percentage of time in the open
arms; PEOA, percentage of entries in the open arms; DISTRAV, distance travelled in the EPM; PROTHD, protected head dipping; UNPROTHD, unprotected head dipping; STR-ATT,
stretch-attend postures. Upper section of the table: values of the Pearson correlation. Lower section of the table: level of statistically significant correlation between measurements (‘p <

0.05, *'p < 0.01, ***p < 0.0017).





OPS/images/cover.jpg
UNRAVELING VULNERABILITY
FACTORS IN ADDICTION DRUG
USE AND POTENTIAL TREATMENTS

EDITED BY: Cristina Nufiez, M. Victoria Milanés, Sandra Montagud Romero.
and Jorge Montesinos
PUBLISHED IN: Frontiers in Neuroscience and Frontiers in Pharmacology
\

P trontiers Research Topics





OPS/images/fnins-15-774050/fnins-15-774050-g005.gif





OPS/images/fnins-15-774050/fnins-15-774050-g001.gif





OPS/images/fnins-15-774050/fnins-15-774050-g002.gif
PFC

NAc
shell/cor

S





OPS/images/fnins-15-774050/fnins-15-774050-g003.gif
P
Evphoria

Acute
e
e
&

o

3 ks

soseud






OPS/images/fnins-15-774050/fnins-15-774050-g004.gif
LoTg
Ned
Cocd

NAc shelliGore
e+
Coc +
O 4






OPS/images/fphar-12-762738/crossmark.jpg
©

|





OPS/images/fphar-12-762738/fphar-12-762738-g001.gif





OPS/images/fphar-12-762738/fphar-12-762738-g002.gif
NEUROGENESIS





OPS/images/fnins-15-774050/crossmark.jpg
©

2

i

|





OPS/images/fphar-12-772990/fphar-12-772990-g010.gif
ﬂ“[ﬂ“l illﬂiii





