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Individuals misusing opioids often report heightened feelings of loneliness and decreased ability to maintain social connections. This disruption in social functioning further promotes addiction, creating a cycle in which increasing isolation drives drug use. Social factors also appear to impact susceptibility and progression of opioid dependence. In particular, increasing evidence suggests that poor early social bond formation and social environments may increase the risk of opioid abuse later in life. The brain opioid theory of social attachment suggests that endogenous opioids are key to forming and sustaining social bonds. Growing literature describes the opioid system as a powerful modulator of social separation distress and attachment formation in rodents and primates. In this framework, disruptions in opioidergic signaling due to opioid abuse may mediate social reward processing and behavior. While changes in endogenous opioid peptides and receptors have been reported in these early-life adversity models, the underlying mechanisms remain poorly understood. This review addresses the apparent bidirectional causal relationship between social deprivation and opioid addiction susceptibility, investigating the role of opioid transmission in attachment bond formation and prosocial behavior. We propose that early social deprivation disrupts the neurobiological substrates associated with opioid transmission, leading to deficits in social attachment and reinforcing addictive behaviors. By examining the literature, we discuss potential overlapping neural pathways between social isolation and opioid addiction, focusing on major reward-aversion substrates known to respond to opioids.

Keywords
 opioid; social isolation; early-life adversity; protracted withdrawal; juvenile isolation; maternal separation; rodent behavior


1 Introduction

Opioids are powerful drugs widely used for the management of chronic pain, however, their effects extend beyond pain relief to influence emotional and motivational states. Compulsive drug-seeking behavior, tolerance, and withdrawal are hallmark symptoms of opioid use disorder (OUD), a chronic condition characterized by an individual’s inability to control or limit their use of opioid derivatives (DSM-5, 2013). Repeated opioid use can lead to physical and psychological dependence, thus creating a cycle in which the need to avoid withdrawal drives continued drug use (Shurman et al., 2010). OUD can stem from the misuse of prescription pain relievers, such as oxycodone or morphine, or illicitly manufactured opioids, such as fentanyl and heroin. The number of opioid-related deaths has been on the rise for the past two decades, with more than 9.3 million adults in the United States seeking OUD treatment in 2022 and almost 74,000 opioid-related deaths reported in the same year (NIDA, 2022). Opioid withdrawal is characterized by psychological and neurobiological disturbances that often require long-term interventions, such as medication, behavioral therapy, and continuous support systems (Strang et al., 2020). Hyperkatifeia (intensified sensitivity to negative affective states during withdrawal) amplifies social deficits during protracted opioid abstinence, prolonging challenges like anxiety, irritability, and difficulty in forming or maintaining social connections (Koob, 2022). The relevance of OUD extends beyond the personal struggles of those affected as it poses significant public health and societal challenges, including increased rates of overdose, reduced quality of life, and strain on healthcare resources (Florence et al., 2021; Murphy, 2020). Hence, understanding risk factors for OUD is crucial to predicting vulnerability and preventing the development of this chronic brain disease.

The opioid system is a network of three main G-protein coupled receptors (GPCRs): δ-opioid receptors (DORs), κ-opioid receptors (KORs), and μ-opioid receptors (MORs). While opioid use is initially μ-driven, chronic opioid use appears to increasingly engage “anti-reward” neural substrates, including signaling through the KOR and its endogenous ligand, dynorphin. DORs are associated with emotional regulation and motivated behaviors but do not seem to be necessary for drug reward processing (Darcq and Kieffer, 2018). MORs are the primary targets of highly addictive substances like fentanyl and morphine, playing a role in both the therapeutic benefits and the maladaptive effects of these drugs (Matthes et al., 1996; Darcq and Kieffer, 2018). KOR agonists lack abuse potential but are known to cause adverse side effects, such as dysphoria, sedation, and aversion (Dalefield et al., 2022). Enhanced KOR signaling during negative affect states has been reported by several studies, characterizing this receptor as a potential driver of pro-addictive behaviors (Massaly et al., 2016; Bruchas et al., 2010; Darcq and Kieffer, 2018; Solecki et al., 2009; D’Addario et al., 2013). Recent reports have described a role for the endogenous KOR-dynorphin system, linking it to negative affect and social deficits during opioid withdrawal (Pomrenze et al., 2022; Kelsey et al., 2015; Marchette et al., 2021; Chen et al., 2023; Lalanne et al., 2017).

Many risk factors for OUD have been identified, including but not limited to pre-existing chronic psychiatric conditions, previous exposure to opioids, drug availability, family history, and sex (Marshall et al., 2023; Martins et al., 2009; Kendler et al., 2023; Hser et al., 2017; Nazarian et al., 2021; Webster, 2017). However, social factors associated with increased risk of opioid abuse and relapse have only started to be explored. With unprecedented and widespread confinement policies, the COVID-19 pandemic offered a unique opportunity to understand the interplay between social isolation and loneliness in humans and their negative impact on mental and physical health (Sepúlveda-Loyola et al., 2020). Loneliness is the subjective feeling of being alone or disconnected despite the presence of others, while social isolation refers to the objective lack of social interactions and connections (Peplau, 1983). Studies examining the effects of social isolation on young adults during the pandemic showed strong associations between loneliness and emotional disturbances, including anxiety, depression, and decreased feelings of connectedness (Horigian et al., 2021). Increased use of several drugs of abuse, such as alcohol and cannabis, was also reported during the period (Layman et al., 2022; Roberts et al., 2021; Martínez-Mota et al., 2020). Importantly, several sources reported spikes in opioid overdoses and naloxone (NLX) administration across the U.S. during the pandemic, with more than 300,000 overdose deaths registered between 2020 and 2023 (Boehnke et al., 2021; Slavova et al., 2020; Volkow, 2020; Roberts et al., 2021; NIDA, 2022). These studies suggest an important and strong link between social isolation, opioid seeking, and relapse, underscoring the importance of understanding how such mechanisms drive OUD.

Recent reports show that, among OUD patients undergoing maintenance treatment, higher self-reported loneliness scores are positively associated with odds of detecting non-prescribed opioids in drug screens, and consequently, of treatment failure (McDonagh et al., 2020). On the other hand, strong social support is associated with decreased chances of opioid misuse and relapse in adolescents and adults (Kumar et al., 2021; Nguyen and Dinh, 2023; Jesmin and Amin, 2020). Another study described social isolation as a predictor for OUD in older adults, further suggesting the need to reframe addiction as a psychosocial issue beyond the individual level and to adopt social network interventions that improve treatment outcomes (Yang et al., 2022). Interestingly, it appears that not only can social factors influence opioid addiction, but that opioid use promotes increased feelings of social isolation and weakened social functioning. Opiate users in maintenance therapy showed reduced capacity to identify facial expressions and assess social situations (McDonald et al., 2013; Kornreich et al., 2003; Martin et al., 2006). Studying this apparent bidirectional relationship is essential, as social isolation may both exacerbate addiction vulnerability and be a consequence of addictive behaviors. This narrative review will examine how social factors modulate brain regions, circuits, and systems implicated in OUD and the role of opioid signaling in social bonding and attachment formation. Moreover, we will explore the interaction between these mechanisms to pinpoint the possible shared neural substrates between social distress and opioid withdrawal. Lastly, we will highlight critical gaps in the field and suggest how future studies may further explore the link between social isolation and opioid addiction.



2 Opioid substrates underlying attachment formation and sociability

Attachment theory, developed by psychiatrist John Bowlby and psychologist Mary Ainsworth, explores how early emotional bonds between infants and their caregivers shape an individual’s ability to form and maintain relationships throughout life (Ainsworth and Bowlby, 1991). Their work set the foundation for understanding the need for children to bond with primary caregivers for healthy social, cognitive, and emotional functioning in adulthood (Wade et al., 2022). Parent-infant attachment provides care and protection and increases offspring survival and lack of parental care and nurturance can lead to several challenges in adulthood, including psychiatric and medical disorders (Lippard and Nemeroff, 2023). Although the attachment system is initially organized around primary caregiving figures, it later expands to include intimate partners and friends (Bowlby, 1977). This bond is theorized to result from evolutionarily conserved opioid circuits that encode pain and reward, which may in turn promote opioid release during certain types of social interactions (Panksepp et al., 1994). The brain opioid theory of social attachment posits that endogenous opioids—natural brain neuropeptides involved in pleasure and reward—play a crucial role in forming and maintaining social bonds by reinforcing positive social interactions. In this framework, social isolation is theorized to reduce endogenous opioid release and promote distress (Herman and Panksepp, 1978). On this basis, disruptions in the opioid system, such as those caused by opioid addiction, are thought to impair the ability to experience social rewards, leading to difficulties in maintaining close relationships and increased social isolation. In this way, the role of the endogenous opioid system in bond formation and attachment may explain the apparent bidirectional causal relationship between social isolation and opioid addiction.

Growing evidence suggests a shared neural basis between physical pain and “social pain”—emotional suffering or distress that arises from social interactions or their lack thereof (Eisenberger, 2012). Early pharmacological studies show that low morphine doses can reduce distress vocalizations in socially isolated pups of several species (Panksepp et al., 1978; Herman and Panksepp, 1978; Kalin and Shelton, 1989; Kalin et al., 1988), which can, in turn, be increased by NLX, a MOR antagonist (Herman and Panksepp, 1978; Carden et al., 1996; Martel et al., 1995; Panksepp et al., 1980; Kalin et al., 1988). Repeated administration of another opioid antagonist, naltrexone (NTX), during infancy decreases interest in peers and preference for socially rewarding environments in juvenile rodents (Cinque et al., 2012; Smith et al., 2015). Intra-nucleus accumbens (NAc) β-endorphin and morphine infusions enhance play behavior that can be blocked by NLX administration (Trezza et al., 2011). Thus, opioid signaling appears to play a crucial role in modulating social behaviors, influencing factors such as attachment and social reward, which can be atypical in individuals with autism. Mice lacking the MOR gene (Oprm1−/−) have been established as a monogenic mouse model of autism (Becker et al., 2021). MOR-KO mice show decreased social preference for their mothers and no distress vocalization following maternal separation, further supporting the role of μ-signaling in attachment formation (Cinque et al., 2012; Moles et al., 2004). The number of opioid receptor gene copies also appears to influence affiliative behavior, with Oprm1+/− mice having reduced social preference and interest in potential sexual partners (Toddes et al., 2021). Not only do Oprm1−/− show social deficits, but also motor stereotypies, altered nest-building behavior, and anxiety-like behaviors (Becker et al., 2021). These results suggest that endogenous opioids may be released during prosocial behavior, binding to MORs to influence social reward and positively modulate social behavior. The social-opioid model proposes a parallel between social and drug dependence, with emotional distress after attachment loss analogous to a withdrawal state that could be alleviated through opioid release (Panksepp, 1998). Further studies are needed to elucidate the influence of opioid signaling on the neural circuitry of attachment formation and affiliative behavior.

Pharmacological manipulation of opioid signaling in clinical studies further highlights the role of this system in social experiences. In a recent study, morphine (vs. NTX) administration increased attractiveness ratings of opposite-sex faces, as well as the motivation to circumvent conventionally unattractive faces (Chelnokova et al., 2014). Moreover, morphine has been shown to increase the total time spent exploring faces, suggesting that μ-signaling influences social interest (Chelnokova et al., 2016). In this way, opioid activation and inhibition appear to enhance hedonic salience (“liking”) and reduce the motivational salience (“wanting”) of social stimuli, respectively. Another study reported NTX-associated decreases in ratings of social connection in response to positive messages from loved ones, with antagonist use also correlated with reduced feelings of connectedness in real-life settings (Inagaki et al., 2016; Charles et al., 2020; Inagaki et al., 2019). In addition, positron emission tomography PET data suggests that social laughter in humans increases endogenous opioid release in several brain regions, including the anterior insula, the caudate nucleus, and the thalamus (Manninen et al., 2017; Sun et al., 2022). In another study, Manninen et al. reported increased opioid release in individuals exposed to social laughter, as well as a decreased pain threshold (Manninen et al., 2017). Variance in basal μ-signaling has also been associated with differences in affiliative behavior and attachment in humans (Turtonen et al., 2021; Nummenmaa et al., 2015). On the other hand, depressed states have been linked to the deactivation of μ-transmission in key emotional regulation substrates, such as the amygdala and the rostral anterior cingulate cortex (ACC) (Zubieta et al., 2003; Nummenmaa et al., 2020). Greater MOR activation in the amygdala, subgenual ACC, and periaqueductal gray (PAG) has been correlated with greater resilience to social rejection, suggesting that opioid signaling counteracts social distress-induced neural activation in these substrates (Hsu et al., 2013). Hence, it appears that endogenous opioids are released upon social interaction and serve to alleviate social distress. Meanwhile, opioid antagonism may work to enhance social distress behaviors while altering the hedonic value of social interactions.

Clinical studies have also explored the effects of Oprm1 gene variations on social behaviors. Although more than a hundred single nucleotide polymorphisms (SNPs) of this gene have been reported, the biological function of each variant remains unclear (Mura et al., 2013). A119G Oprm1 polymorphism has been correlated with enhanced sensitivity to social rejection, with G allele carriers showing increased neural activity in the dorsal ACC and anterior insula, both of which are to be involved in pain processing (Way et al., 2009). In a recent study, G-allele carriers reported a statistically higher likelihood of engaging in affectionate interpersonal relationships and experiencing pleasure derived from social interactions, as compared to A-carriers, further highlighting a potential role of opioid signaling in facilitating affiliative behavior (Troisi et al., 2011). The link between A118G polymorphism and enhanced social pain sensitivity is consistent with human data linking another Oprm1 variation, A118G, with increased infant separation distress (Tchalova et al., 2024). In this study, the presence of A11G8 polymorphism was linked with developing an ambivalent (vs. secure) attachment style in response to maternal insensitivity. Ambivalent attachment is a type of insecure attachment characterized by anxiety and uncertainty about the caregiver’s availability and responsiveness, leading to (1) attachment system hyperactivation with an increase in distress behaviors such as crying and clinginess or (2) attachment system deactivation and social withdrawal. Children carrying the mutant G-allele showed heightened separation distress in response to maternal insensitivity compared to those without the genetic variant. Another study reported that G-carrying mothers tended to showcase higher maternal insensitivity than A/A mothers, as well as increased hostility (e.g., aggressive or antagonistic behaviors or attitudes) toward others (Cimino et al., 2020). The G-carrying children were reported to exhibit increased social withdrawal (Cimino et al., 2020). While several associations have been reported correlating with A119G polymorphisms, the behavioral phenotypes can be diverse and inconsistent study to study so caution must be applied attributing causality to any single mutation. At the same time, these studies reinforce the role of opioid transmission in attachment bond formation and prosocial behavior, with fluctuations of endogenous opioids possibly driving the experience of social reward or distress in response to relational cues.



3 Consequences of early social isolation in addiction vulnerability

Early social bond formation and social environment are of enormous importance to development, having long-lasting impacts on brain function and behavior. Several clinical studies support a strong correlation between childhood abuse and opioid use later in life (Carlyle et al., 2021; Lovallo et al., 2018; Conroy et al., 2009; Heffernan et al., 2000; Nelson et al., 2006; Austin et al., 2018). Particularly, childhood neglect has been linked with an increased probability of opioid abuse in adulthood (Austin and Shanahan, 2018). It is estimated that roughly 40% of OUD patients have a history of physical or emotional neglect (Santo et al., 2021; Austin and Shanahan, 2018). The mechanisms through which early-life adversity (ELA) increases vulnerability to OUD remain under investigation, however, existing literature provides multiple avenues to be explored. Relevant to this review are the potential effects of ELA on reward circuitry maturation and function. ELA is thought to modify the function of several brain regions relevant to affective behaviors, cognition, and reward processing, including the amygdala (Tottenham et al., 2011; Hein and Monk, 2017), the prefrontal cortex (PFC) (Hodel et al., 2015; Hanson et al., 2010; De Brito et al., 2013), and the ventral striatum (Goff et al., 2013; Hanson et al., 2015). Moreover, it is plausible to hypothesize that childhood adversity may increase vulnerability to opioid abuse through disruption of opioidergic transmission. As previously discussed, rodent and human data suggest that the opioid system influences attachment formation in early-life dynamics. In this context, disruptions in social development, such as impaired bonding or social isolation, could influence the expression and function of the opioid system and increase the risk of opioid abuse. For this review, we will explore how ELA influences the function of brain reward centers, the opioid system, and the consumption of opioids, with a particular focus on three rodent models of ELA: juvenile social isolation (JSI), maternal separation (MS), and limited bedding and nesting (LBN).


3.1 Juvenile social isolation

JSI involves separating young mice from their conspecifics during a critical developmental period, typically post-weaning, to study the effects of social deprivation on behavior, neurodevelopment, and stress-related responses. JSI is known to generate several behavioral deficits in rodents, including anhedonia, distress- and anxiety-like behaviors, sleep disturbances, pain, and social deficits, many of which are also present during protracted opioid withdrawal states (Table 1). This paradigm models deficits in social life during a critical developmental period for establishing learning and memory processes in rodents (Einon and Morgan, 1977). The mesolimbic dopamine (DA) pathway is particularly relevant to understanding maladaptive learning that promotes drug-seeking behaviors (Kauer and Malenka, 2007). Opioid receptors have long been thought to modulate both the hedonic experience and the aversive aspects of drug use beyond those belonging to the opioid class (Herz, 1997). In fact, growing literature provides support to the importance of opioid-DA interactions within the brain reward system that are thought to amplify the motivational drive to continue drug use, establishing a cycle of dependence and vulnerability to relapse (Fields and Margolis, 2015; Volkow, 2010; Trigo et al., 2010). MOR activation enhances DA release in the NAc, reinforcing drug-seeking behavior, while KOR activation can inhibit DA release, contributing to dysphoria and stress-related relapse (Bruijnzeel, 2009; Contet et al., 2004). An in-depth discussion of such mechanisms involving DA-opioid interactions of various substances lies beyond the scope of this review and have been incompletely investigated in animal research (see Le Merrer et al., 2009; Volkow, 2010; Berrendero et al., 2010; Gerrits et al., 2003; Volkow et al., 2019, for comprehensive reviews on this topic).



TABLE 1 Summary table of negative affective behaviors that have been reported in rodents following JSI and protracted spontaneous withdrawal from protracted opioid withdrawal.
[image: Table1]

JSI has been shown to impact the development and function of the mesolimbic DA pathway, which may have broad impacts on opioid reward. For example, JSI has been demonstrated to produce an irreversible enhancement of glutamatergic N-methyl-D-aspartate (NMDA) receptor-dependent long-term potentiation (LTP) in the ventral tegmental area (VTA), similar to changes induced by repeated amphetamine exposure (Whitaker et al., 2013). Moreover, alcohol and amphetamine-associated contextual memory were acquired faster and were more resistant to extinction. Another study has reported excitability changes in NAc medium spiny neurons (MSNs), with socially isolated mice exhibiting neuronal hyperactivity as shown by increased excitability, membrane resistance, and presynaptic release probability (Zhang et al., 2019). Other reports indicate that NAc MSNs exhibit morphological differences after JSI, showing reductions in total dendritic length, which can lead to differences in MSN physiological properties (Wang et al., 2012). Animals reared in social isolation also exhibit enhanced DA response in the NAc to both aversive and rewarding stimuli, with subthreshold intensity stimulation eliciting more DA release in JSI rats than controls (Karkhanis et al., 2019). In male rats, JSI blunted reward anticipatory DA release in the medial PFC (mPFC) but increased DA release in the NAc shell during reward consumption (Lallai et al., 2024). The same study further demonstrated that JSI mice showed a robust potentiation of reward-induced extracellular DA release after 2 weeks of reward consumption compared to the first day of reward consumption, suggesting that changes in motivated behavior and reward-seeking may be influenced by DA tone. Overall, these studies indicate that JSI could potentiate DA tone and sensitivity to rewards, which could increase the susceptibility to drug reinforcers and the development of drug-seeking behavior.

Growing literature provides evidence for the lasting effects of social isolation rearing in addiction vulnerability. JSI male rats exhibited enhanced anxiety-like behaviors and stronger morphine conditioned place preference (CPP) (Yazdanfar et al., 2021). These effects may be due to increased motivation for seeking opioid rewards. In a recent study, JSI mice trained to self-administer heroin in a progressive ratio (PR) schedule showed increased motivation and enhanced cue-induced reinstatement (Singh et al., 2022). JSI rats also showed increased morphine consumption in a one-bottle forced-consumption test, an effect that was abolished with as little as 1 h of daily social interaction (Marks-Kaufman and Lewis, 1984). Additional evidence suggests that socially isolated rats learn to self-administer heroin more rapidly than group-housed controls (Bozarth et al., 1989). Social isolation also affects morphine-induced behavioral sensitization, with socially isolated rats showing increased locomotor responses to morphine, an effect blocked by inhibition of corticosterone secretion (Deroche et al., 1994). In comparison, rats raised in enriched environments with exposure to novel objects and conspecifics exhibit reduced remifentanil intake compared to socially isolated rats and controls (Hofford et al., 2017). Altogether, the data describing the effects of early social isolation on the opioid system and opioid reward are limited, and further investigation is required to understand why individuals exposed to early-life social isolation may be at an increased risk for substance abuse, particularly OUD.

Given the well-established roles of the opioid system in several of the circuits underlying the maladaptive behaviors exhibited by JSI rodents, as well as the previously discussed role of opioid signaling in early attachment formation, recent studies have attempted to address long-term changes in endogenous opioids and opioid receptor expression following adolescent social isolation. A 2016 study provided evidence to suggest increased dynorphin levels in the NAc core and shell of JSI rats reduced baseline DA levels (Karkhanis et al., 2016). As discussed previously here, KORs have an important role in modulating mesolimbic DA signaling, with select negative affective states enhancing KOR function and affecting both DA and serotonin (5-HT) release in the NAc. JSI stress has been reported to decrease MOR and KOR gene expression, particularly in the hippocampus and amygdala (Haj-Mirzaian et al., 2019). Additionally, the expression of opioid peptides appears to be influenced by early-life social isolation, with the effects varying based on the length of the isolation period. Whereas prolonged JSI reduced the expression of met-enkephalin in the PFC, substantia nigra, amygdala, hypothalamus, and PAG, short single-housing episodes increased the expression of nociceptin/orphanin FQ in the mPFC, NAc, and amygdala (Granholm et al., 2015). Such reductions in met-enkephalin levels in key areas of reward and stress circuits further suggest disturbances in opioid circuitry development and maturation.



3.2 Maternal separation and limited bedding and nesting paradigms

MS involves temporarily splitting rodent pups from their mother to model early-life stress, while the LBN paradigm restricts nesting materials to induce fragmented maternal care. Both are used to model the long-term effects of fragmented and unpredictable maternal care in rodents. MS has been shown to disrupt the development and function of neural circuits involved in reward processing, particularly those associated with DAergic signaling, potentially increasing susceptibility to addiction-related behaviors (Gracia-Rubio et al., 2016; Der-Avakian and Markou, 2010; Sasagawa et al., 2017; Parks et al., 2024). Literature reports changes in tyrosine hydroxylase (TH) and D1 receptor (D1R) mRNA levels in the VTA of female adult mice that underwent MS during postnatal days 1–14 (P1-14), as well as hypermethylation of the D1R promoter region in the NAc (Sasagawa et al., 2017). A recent study further provides evidence for long-lasting transcriptional and transcriptome changes following ELA, with MS exhibiting VTA chromatin modifications associated with stress hypersensitivity (Geiger et al., 2024). Moreover, LBN has been reported to alter connectivity in the dorsal raphe nucleus (DRN)-VTA-NAc pathway and cause negative affect and social deficits in adulthood (Wendel et al., 2021). Another study showed that MS reduced D2 receptor (D2R) protein levels in the frontal cortex and NAc but increased protein levels of TH, further suggesting that DA synthesis and signaling may be altered by MS (Romano-López et al., 2016). ELA also may exert its effects through changes in neuronal morphology. MS has been shown to reduce dendritic spine density in PFC and NAc neurons and the length of dendrites in the PFC, NAc, and hippocampus of adult rats (Monroy et al., 2010). MS has been reported to disrupt the balance of D1/D2 receptor-expressing cells in the prelimbic PFC (plPFC), increasing the density of D1R expression during adolescence while decreasing the density of D2R expression during adolescence and into adulthood (Brenhouse et al., 2013). Moreover, inhibition of plFC D1Rs with antagonist blocks both heroin-primed and cue-induced reinstatement of heroin-seeking in rats (Capriles et al., 2003). Distinct mPFC→NAc projections have been reported to play important roles during opioid-seeking, being hyperactivated during drug relapse (Clarke et al., 2024). In the same study, optogenetic inhibition of corticostriatal projections was shown to decrease heroin-seeking. Given the well-known importance of PFC signaling in opioid-seeking behaviors (Van den Oever et al., 2008; Bossert et al., 2011), more specifically in learning associations between opioid reward and associated context, such morphological and receptor level changes are likely to affect opioid-related learning and behaviors.

Several studies provide evidence that these paradigms can alter the rewarding properties of opioid agonists while enhancing the aversiveness of antagonists. Daily MS episodes during postnatal days 1–14 (P1-14) have been shown to lower the drug dosage threshold, increase the time required to extinguish morphine-induced CPP in rats, and enhance time spent in the morphine-paired chamber (Vazquez et al., 2005; Michaels and Holtzman, 2008). Additionally, MS offspring demonstrated enhanced sensitivity to KOR agonism, as illustrated by increased aversion in the conditioned place aversion (CPA) assay (Michaels and Holtzman, 2008). Repeated deprivation also increased drug-seeking behavior, suggesting that MS episodes enhanced both morphine reward memory and consumption. Another study suggests that these findings are sex-dependent, with males exhibiting stronger morphine CPP and enhanced sensitivity to NTX in a NLX-induced suppression of drinking test (Michaels and Holtzman, 2007, 2008). LBN has been shown to promote heroin-seeking behavior in rats, as demonstrated by impaired extinction and enhanced reinstatement during PR self-administration (Leyrer-Jackson et al., 2021). Additional evidence suggests that ELA might affect males and females differently, as LBN appears to increase opioid-seeking in females but decreases in males (Levis et al., 2022b; Levis et al., 2021). Hyperlocomotion in response to morphine has also been observed in MS rats (Kalinichev et al., 2002).

ELA effects on addiction vulnerability may also be explained by persistent changes in the expression of opioid-related signaling genes due to stressful early-life environmental conditions. In mice, P15-21 MS for 6-h periods reduced MOR/KOR/DOR mRNA expression in the PAG, an area that is central to mediating descending pain control, but increased KOR levels in the amygdala (Nakamoto et al., 2020). Increased MOR and KOR mRNA levels in areas critical to opioid rewards, including the hippocampus, PFC, and NAc have been reported in adult male rats following MS (Askari et al., 2022). A recent study reported LBN-induced reductions in DOR mRNA levels in the NAc (Levis et al., 2024). Pharmacological manipulation of NAc DORs characterized a possible role for this receptor subtype in ELA-induced opioid vulnerability, as DOR blockade was shown to reduce motivation to consume opioids in LBN females. Another study reports increased opioid receptor gene expression in the dorsal striatum for all three subtypes in rats exposed to the MS paradigm (Martin et al., 2006). Furthermore, lower striatal expression of KORs and DORs in rats exposed to ELA was correlated with enhanced ethanol drinking. Bridging and translating these results to the role of ELA and OUD in humans, an important recent human postmortem study reported strong correlation between childhood abuse and long-lasting epigenetic changes in KOR expression, as shown by downregulation of the receptor and reduction of DNA hydroxymethylation (Lutz et al., 2018). However, there is conflicting evidence that opioid peptide levels themselves may be affected by MS. While one group reported that there were no differences in the levels of dynorphin or met-enkephalin in MS rats compared to controls (Marmendal et al., 2004), another reported significant differences in both peptides spanning several brain areas in a manner that was dependent on age, duration of MS, and whether pups were isolated from their littermates during MS sessions or kept together (Gustafsson et al., 2008). Given the many variables involved in the MS protocol, including the duration of each MS session, group vs complete isolation, as well as the total number of separation episodes, studies have reported inconsistent behavioral outcomes (see Supplementary Table S1). While early studies report the emergence of abnormal behavioral phenotypes following MS, recent literature suggests that those effects are not as robust as initially thought. This suggests that the MS model might yield more inconsistent results in modeling ELA in mice in comparison to other species in which the model is well-established, such as rats and primates (Holmes et al., 2005; Pryce et al., 2002).

The literature discussed provides evidence that ELA disrupts reward circuit development and increases vulnerability to OUD, however this effect may not be specific to opioids. Indeed, increased addiction vulnerability caused by early social isolation has also been observed in response to other drugs of abuse such as alcohol (Panksepp et al., 2017), cocaine (Fosnocht et al., 2019), and methamphetamine (Webb et al., 2022). While the exact mechanism behind this phenomenon remains underexplored, changes in endogenous opioid transmission following ELA may offer a plausible explanation. Imaging studies have reported changes in opioid binding in brain reward regions in cocaine-dependent individuals, suggesting an important role for opioid signaling in drug reward (Zubieta et al., 1996; Ghitza et al., 2010). In rodents, NTX has been shown to decrease cocaine-seeking and -induced reinstatement (Burattini et al., 2008). Buprenorphine, a partial MOR agonist and KOR antagonist, has been shown to reduce cocaine consumption in non-human (Mello et al., 1989) and human primates (Montoya et al., 2004; Schottenfeld et al., 1993; Kosten et al., 1989). Several studies have also explored the role of the opioid system in alcohol consumption. Knock-out of the three opioid receptor subtypes has been shown to alter ethanol self-administration (Roberts et al., 2001; Kovacs et al., 2005; Roberts et al., 2000). Moreover, alcohol consumption can be altered by opioid antagonists such as NLX and NTX, with the latter being widely used in the treatment of alcohol use disorder (Volpicelli et al., 1992). Given the proposed role of endogenous opioid signaling in reward processing, changes in the opioid system following early social isolation could broadly impact drug-related behaviors.




4 Shared neural underpinnings of social deprivation and opioid withdrawal

As discussed, impaired social bond formation and poor social environments in early life can have long-lasting impacts on brain function and behavior. In the past two decades, studies have characterized the long-term consequences of early social deprivation, which include anxiety- and depressive-like behaviors, as well as sleep disturbances and social deficits (Table 1). Growing literature describes the brain opioid system as a powerful modulator of social separation distress and attachment formation in rodents and primates (Lutz et al., 2020). Preliminary studies have linked changes in endogenous opioid peptides and receptors in ELA models with increased vulnerability to opioid addiction (Levis et al., 2022a). While social deprivation appears to increase vulnerability to opioid abuse, opioid use is also thought to disrupt social functioning, leading to withdrawal from social interactions and difficulties in maintaining interpersonal relationships (McDonald et al., 2013; Kornreich et al., 2003; Martin et al., 2006; McDonagh et al., 2020). Moreover, protracted opioid withdrawal is similarly marked by negative emotional states, including stress, anxiety, and dysphoria (Ozdemir et al., 2023). Remarkably, mechanical hyperalgesia is known to occur both following opioid abstinence (Yi and Pryzbylkowski, 2015) and early social deprivation (Weaver et al., 2007; Vilela et al., 2017; Amini-Khoei et al., 2017; Paniagua et al., 2020). Given the well-established role of opioid signaling in pain processing, ELA-induced pain sensitivity offers further evidence for disruptions in opioid circuit development in response to stressful environmental conditions and improper attachment formation in early life. Finally, social deficits have been reported during opioid withdrawal (Fox et al., 2023; Bravo et al., 2020; Pomrenze et al., 2022; Becker et al., 2021; Goeldner et al., 2011), as well as after early social deprivation (Wang et al., 2022; Kuniishi et al., 2022; Tan et al., 2021).

The net effect of opioid receptor signaling on neural circuit activity depends on the cell types that express the receptor and its subcellular localization. Opioid receptors are particularly enriched in areas involving stress, emotion, pain, and reward processing, including but not limited to the thalamus, habenula (Hb), amygdala, cortex, striatum, and monoamine nuclei (Arvidsson et al., 1995; Mansour et al., 1988). MOR expression is highest in the Hb and thalamic nuclei, whereas KOR is prominent in the hypothalamus and hippocampus (Lutz et al., 2014). This section will discuss the current literature on the brain substrates underlying long-term effects of early social deprivation and opioid withdrawal, focusing on potential shared neural underpinnings between social impairment and opioid use (Figure 1).
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FIGURE 1
 Brain substrates modulating social isolation- and opioid withdrawal-induced negative affect, as well as circuits underlying social deficits in these rodent models. (A) Hypo and hyperactive brain substrates thought to facilitate negative effect and social deficits following social isolation, with some known sex differences. (B) Brain substrates thought to play a role in aversive and rewarding effects of opioids, opioid withdrawal-induced social deficits, negative affect, and craving. BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; CeA, central amygdala; DRN, dorsal raphe nucleus; LHB, lateral habenula, MHb, medial habenula; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; OFC, orbitofrontal cortex; PVT, paraventricular thalamus; VTA, ventral tegmental area.



4.1 Monoamine nuclei

The role of mesolimbic DA in mediating the rewarding effects of opiates is well-established (Di Chiara and Imperato, 1988), however, its influence on withdrawal states remains underexplored (Table 2). Studies have reported long-lasting alterations of DAergic VTA (VTADA) neuron signaling during opioid abstinence (Diana et al., 1995, 1999; Georges et al., 2006; Kaufling and Aston-Jones, 2015). Administration of acute morphine injections fails to change the activity of this population during protracted opioid withdrawal (Georges et al., 2006). This tolerance following opioid cessation appears to be partially mediated by reduced glutamatergic inputs in the VTA (Kaufling and Aston-Jones, 2015). Both optogenetic activation of GABAergic VTA neurons and inhibition of VTADA neurons can produce CPA, further suggesting that VTA activity could modulate aversive behavioral states during opioid withdrawal (Tan et al., 2012).



TABLE 2 Summary table of changes in brain activity and function following opioid abstinence.
[image: Table2]

Studies have started to describe the role of distinct MOR-expressing neuronal populations in mediating opioid-seeking behavior and reward. The VTA and the DRN contain MOR-expressing neuron populations that seem to facilitate both reward and aversion processing associated with chronic opioid use (Jo et al., 2024; Welsch et al., 2023; Lutz et al., 2014; Fields and Margolis, 2015). MOR knockdown in the VTA disrupts heroin CPP, suggesting that VTA μ-activity is necessary for the rewarding effects of opioids (Zhang et al., 2009). Morphine abstinence has been reported to impair MOR-expressing DRN neurons via the downregulation of genes relevant to synaptic signaling, leading to abnormal responses to opioids (Welsch et al., 2023). These neurons have also been implicated in opioid-induced hyperalgesia (Alvarez-Bagnarol et al., 2023). Moreover, several studies support that chronic opioid use increases 5-HT activity, suggesting interactions between serotonergic and opioidergic signaling (Wei et al., 2018; Tao and Auerbach, 2002). Specifically, a recent study has shown that KORs block 5-HT release in the NAc during morphine protracted withdrawal, contributing to the development of social deficits (Pomrenze et al., 2022).

Several studies have reported that positive social interactions engage some of the same brain substrates involved in drug reward processing. Notably, the activity of VTADA neurons projecting to the NAc predicts social interaction, with increased neural firing in the NAc causally linked to higher social exploration in freely behaving mice (Gunaydin et al., 2014). Evidence supports that MOR signaling in the NAc facilitates social reward, with intra-NAc morphine infusion increasing social play behavior that could be decreased by NLX (Trezza et al., 2011). MOR signaling in the NAc, is predominantly associated with reward processing (Shin et al., 2010; Nummenmaa et al., 2018). MOR agonists act on local inhibitory neurons in the VTA, causing disinhibition of (VTADA) neurons and subsequently increased DA release into the NAc (Johnson and North, 1992; Pierce and Kumaresan, 2006). On the other hand, KORs in the NAc have been implicated in aversive, dysphoria-like behavior (Mucha et al., 1985; Pfeiffer et al., 1986; Shippenberg et al., 2007), and are thought to decrease DAergic NAc (NAcDA) signaling (Ehrich et al., 2014; Ebner et al., 2010). Chemogenetic inhibition of VTADA neurons preferentially targeting the NAc medial shell prevents the acquisition of heroin self-administration, supporting the idea that mesolimbic DA release is required for the reinforcing properties of opioids (Corre et al., 2018). MOR agonism may also regulate the reinforcement of rewards by promoting DA release through relieving GABAB-mediated inhibition of glutamatergic inputs to DA neurons (Chen et al., 2015).

Conversely, impaired maturation of the mesolimbic reward circuitry, marked by hypofunctioning VTADA neurons, has been linked to social deficits reversible by activation of glutamatergic signaling during the postnatal period or optogenetic-evoked DA release in the VTA in adulthood (Bariselli et al., 2016). Moreover, VTA hypoactivity has been associated with social deficits in female mice following adolescent JSI that could be reversed by chemogenetic activation (Tan et al., 2021; Supplementary Table S1). Provided that VTADA signaling is important for social reward processing, VTA circuitry changes driven by chronic opioid use may underlie low sociability following abstinence. A recent study identified MOR-expressing VTA neurons as facilitators of social deficits during protracted opioid withdrawal (Jo et al., 2024). While global MOR-KO mice did not show reduced sociability during fentanyl withdrawal, re-expression of MORs in the VTA of MOR-KO mice was sufficient to facilitate low sociability without affecting other withdrawal-related behaviors. This finding corroborates previous studies describing the role of MOR signaling in modulating social behavior (Moles et al., 2004; Becker et al., 2021) and characterizes the VTA as a complex neural substrate with distinct neuronal populations relevant to social processing. In this scenario, persistent adaptations in VTA neurons might work to alter the hedonic value of social interactions, with endogenous opioid release no longer promoting rewarding states induced by prosocial interactions. However, further studies are needed to elucidate the effects of chronic opioid use on VTA transmission on social behavior during protracted withdrawal.

Additional DA populations may play a role in social behavior. In contrast with VTADA activity, DAergic DRN (DRNDA) synapses appear to be potentiated following social isolation (Matthews et al., 2016). This DA population is hypothesized to recapitulate a “loneliness-like” state in which there is increased motivation to seek social contact concurrent with an aversive affective state. Activation of DRNDA neurons is aversive in the absence of social stimuli, however, it increases social preference in the presence of a social target. Hence, whereas the VTADA population can facilitate prosocial behavior, DRNDA neurons may promote the negative emotional state associated with SI. Expression of tryptophan hydroxylase (TPH2) defines another DRN population (Zhang et al., 2004). Repeated optogenetic activation of DRN5-HT neurons, but not VTADA neurons, promotes long-lasting rescue of social preference in a mouse model of autism (Luo et al., 2017). Moreover, optogenetic inhibition of DRN5-HT activity leads to low sociability, while activation of this population enhances prosocial behavior (Walsh et al., 2018). Given the converging evidence pointing to a role of 5-HT in prosocial behavior, it is unsurprising that decreased 5-HT release facilitates low sociability during protracted withdrawal (Valentinova et al., 2019; Pomrenze et al., 2022). Particularly, opioid modulation of DRN activity by the endogenous opioid dynorphin, which binds to Gi-coupled KORs, contributes to these social deficits through decreases in 5-HT release in the NAc (Pomrenze et al., 2022). Deletion of KORs from this cell population is enough to prevent low sociability during protracted withdrawal. Another study has shown that MOR KO in the DRN before heroin exposure prevents the emergence of social deficits during withdrawal (Lutz et al., 2014). Thus, it appears that chronic opioid use alters opioid transmission within major monoaminergic nuclei in the brain, potentially driving low sociability through MORs and KORs.



4.2 Cortex

The PFC plays high-level executive functions such as decision-making, problem-solving, emotional regulation, and social cognition. Impaired PFC function is believed to promote antisocial behaviors, including impulsive aggression and violence (Davidson et al., 2000). In adult mice, chronic isolation leads to PFC hypomyelination and decreased interaction time with conspecifics (Liu et al., 2012). Both behavioral and structural deficits could be reversed by social re-introduction. This brain region is typically divided into orbitofrontal (OFC), dorsolateral (dlPFC), ventrolateral (vlPFC), and medial (mPFC), which are collectively thought to modulate social processing (Ko, 2017). In humans, decreased PFC structure and function, including in the OFC, mPFC, and dlPFC subdivisions, has been correlated with antisocial behavior (Yang and Raine, 2009). Notably, early social deprivation appears to have long-lasting effects on PFC activity (Wang et al., 2022; Tan et al., 2021; Park et al., 2021). A recent study reports that JSI stress leads to hypofunctioning PFC pyramidal neuron activity that promotes aggression in males and social withdrawal in females (Tan et al., 2021). These prefrontal cortical circuits seem to be particularly affected by JSI with notable sex differences. In males, JSI has been shown to reduce the activity of PFC → basolateral amygdala (BLA) connections and result in disinhibition (increased BLA activity), promoting aggression. However, in females the activity of PFC → VTA connections is reduced, with reduced VTADA neuron activity, producing social withdrawal. JSI has also been shown to affect dendritic spine density PFC neurons, however, some groups report increased dendritic spine density while others report reduced density (McGrath and Briand, 2022; Wang et al., 2012). Others reported no significant changes in the number of dendritic spines but instead that the morphology of spines was affected and that there was an increased proportion of immature dendritic spines in JSI animals, coinciding with impaired LTP at BLA → mPFC synapses (Medendorp et al., 2018).

Abnormal PFC activity is a hallmark of addiction as well, with studies reporting baseline hypoactivity paired with hyperactivity in response to drug-related cues (Goldstein and Volkow, 2011). A recent study showed that chronic opioid self-administration gradually decreases mPFC basal activity, generating cognition deficits that are rescuable by chemogenetic activation (Anderson et al., 2021). Specifically, PFC projections to the NAc are thought to play an important role in control-reward circuits underlying opioid abuse. Inhibition of this projection has recently been shown to decrease cue-induced heroin reinstatement, modulating opioid-seeking during relapse (Clarke et al., 2024). A recent study has shown that opioid withdrawal reduces neuronal excitability of mPFC→NAc projections (Qu et al., 2020). mPFC→NAc projections also appear to be blunted after social deprivation, the activation of which seems to be particularly necessary for the social recognition of familiar conspecifics by JSI mice (Park et al., 2021). Given the converging evidence, impaired connectivity between the PFC and NAc may contribute to some of the social deficits associated with protracted opioid withdrawal. Morphine withdrawal has been shown to enhance dynorphin release in the mPFC and impair memory processing in mice (Abraham et al., 2021). KOR signaling in the mPFC reduces DA release and is required for KOR-mediated aversion (Tejeda et al., 2013), suggesting that enhanced KOR signaling during opioid abstinence may disrupt learning and other higher cognitive functions. mPFC→ paraventricular thalamus (PVT) projections have also been found to have reduced activity following SI immediately after weaning (Yamamuro et al., 2020). In adults, chemogenetic inhibition of this pathway is sufficient to generate low sociability, whereas activation of this pathway in JSI mice can rescue low sociability. Few studies have explored the role of opioid receptors in cortical structures in the context of OUD. A recent study reported that cognitive deficits following opioid abstinence are mediated by KOR activation in the PFC (Abraham et al., 2021). The ACC has also been implicated in the development of somatic symptoms of opioid withdrawal and hyperalgesia (McDevitt et al., 2021). Both human and rodent studies provide evidence for increased ACC activity during opioid withdrawal (Lowe et al., 2002; Chu et al., 2015), as well as increased glutamate release (Hermann et al., 2012; Hao et al., 2005).

The OFC has long been associated with social and affective regulation (Rempel-Clower, 2007; Rolls, 2004; Kuniishi et al., 2016; Downar, 2019). In humans, the OFC has been implicated in self-monitoring (Beer et al., 2006), social judgment (Willis et al., 2010), and social cognition (Cicerone, 1997). Patients with OFC damage show a reduced ability to identify their inappropriate social behavior (Beer et al., 2006), as well as impaired interpretation of negative emotional expressions (Willis et al., 2010) and social situations (Cicerone, 1997). In this manner, it seems that OFC activity is particularly important for processing knowledge of self and others. In preclinical and clinical settings, projections from the OFC to the BLA have been linked to social approach behavior and propensity to social anxiety (Li et al., 2021). Inhibition of mOFC→BLA projections generates low sociability, further characterizing the role of OFC in modulating social functions. Early social deprivation has been reported to reduce the AMPA/NMDA ratio in projections from the medial OFC to the BLA (Kuniishi et al., 2022). Optogenetic inhibition of this pathway led to sociability deficits in control mice that were comparable to those exhibited by JSI mice. In a recent study, NLX-treated individuals showed reduced OFC activity when presented with a social reward, suggesting that OFC opioid signaling is relevant for encoding the hedonic aspect of social stimuli (Massaccesi et al., 2024). In the context of OUD, OFC signaling is especially thought to be important for the incubation of craving, given that its activity progressively increases following opioid abstinence (Fanous et al., 2012; Sun et al., 2006). More studies are needed to determine the role of this substrate, if any, in social malfunctioning related to opioid withdrawal.



4.3 Habenula

The Hb has received increasing attention due to having one of the highest expressions of MORs in the brain. This brain region plays a crucial role in regulating aversive and reward-related behaviors, being implicated in the negative affective states associated with drug withdrawal and dependence, as well as depressive- and anxiety-like states (Boulos et al., 2020; Bailly et al., 2023; Xu et al., 2018; Cho et al., 2020). It is subdivided into two sub-structures, the lateral and medial habenula (lHb and mHb, respectively). Targeting the habenular subregions is hindered by their small size, which has led studies to adopt a cell-type approach. For instance, expression of the B4 nicotinic receptor is restricted to the mHb (Shih et al., 2014). A recent study has shown that MOR expression in B4-mHb neurons is necessary for somatic withdrawal symptom manifestation during NLX-precipitated withdrawal (Boulos et al., 2020). MOR-expressing habenular neurons have also been shown to encode aversive states, as stimulation of this population leads to place avoidance (Bailly et al., 2023). Repeated opioid exposure increases the strength of inhibitory dMSN to habenula targeting globus pallidus neurons (GpH) projections, increases dMSN excitability and renders dMSN→GpH connections less sensitive to MOR-induced inhibition (Wang et al., 2023). In the same study, fentanyl self-administration also potentiated the strength of inhibitory dMSN to substantia nigra pars compacta (SNc) projections, reducing the baseline rate of DA neuron spontaneous firing, and enhancing the ability of dMSNs to suppress DAergic cell firing. Inhibition of these striatal MOR+ neurons during withdrawal reduced somatic and affective symptoms of withdrawal.

Deletion of MOR in habenular Chrnb4-positive neurons has been shown to generate significant social deficits regardless of previous exposure to opioids (Allain et al., 2022). Reduced LHb synaptic strength has been linked with social deficits in mice undergoing morphine withdrawal (Valentinova et al., 2019). Moreover, inhibition of LHb → DRN projections decreases sociability, further suggesting that habenular activity contributes to social behaviors. TNF receptor-1 (Tnfr1)-expressing LHb neurons appear to be necessary for the development of low sociability during morphine withdrawal (Valentinova et al., 2019). Cre-dependent Tnfr1 knockdown in this neural substrate prevents opioid abstinence-driven social deficits. These studies reveal an emerging and critical contribution for the habenula in mediating the rewarding and aversive affective components of the stages of opioid use and abstinence.



4.4 Amygdala

Amygdalar subregions, including the BLA, as well as the extended amygdala, i.e., central amygdala (CeA), bed nucleus of stria terminalis (BNST), and NAc integrate stress and reward pathways and are thought to contribute to the negative affective states and reinforcement that maintains opioid dependence (Janak and Tye, 2015; Wilson and McDonald, 2020). In clinical and preclinical studies, chronic opioid use has been reported to impair signaling between the amygdala and regions involved in motivation and reward processing, most notably the NAc (Upadhyay et al., 2010; Zan et al., 2021). The amygdala→NAc transmission regulates DA release, and decreased excitatory synaptic transmission in this pathway has been linked to the development of depressive-like states during morphine abstinence (Zan et al., 2021). Moreover, corticotropin-releasing hormone (CRH) plays a crucial role in opioid addiction by amplifying stress responses in the amygdala, contributing to negative emotional states, and reinforcing opioid-seeking behaviors during withdrawal (Iredale et al., 2000). A recent study has shown that the activity of CRH-expressing CeA neurons that project to the VTA is enhanced after chronic opioid use and mediates negative affect during withdrawal (Jiang et al., 2021). Morphine withdrawal has also been shown to enhance KOR-dynorphin signaling in the amygdala (Zan et al., 2021). While KOR−/− mice do not show a depressive-like phenotype after opioid abstinence in the sucrose preference test (SPT) and tail-suspension test (TST), KOR re-expression in the amygdala of these mice is sufficient for the development of aversive states associated with withdrawal. The CeA is another MOR-dense substrate involved in opioid addictive behavior that sends projections to several reward-aversion centers, including the BNST (Koob, 2009; Beckerman and Glass, 2012). A recent study identified MOR-expressing CeA neurons as drivers of somatic withdrawal symptoms (Chaudun et al., 2024). Studies have also reported increased dynorphin mRNA in the BLA following chronic exposure to opioids (Zan et al., 2021; Solecki et al., 2009). BNST opioid signaling appears to facilitate drug-seeking behavior (Gyawali et al., 2020; Beckerman and Glass, 2012; Delfs et al., 2000), with intra-BNST administration of MOR antagonists suppressing opioid self-administration (Walker et al., 2000). Inhibitory enkephalinergic projections from the BNST to the VTA preferentially synapse onto GABAergic neurons in the VTA which express high levels of MOR (Kudo et al., 2014). These inputs are hypothesized to provide potent inhibition through fast GABA-mediated mechanisms and slower enkephalin-mediated inhibition. This would result in powerful and sustained disinhibition of VTADA neurons, which could explain how BNST→VTA circuits influence opioid reinforcement and promote opioid-seeking behavior.

The BLA is involved in emotional processing and stress responses, promoting affective deficits during protracted morphine withdrawal and driving retrieval of drug withdrawal memory (Deji et al., 2022; Guo et al., 2024). It also sends projections to the CeA another brain region with upregulated activity during opioid withdrawal (Chaudun et al., 2024; Hartley et al., 2019). Recent reports have linked BLA hyperactivity with social isolation-induced anxiety-like behaviors and increased levels of the metabotropic glutamate receptor 5 (mGluR5) (Lin et al., 2018). In this study, the administration of a mGluR5 antagonist rescued negative affect in the elevated-plus maze (EPM) and open-field (OF). Early social deprivation has also been shown to decrease amygdalar DA levels and alter dendritic morphology in BLA neurons (Wang et al., 2012). Open questions remain as to whether there are convergent or separate ensembles of neuronal circuits mediating both negative affect associated with withdrawal and reinforcement associated with acute opioid intoxication. Such questions could be approached by resolving cellular resolution using approaches such as miniscope recordings during the different phases of opioid intoxication and withdrawal.




5 Critical knowledge gaps

This review has explored the connections between ELA and OUD, investigating the overlapping cellular, molecular, and circuit-level changes that exist in the two models. The two seem to display disruptions in opioidergic and DA signaling in key reward-related structures, and several studies suggest that cortical regions and the mesolimbic DA system seem to be particularly vulnerable. Additional studies are needed to further characterize the relevance of specific MOR- and KOR-rich circuits in prosocial behavior, how endogenous and exogenous opioids affect the activity and function of these circuits under basal conditions, and which cells and circuits are particularly vulnerable to change following ELA. Future work should elucidate mechanisms underlying the altered opioid reward and function of the opioid system in ELA models, as well as how these differences affect addiction-related behaviors. Moreover, greater efforts are needed to elucidate transcriptional changes caused by both opioid use and childhood abuse in both animal models and humans, as existing data remains inconsistent (Falconnier et al., 2023). Several studies examined how ELA affects opioid reward, however another open question is how ELA affects withdrawal-related behaviors. It was noted that alterations in the κ-opioid system may underlie the strengthening of “anti-reward” systems during withdrawal and that ELA induces changes in the κ-opioid system, suggesting that withdrawal-related behaviors may be affected by ELA. Furthermore, efforts should be made to bridge the gap between ELA, opioid addiction studies, and social deficits during withdrawal.

This review identified cortical and monoamine circuits as being critical components of the pathology underlying both OUD and ELA. Future research is required to delineate how ELA and social isolation impacts reward circuit development, and particularly the development of DAergic circuits. DA signaling is critical to the reinforcement of drug seeking, and hypo-DAergic states are thought to underlie withdrawal behaviors, therefore the disruptions in DAergic signaling observed in ELA models are particularly relevant to our understanding of how ELA confers increased vulnerability to OUD. Furthermore, an investigation of how MOR signaling in the VTA mediates sociability deficits during withdrawal states and whether ELA exacerbates this phenomenon could prove to be quite beneficial to the field. The interaction between ELA and maturation of the 5-HT system and the subsequent effects on opioid reward-related behaviors also warrants further investigation. The 5-HT system is known to regulate sociability and was demonstrated to be modulated by the opioid system in the NAc, where dynorphin inhibited 5-HT release and led to sociability deficits in withdrawal (Pomrenze et al., 2022). Additionally, ELA is thought to impair the development of the 5-HT system (Malave et al., 2022). However, the synergistic effects of ELA and chronic opioid use on the function of the 5-HT system and how this confers risk for OUD and affects sociability during withdrawal has not been thoroughly explored but remains an important question. Finally, several MOR-rich regions including the amygdala and habenula have recently been shown to influence both affective behaviors and sociability during withdrawal states. It is essential for future works to clarify how these circuits are affected by both ELA and chronic opioid use, and whether opioid receptors are involved in mediating the aversive withdrawal states. Complementing self-administration studies with targeted manipulation strategies–such as chemo and optogenetic interventions–, as well as in vivo recordings, offers a powerful means to dissect the specific neural circuits and receptor systems facilitating opioid addiction. These techniques provide the precision required to dissect the complex interplay between ELA-induced changes and opioid reward pathways. There are significant methodological challenges that remain in studying the effects of ELA. Standardizing protocols such as MS and LBN is essential to ensure reproducibility and comparability across studies. Variability in these models can obscure results and hinder progress in understanding the nuanced effects of ELA. Addressing these methodological limitations will be critical for advancing the field and translating findings into effective prevention and treatment strategies for opioid addiction.



6 Conclusion

Rodent research has provided valuable insights into how early social deprivation influences brain areas, circuits, and networks relevant to reward processing. Impaired social bond formation and poor social networks during critical developmental periods are now established to impact reward circuitry maturation and vulnerability to addiction, including to OUD. Strong evidence suggests that this ELA subtype can modulate opioid-seeking behavior in both passive and self-administration paradigms. Such behavioral changes are accompanied by distinct and persistent changes in endogenous opioid release and opioid receptor expression. Moreover, significant progress has been made in identifying the neural substrates underlying negative affective states and social deficits following opioid abstinence. Long-term neuroadaptations in multiple brain reward (NAc, VTA, PFC, DRN) and aversion substrates (Hb, PVT, and amygdala) have now been identified both following early social deprivation and prolonged opioid use. Notably, changes in opioid transmission have been directly implicated in social deficits during protracted opioid abstinence. Continued exploration of the reciprocal relationship between social deprivation and opioid addiction will aid understanding of the long-term impact of social experiences on opioid abuse behaviors and ultimately inform more effective treatment strategies for OUD prevention and intervention strategies.



Author contributions

JG: Conceptualization, Writing – original draft, Writing – review & editing. SS-K: Conceptualization, Writing – original draft, Writing – review & editing. MP: Conceptualization, Supervision, Writing – review & editing, Funding acquisition. JT: Conceptualization, Supervision, Writing – original draft, Writing – review & editing, Funding acquisition.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work received funding from K08 DA055157, Brain and Behavior Research Foundation Young Investigator Grant, Stanford University School of Medicine Department of Psychiatry & Behavioral Sciences 2024 Innovator Grants Program (JT), Stanford Baker PRISM fellowship (SS-K) and K99 DA056573 (MP).



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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/fnana.2024.1521016/full#supplementary-material



References

 Abraham, A. D., Casello, S. M., Schattauer, S. S., Wong, B. A., Mizuno, G. O., Mahe, K., et al. (2021). Release of endogenous dynorphin opioids in the prefrontal cortex disrupts cognition. Neuropsychopharmacology 46, 2330–2339. doi: 10.1038/s41386-021-01168-2 

 Ainsworth, M. S., and Bowlby, J. (1991). An ethological approach to personality development. American Psychologist. 46, 333–341. doi: 10.1037/0003-066X.46.4.333

 Allain, F., Carter, M., Dumas, S., Darcq, E., and Kieffer, B. L. (2022). The mu opioid receptor and the orphan receptor GPR151 contribute to social reward in the habenula. Sci. Rep. 12:20234. doi: 10.1038/s41598-022-24395-z 

 Alvarez-Bagnarol, Y., García, R., Vendruscolo, L. F., and Morales, M. (2023). Inhibition of dorsal raphe GABAergic neurons blocks hyperalgesia during heroin withdrawal. Neuropsychopharmacology 48, 1300–1308. doi: 10.1038/s41386-023-01620-5 

 Amini-Khoei, H., Amiri, S., Mohammadi-Asl, A., Alijanpour, S., Poursaman, S., Haj-Mirzaian, A., et al. (2017). Experiencing neonatal maternal separation increased pain sensitivity in adult male mice: involvement of oxytocinergic system. Neuropeptides 61, 77–85. doi: 10.1016/j.npep.2016.11.005 

 Anderson, E. M., Engelhardt, A., Demis, S., Porath, E., and Hearing, M. C. (2021). Remifentanil self-administration in mice promotes sex-specific prefrontal cortex dysfunction underlying deficits in cognitive flexibility. Neuropsychopharmacology 46, 1734–1745. doi: 10.1038/s41386-021-01028-z 

 Arvidsson, U., Riedl, M., Chakrabarti, S., Lee, J. H., Nakano, A. H., Dado, R. J., et al. (1995). Distribution and targeting of a mu-opioid receptor (MOR1) in brain and spinal cord. J. Neurosci. 15, 3328–3341. doi: 10.1523/JNEUROSCI.15-05-03328.1995 

 Askari, N., Mousavi, A., and Vaez-Mahdavi, M. R. (2022). Maternal deprivation effect on morphine-induced CPP is related to changes in opioid receptors in selected rat brain regions (hippocampus, prefrontal cortex, and nucleus accumbens). Behav. Process. 197:104607. doi: 10.1016/j.beproc.2022.104607 

 Austin, A. E., and Shanahan, M. E. (2018). Association of childhood abuse and neglect with prescription opioid misuse: examination of mediation by adolescent depressive symptoms and pain. Child Youth Serv. Rev. 86, 84–93. doi: 10.1016/j.childyouth.2018.01.023

 Austin, A. E., Shanahan, M. E., and Zvara, B. J. (2018). Association of childhood abuse and prescription opioid use in early adulthood. Addict. Behav. 76, 265–269. doi: 10.1016/j.addbeh.2017.08.033 

 Bailly, J., Allain, F., Schwartz, E., Tirel, C., Dupuy, C., Petit, F., et al. (2023). Habenular neurons expressing mu opioid receptors promote negative affect in a projection-specific manner. Biol. Psychiatry 93, 1108–1117. doi: 10.1016/j.biopsych.2022.09.013 

 Bariselli, S., Tzanoulinou, S., Glangetas, C., Prévost-Solié, C., Pucci, L., Viguié, J., et al. (2016). SHANK3 controls maturation of social reward circuits in the VTA. Nat. Neurosci. 19, 926–934. doi: 10.1038/nn.4319 

 Becker, J. A. J., Pellissier, L. P., Corde, Y., Laboute, T., Léauté, A., Gandía, J., et al. (2021). Facilitating mGluR4 activity reverses the long-term deleterious consequences of chronic morphine exposure in male mice. Neuropsychopharmacology 46, 1373–1385. doi: 10.1038/s41386-020-00927-x 

 Beckerman, M. A., and Glass, M. J. (2012). The NMDA-NR1 receptor subunit and the mu-opioid receptor are expressed in somatodendritic compartments of central nucleus of the amygdala neurons projecting to the bed nucleus of the stria terminalis. Exp. Neurol. 234, 112–126. doi: 10.1016/j.expneurol.2011.12.034 

 Beer, J. S., John, O. P., Scabini, D., and Knight, R. T. (2006). Orbitofrontal cortex and social behavior: integrating self-monitoring and emotion-cognition interactions. J. Cogn. Neurosci. 18, 871–879. doi: 10.1162/jocn.2006.18.6.871 

 Berrendero, F., Robledo, P., Trigo, J. M., Martín-García, E., and Maldonado, R. (2010). Neurobiological mechanisms involved in nicotine dependence and reward: participation of the endogenous opioid system. Neurosci. Biobehav. Rev. 35, 220–231. doi: 10.1016/j.neubiorev.2010.02.006 

 Boehnke, K. F., McAfee, J., Ackerman, J. M., and Kruger, D. J. (2021). Medication and substance use increases among people using cannabis medically during the COVID-19 pandemic. Int. J. Drug Policy 92:103053. doi: 10.1016/j.drugpo.2020.103053 

 Bossert, J. M., Stern, A. L., Theberge, F. R. M., Cifani, C., Koya, E., Hope, B. T., et al. (2011). Ventral medial prefrontal cortex neuronal ensembles mediate context-induced relapse to heroin. Nat. Neurosci. 14, 420–422. doi: 10.1038/nn.2758 

 Boulos, L. J., Ben Hamida, S., Bailly, J., Maitra, M., Ehrlich, A. T., Gavériaux-Ruff, C., et al. (2020). Mu opioid receptors in the medial habenula contribute to naloxone aversion. Neuropsychopharmacology 45, 247–255. doi: 10.1038/s41386-019-0395-7 

 Bowlby, J. (1977). The making and breaking of affectional bonds: aetiology and psychopathology in the light of attachment theory. An expanded version of the fiftieth Maudsley lecture, delivered before the Royal College of psychiatrists, 19 November 1976. Br. J. Psychiatry 130, 201–210. doi: 10.1192/bjp.130.3.201 

 Bozarth, M. A., Murray, A., and Wise, R. A. (1989). Influence of housing conditions on the acquisition of intravenous heroin and cocaine self-administration in rats. Pharmacol. Biochem. Behav. 33, 903–907. doi: 10.1016/0091-3057(89)90490-5

 Bravo, I. M., Luster, B. R., Flanigan, M. E., Perez, P. J., Cogan, E. S., Schmidt, K. T., et al. (2020). Divergent behavioral responses in protracted opioid withdrawal in male and female C57BL/6J mice. Eur. J. Neurosci. 51, 742–754. doi: 10.1111/ejn.14580 

 Brenhouse, H. C., Lukkes, J. L., and Andersen, S. L. (2013). Early life adversity alters the developmental profiles of addiction-related prefrontal cortex circuitry. Brain Sci. 3, 143–158. doi: 10.3390/brainsci3010143 

 Bruchas, M. R., Land, B. B., and Chavkin, C. (2010). The dynorphin/kappa opioid system as a modulator of stress-induced and pro-addictive behaviors. Brain Res. 1314, 44–55. doi: 10.1016/j.brainres.2009.08.062 

 Bruijnzeel, A. W. (2009). Kappa-opioid receptor signaling and brain reward function. Brain Res. Rev. 62, 127–146. doi: 10.1016/j.brainresrev.2009.09.008 

 Burattini, C., Burbassi, S., Aicardi, G., and Cervo, L. (2008). Effects of naltrexone on cocaine- and sucrose-seeking behaviour in response to associated stimuli in rats. Int. J. Neuropsychopharmacol. 11, 103–109. doi: 10.1017/S1461145707007705 

 Capriles, N., Rodaros, D., Sorge, R. E., and Stewart, J. (2003). A role for the prefrontal cortex in stress- and cocaine-induced reinstatement of cocaine seeking in rats. Psychopharmacology 168, 66–74. doi: 10.1007/s00213-002-1283-z 

 Carden, S. E., Hernandez, N., and Hofer, M. A. (1996). The isolation and companion comfort responses of 7- and 3-day-old rat pups are modulated by drugs active at the opioid receptor. Behav. Neurosci. 110, 324–330. doi: 10.1037//0735-7044.110.2.324 

 Carlyle, M., Broomby, R., Simpson, G., Hannon, R., Fawaz, L., Mollaahmetoglu, O. M., et al. (2021). A randomised, double-blind study investigating the relationship between early childhood trauma and the rewarding effects of morphine. Addict. Biol. 26:e13047. doi: 10.1111/adb.13047 

 Castro, D. C., Oswell, C. S., Zhang, E. T., Pedersen, C. E., Piantadosi, S. C., Rossi, M. A., et al. (2021). An endogenous opioid circuit determines state-dependent reward consumption. Nature 598, 646–651. doi: 10.1038/s41586-021-04013-0

 Charles, S. J., Farias, M., van Mulukom, V., Saraswati, A., Dein, S., Watts, F., et al. (2020). Blocking mu-opioid receptors inhibits social bonding in rituals. Biol. Lett. 16:20200485. doi: 10.1098/rsbl.2020.0485 

 Chaudun, F., Python, L., Liu, Y., Hiver, A., Cand, J., Kieffer, B. L., et al. (2024). Distinct μ-opioid ensembles trigger positive and negative fentanyl reinforcement. Nature 630, 141–148. doi: 10.1038/s41586-024-07440-x 

 Chelnokova, O., Laeng, B., Eikemo, M., Riegels, J., Løseth, G., Maurud, H., et al. (2014). Rewards of beauty: the opioid system mediates social motivation in humans. Mol. Psychiatry 19, 746–747. doi: 10.1038/mp.2014.1 

 Chelnokova, O., Laeng, B., Løseth, G., Eikemo, M., Willoch, F., and Leknes, S. (2016). The μ-opioid system promotes visual attention to faces and eyes. Soc. Cogn. Affect. Neurosci. 11, 1902–1909. doi: 10.1093/scan/nsw116 

 Chen, Y., Wang, C.-Y., Zan, G.-Y., Yao, S.-Y., Deng, Y.-Z., Shu, X.-L., et al. (2023). Upregulation of dynorphin/kappa opioid receptor system in the dorsal hippocampus contributes to morphine withdrawal-induced place aversion. Acta Pharmacol. Sin. 44, 538–545. doi: 10.1038/s41401-022-00987-3 

 Chen, M., Zhao, Y., Yang, H., Luan, W., Song, J., Cui, D., et al. (2015). Morphine disinhibits glutamatergic input to VTA dopamine neurons and promotes dopamine neuron excitation. eLife 4:09275. doi: 10.7554/eLife.09275 

 Cho, C.-H., Lee, S., Kim, A., Yarishkin, O., Ryoo, K., Lee, Y.-S., et al. (2020). TMEM16A expression in cholinergic neurons of the medial habenula mediates anxiety-related behaviors. EMBO Rep. 21:e48097. doi: 10.15252/embr.201948097 

 Chu, L. F., Lin, J. C., Clemenson, A., Encisco, E., Sun, J., Hoang, D., et al. (2015). Acute opioid withdrawal is associated with increased neural activity in reward-processing centers in healthy men: a functional magnetic resonance imaging study. Drug Alcohol Depend. 153, 314–322. doi: 10.1016/j.drugalcdep.2015.04.019 

 Cicerone, K. (1997). Disturbance of social cognition after traumatic orbitofrontal brain injury. Arch. Clin. Neuropsychol. 12, 173–188. doi: 10.1016/S0887-6177(96)00022-4 

 Cimino, S., Carola, V., Cerniglia, L., Bussone, S., Bevilacqua, A., and Tambelli, R. (2020). The μ-opioid receptor gene A118G polymorphism is associated with insecure attachment in children with disruptive mood regulation disorder and their mothers. Brain Behav. 10:e01659. doi: 10.1002/brb3.1659 

 Cinque, C., Pondiki, S., Oddi, D., Di Certo, M. G., Marinelli, S., Troisi, A., et al. (2012). Modeling socially anhedonic syndromes: genetic and pharmacological manipulation of opioid neurotransmission in mice. Transl. Psychiatry 2:e155. doi: 10.1038/tp.2012.83 

 Clarke, R. E., Grant, R. I., Woods, S. N., Pagoota, B. E., Buchmaier, S., Bordieanu, B., et al. (2024). Corticostriatal ensemble dynamics across heroin self-administration to reinstatement. BioRxiv. doi: 10.1101/2024.06.21.599790 

 Conroy, E., Degenhardt, L., Mattick, R. P., and Nelson, E. C. (2009). Child maltreatment as a risk factor for opioid dependence: comparison of family characteristics and type and severity of child maltreatment with a matched control group. Child Abuse Negl. 33, 343–352. doi: 10.1016/j.chiabu.2008.09.009 

 Contet, C., Kieffer, B. L., and Befort, K. (2004). Mu opioid receptor: a gateway to drug addiction. Curr. Opin. Neurobiol. 14, 370–378. doi: 10.1016/j.conb.2004.05.005 

 Corre, J., van Zessen, R., Loureiro, M., Patriarchi, T., Tian, L., Pascoli, V., et al. (2018). Dopamine neurons projecting to medial shell of the nucleus accumbens drive heroin reinforcement. eLife 7:e39945. doi: 10.7554/eLife.39945 

 Cui, Y., Ostlund, S. B., James, A. S., Park, C. S., Ge, W., Roberts, K. W., et al. (2014). Targeted expression of μ-opioid receptors in a subset of striatal direct-pathway neurons restores opiate reward. Nat. Neurosci. 17, 254–261. doi: 10.1038/nn.3622

 D’Addario, C., Caputi, F. F., Rimondini, R., Gandolfi, O., Del Borrello, E., Candeletti, S., et al. (2013). Different alcohol exposures induce selective alterations on the expression of dynorphin and nociceptin systems related genes in rat brain. Addict. Biol. 18, 425–433. doi: 10.1111/j.1369-1600.2011.00326.x 

 Dalefield, M. L., Scouller, B., Bibi, R., and Kivell, B. M. (2022). The kappa opioid receptor: a promising therapeutic target for multiple pathologies. Front. Pharmacol. 13:837671. doi: 10.3389/fphar.2022.837671 

 Darcq, E., and Kieffer, B. L. (2018). Opioid receptors: drivers to addiction? Nat. Rev. Neurosci. 19, 499–514. doi: 10.1038/s41583-018-0028-x 

 Davidson, R. J., Putnam, K. M., and Larson, C. L. (2000). Dysfunction in the neural circuitry of emotion regulation--a possible prelude to violence. Science 289, 591–594. doi: 10.1126/science.289.5479.591

 De Brito, S. A., Viding, E., Sebastian, C. L., Kelly, P. A., Mechelli, A., Maris, H., et al. (2013). Reduced orbitofrontal and temporal grey matter in a community sample of maltreated children. J. Child Psychol. Psychiatry 54, 105–112. doi: 10.1111/j.1469-7610.2012.02597.x 

 Deji, C., Yan, P., Ji, Y., Yan, X., Feng, Y., Liu, J., et al. (2022). The basolateral amygdala to ventral Hippocampus circuit controls anxiety-like behaviors induced by morphine withdrawal. Front. Cell. Neurosci. 16:894886. doi: 10.3389/fncel.2022.894886 

 Delfs, J. M., Zhu, Y., Druhan, J. P., and Aston-Jones, G. (2000). Noradrenaline in the ventral forebrain is critical for opiate withdrawal-induced aversion. Nature 403, 430–434. doi: 10.1038/35000212 

 Der-Avakian, A., and Markou, A. (2010). Neonatal maternal separation exacerbates the reward-enhancing effect of acute amphetamine administration and the anhedonic effect of repeated social defeat in adult rats. Neuroscience 170, 1189–1198. doi: 10.1016/j.neuroscience.2010.08.002 

 Deroche, V., Piazza, P. V., Le Moal, M., and Simon, H. (1994). Social isolation-induced enhancement of the psychomotor effects of morphine depends on corticosterone secretion. Brain Res. 640, 136–139. doi: 10.1016/0006-8993(94)91867-8 

 Di Chiara, G., and Imperato, A. (1988). Drugs abused by humans preferentially increase synaptic dopamine concentrations in the mesolimbic system of freely moving rats. Proc. Natl. Acad. Sci. USA 85, 5274–5278. doi: 10.1073/pnas.85.14.5274 

 Diana, M., Muntoni, A. L., Pistis, M., Melis, M., and Gessa, G. L. (1999). Lasting reduction in mesolimbic dopamine neuronal activity after morphine withdrawal. Eur. J. Neurosci. 11, 1037–1041. doi: 10.1046/j.1460-9568.1999.00488.x 

 Diana, M., Pistis, M., Muntoni, A., and Gessa, G. (1995). Profound decrease of mesolimbic dopaminergic neuronal activity in morphine withdrawn rats. J. Pharmacol. Exp. Ther. 272, 781–785.

 Downar, J. (2019). Orbitofrontal cortex: a “non-rewarding” new treatment target in depression? Curr. Biol. 29, R59–R62. doi: 10.1016/j.cub.2018.11.057 

 DSM-5 (2013). Diagnostic and statistical manual of mental disorders: DSM-5. 5th Edn. Washington, DC: American Psychiatric Publishing.

 Du Preez, A., Law, T., Onorato, D., Lim, Y. M., Eiben, P., Musaelyan, K., et al. (2020). The type of stress matters: repeated injection and permanent social isolation stress in male mice have a differential effect on anxiety- and depressive-like behaviours, and associated biological alterations. Transl. Psychiatry 10:325. doi: 10.1038/s41398-020-01000-3 

 Eacret, D., Manduchi, E., Noreck, J., Tyner, E., Fenik, P., Dunn, A. D., et al. (2023). Mu-opioid receptor-expressing neurons in the paraventricular thalamus modulate chronic morphine-induced wake alterations. Transl. Psychiatry 13:78. doi: 10.1038/s41398-023-02382-w 

 Ebner, S. R., Roitman, M. F., Potter, D. N., Rachlin, A. B., and Chartoff, E. H. (2010). Depressive-like effects of the kappa opioid receptor agonist salvinorin a are associated with decreased phasic dopamine release in the nucleus accumbens. Psychopharmacology 210, 241–252. doi: 10.1007/s00213-010-1836-5 

 Ehrich, J. M., Phillips, P. E. M., and Chavkin, C. (2014). Kappa opioid receptor activation potentiates the cocaine-induced increase in evoked dopamine release recorded in vivo in the mouse nucleus accumbens. Neuropsychopharmacology 39, 3036–3048. doi: 10.1038/npp.2014.157 

 Einon, D. F., and Morgan, M. J. (1977). A critical period for social isolation in the rat. Dev. Psychobiol. 10, 123–132. doi: 10.1002/dev.420100205 

 Eisenberger, N. I. (2012). The neural bases of social pain: evidence for shared representations with physical pain. Psychosom. Med. 74, 126–135. doi: 10.1097/PSY.0b013e3182464dd1 

 Falconnier, C., Caparros-Roissard, A., Decraene, C., and Lutz, P.-E. (2023). Functional genomic mechanisms of opioid action and opioid use disorder: a systematic review of animal models and human studies. Mol. Psychiatry 28, 4568–4584. doi: 10.1038/s41380-023-02238-1 

 Fanous, S., Goldart, E. M., Theberge, F. R. M., Bossert, J. M., Shaham, Y., and Hope, B. T. (2012). Role of orbitofrontal cortex neuronal ensembles in the expression of incubation of heroin craving. J. Neurosci. 32, 11600–11609. doi: 10.1523/JNEUROSCI.1914-12.2012 

 Fields, H. L., and Margolis, E. B. (2015). Understanding opioid reward. Trends Neurosci. 38, 217–225. doi: 10.1016/j.tins.2015.01.002 

 Florence, C., Luo, F., and Rice, K. (2021). The economic burden of opioid use disorder and fatal opioid overdose in the United States, 2017. Drug Alcohol Depend. 218:108350. doi: 10.1016/j.drugalcdep.2020.108350 

 Fosnocht, A. Q., Lucerne, K. E., Ellis, A. S., Olimpo, N. A., and Briand, L. A. (2019). Adolescent social isolation increases cocaine seeking in male and female mice. Behav. Brain Res. 359, 589–596. doi: 10.1016/j.bbr.2018.10.007 

 Fox, M. E., Wulff, A. B., Franco, D., Choi, E. Y., Calarco, C. A., Engeln, M., et al. (2023). Adaptations in nucleus accumbens neuron subtypes mediate negative affective behaviors in fentanyl abstinence. Biol. Psychiatry 93, 489–501. doi: 10.1016/j.biopsych.2022.08.023 

 Geiger, L. T., Balouek, J.-A., Farrelly, L. A., Chen, A. S., Tang, M., Bennett, S. N., et al. (2024). Early-life stress alters chromatin modifications in VTA to prime stress sensitivity. BioRxiv. doi: 10.1101/2024.03.14.584631 

 Georges, F., Le Moine, C., and Aston-Jones, G. (2006). No effect of morphine on ventral tegmental dopamine neurons during withdrawal. J. Neurosci. 26, 5720–5726. doi: 10.1523/JNEUROSCI.5032-05.2006 

 Gerrits, M. A. F. M., Lesscher, H. B. M., and van Ree, J. M. (2003). Drug dependence and the endogenous opioid system. Eur. Neuropsychopharmacol. 13, 424–434. doi: 10.1016/j.euroneuro.2003.08.003 

 Ghitza, U. E., Preston, K. L., Epstein, D. H., Kuwabara, H., Endres, C. J., Bencherif, B., et al. (2010). Brain mu-opioid receptor binding predicts treatment outcome in cocaine-abusing outpatients. Biol. Psychiatry 68, 697–703. doi: 10.1016/j.biopsych.2010.05.003 

 Goeldner, C., Lutz, P.-E., Darcq, E., Halter, T., Clesse, D., Ouagazzal, A.-M., et al. (2011). Impaired emotional-like behavior and serotonergic function during protracted abstinence from chronic morphine. Biol. Psychiatry 69, 236–244. doi: 10.1016/j.biopsych.2010.08.021 

 Goff, B., Gee, D. G., Telzer, E. H., Humphreys, K. L., Gabard-Durnam, L., Flannery, J., et al. (2013). Reduced nucleus accumbens reactivity and adolescent depression following early-life stress. Neuroscience 249, 129–138. doi: 10.1016/j.neuroscience.2012.12.010 

 Goldstein, R. Z., and Volkow, N. D. (2011). Dysfunction of the prefrontal cortex in addiction: neuroimaging findings and clinical implications. Nat. Rev. Neurosci. 12, 652–669. doi: 10.1038/nrn3119 

 Gracia-Rubio, I., Martinez-Laorden, E., Moscoso-Castro, M., Milanés, M. V., Laorden, M. L., and Valverde, O. (2016). Maternal separation impairs cocaine-induced behavioural sensitization in adolescent mice. PLoS One 11:e0167483. doi: 10.1371/journal.pone.0167483 

 Granholm, L., Roman, E., and Nylander, I. (2015). Single housing during early adolescence causes time-, area- and peptide-specific alterations in endogenous opioids of rat brain. Br. J. Pharmacol. 172, 606–614. doi: 10.1111/bph.12753 

 Gunaydin, L. A., Grosenick, L., Finkelstein, J. C., Kauvar, I. V., Fenno, L. E., Adhikari, A., et al. (2014). Natural neural projection dynamics underlying social behavior. Cell 157, 1535–1551. doi: 10.1016/j.cell.2014.05.017 

 Guo, X., Yuan, Y., Su, X., Cao, Z., Chu, C., Lei, C., et al. (2024). Different projection neurons of basolateral amygdala participate in the retrieval of morphine withdrawal memory with diverse molecular pathways. Mol. Psychiatry 29, 793–808. doi: 10.1038/s41380-023-02371-x 

 Gustafsson, L., Oreland, S., Hoffmann, P., and Nylander, I. (2008). The impact of postnatal environment on opioid peptides in young and adult male Wistar rats. Neuropeptides 42, 177–191. doi: 10.1016/j.npep.2007.10.006 

 Gyawali, U., Martin, D. A., Sulima, A., Rice, K. C., and Calu, D. J. (2020). Role of BNST CRFR1 receptors in incubation of fentanyl seeking. Front. Behav. Neurosci. 14:153. doi: 10.3389/fnbeh.2020.00153 

 Haj-Mirzaian, A., Nikbakhsh, R., Ramezanzadeh, K., Rezaee, M., Amini-Khoei, H., Haj-Mirzaian, A., et al. (2019). Involvement of opioid system in behavioral despair induced by social isolation stress in mice. Biomed. Pharmacother. 109, 938–944. doi: 10.1016/j.biopha.2018.10.144 

 Hanson, J. L., Chung, M. K., Avants, B. B., Shirtcliff, E. A., Gee, J. C., Davidson, R. J., et al. (2010). Early stress is associated with alterations in the orbitofrontal cortex: a tensor-based morphometry investigation of brain structure and behavioral risk. J. Neurosci. 30, 7466–7472. doi: 10.1523/JNEUROSCI.0859-10.2010 

 Hanson, J. L., Hariri, A. R., and Williamson, D. E. (2015). Blunted ventral striatum development in adolescence reflects emotional neglect and predicts depressive symptoms. Biol. Psychiatry 78, 598–605. doi: 10.1016/j.biopsych.2015.05.010 

 Hao, Y., Yang, J. Y., Guo, M., Wu, C. F., and Wu, M. F. (2005). Morphine decreases extracellular levels of glutamate in the anterior cingulate cortex: an in vivo microdialysis study in freely moving rats. Brain Res. 1040, 191–196. doi: 10.1016/j.brainres.2005.01.072 

 Harris, G. C., and Aston-Jones, G. (2003). Altered motivation and learning following opiate withdrawal: evidence for prolonged dysregulation of reward processing. Neuropsychopharmacology 28, 865–871. doi: 10.1038/sj.npp.1300122 

 Hartley, N. D., Gaulden, A. D., Báldi, R., Winters, N. D., Salimando, G. J., Rosas-Vidal, L. E., et al. (2019). Dynamic remodeling of a basolateral-to-central amygdala glutamatergic circuit across fear states. Nat. Neurosci. 22, 2000–2012. doi: 10.1038/s41593-019-0528-7 

 Heffernan, K., Cloitre, M., Tardiff, K., Marzuk, P. M., Portera, L., and Leon, A. C. (2000). Childhood trauma as a correlate of lifetime opiate use in psychiatric patients. Addict. Behav. 25, 797–803. doi: 10.1016/S0306-4603(00)00066-6 

 Hein, T. C., and Monk, C. S. (2017). Research review: neural response to threat in children, adolescents, and adults after child maltreatment - a quantitative meta-analysis. J. Child Psychol. Psychiatry 58, 222–230. doi: 10.1111/jcpp.12651 

 Herman, B. H., and Panksepp, J. (1978). Effects of morphine and naloxone on separation distress and approach attachment: evidence for opiate mediation of social affect. Pharmacol. Biochem. Behav. 9, 213–220. doi: 10.1016/0091-3057(78)90167-3 

 Hermann, D., Frischknecht, U., Heinrich, M., Hoerst, M., Vollmert, C., Vollstädt-Klein, S., et al. (2012). MR spectroscopy in opiate maintenance therapy: association of glutamate with the number of previous withdrawals in the anterior cingulate cortex. Addict. Biol. 17, 659–667. doi: 10.1111/j.1369-1600.2010.00290.x 

 Herz, A. (1997). Endogenous opioid systems and alcohol addiction. Psychopharmacology 129, 99–111. doi: 10.1007/s002130050169 

 Hodel, A. S., Hunt, R. H., Cowell, R. A., Van Den Heuvel, S. E., Gunnar, M. R., and Thomas, K. M. (2015). Duration of early adversity and structural brain development in post-institutionalized adolescents. Neuroimage 105, 112–119. doi: 10.1016/j.neuroimage.2014.10.020 

 Hofford, R. S., Chow, J. J., Beckmann, J. S., and Bardo, M. T. (2017). Effects of environmental enrichment on self-administration of the short-acting opioid remifentanil in male rats. Psychopharmacology 234, 3499–3506. doi: 10.1007/s00213-017-4734-2 

 Holmes, A., le Guisquet, A. M., Vogel, E., Millstein, R. A., Leman, S., and Belzung, C. (2005). Early life genetic, epigenetic and environmental factors shaping emotionality in rodents. Neurosci. Biobehav. Rev. 29, 1335–1346. doi: 10.1016/j.neubiorev.2005.04.012 

 Horigian, V. E., Schmidt, R. D., and Feaster, D. J. (2021). Loneliness, mental health, and substance use among US Young adults during COVID-19. J. Psychoactive Drugs 53, 1–9. doi: 10.1080/02791072.2020.1836435 

 Hser, Y.-I., Mooney, L. J., Saxon, A. J., Miotto, K., Bell, D. S., and Huang, D. (2017). Chronic pain among patients with opioid use disorder: results from electronic health records data. J. Subst. Abus. Treat. 77, 26–30. doi: 10.1016/j.jsat.2017.03.006 

 Hsu, D. T., Sanford, B. J., Meyers, K. K., Love, T. M., Hazlett, K. E., Wang, H., et al. (2013). Response of the μ-opioid system to social rejection and acceptance. Mol. Psychiatry 18, 1211–1217. doi: 10.1038/mp.2013.96 

 Ieraci, A., Mallei, A., and Popoli, M. (2016). Social isolation stress induces anxious-depressive-like behavior and alterations of neuroplasticity-related genes in adult male mice. Neural Plast. 2016, 6212983–6212913. doi: 10.1155/2016/6212983 

 Inagaki, T. K., Hazlett, L. I., and Andreescu, C. (2019). Naltrexone alters responses to social and physical warmth: implications for social bonding. Soc. Cogn. Affect. Neurosci. 14, 471–479. doi: 10.1093/scan/nsz026 

 Inagaki, T. K., Ray, L. A., Irwin, M. R., Way, B. M., and Eisenberger, N. I. (2016). Opioids and social bonding: naltrexone reduces feelings of social connection. Soc. Cogn. Affect. Neurosci. 11, 728–735. doi: 10.1093/scan/nsw006 

 Iredale, P. A., Alvaro, J. D., Lee, Y., Terwilliger, R., Chen, Y. L., and Duman, R. S. (2000). Role of corticotropin-releasing factor receptor-1 in opiate withdrawal. J. Neurochem. 74, 199–208. doi: 10.1046/j.1471-4159.2000.0740199.x 

 Janak, P. H., and Tye, K. M. (2015). From circuits to behaviour in the amygdala. Nature 517, 284–292. doi: 10.1038/nature14188 

 Jesmin, S. S., and Amin, I. (2020). Diseases of despair and social capital: findings from a population-based survey on opioid misuse among adolescents. Subst. Use Misuse 55, 1993–2001. doi: 10.1080/10826084.2020.1784949 

 Jiang, C., Yang, X., He, G., Wang, F., Wang, Z., Xu, W., et al. (2021). CRHCeA→VTA inputs inhibit the positive ensembles to induce negative effect of opiate withdrawal. Mol. Psychiatry 26, 6170–6186. doi: 10.1038/s41380-021-01321-9 

 Jo, A. Y., Xie, Y., Rodrigues, A., Sandoval Ortega, R. A., Creasy, K. T., Beier, K. T., et al. (2024). VTA μ-opioidergic neurons facilitate low sociability in protracted opioid withdrawal. BioRxiv. doi: 10.1101/2024.07.08.602522 

 Johnson, S. W., and North, R. A. (1992). Opioids excite dopamine neurons by hyperpolarization of local interneurons. J. Neurosci. 12, 483–488. doi: 10.1523/JNEUROSCI.12-02-00483.1992 

 Kalin, N. H., and Shelton, S. E. (1989). Defensive behaviors in infant rhesus monkeys: environmental cues and neurochemical regulation. Science 243, 1718–1721. doi: 10.1126/science.2564702 

 Kalin, N. H., Shelton, S. E., and Barksdale, C. M. (1988). Opiate modulation of separation-induced distress in non-human primates. Brain Res. 440, 285–292. doi: 10.1016/0006-8993(88)90997-3 

 Kalinichev, M., Easterling, K. W., and Holtzman, S. G. (2002). Early neonatal experience of long-Evans rats results in long-lasting changes in reactivity to a novel environment and morphine-induced sensitization and tolerance. Neuropsychopharmacology 27, 518–533. doi: 10.1016/S0893-133X(02)00326-3 

 Karkhanis, A. N., Leach, A. C., Yorgason, J. T., Uneri, A., Barth, S., Niere, F., et al. (2019). Chronic social isolation stress during Peri-adolescence alters presynaptic dopamine terminal dynamics via augmentation in accumbal dopamine availability. ACS Chem. Neurosci. 10, 2033–2044. doi: 10.1021/acschemneuro.8b00360 

 Karkhanis, A. N., Rose, J. H., Weiner, J. L., and Jones, S. R. (2016). Early-life social isolation stress increases kappa opioid receptor responsiveness and downregulates the dopamine system. Neuropsychopharmacology 41, 2263–2274. doi: 10.1038/npp.2016.21 

 Kauer, J. A., and Malenka, R. C. (2007). Synaptic plasticity and addiction. Nat. Rev. Neurosci. 8, 844–858. doi: 10.1038/nrn2234 

 Kaufling, J., and Aston-Jones, G. (2015). Persistent adaptations in afferents to ventral tegmental dopamine neurons after opiate withdrawal. J. Neurosci. 35, 10290–10303. doi: 10.1523/JNEUROSCI.0715-15.2015 

 Kaushal, N., Nair, D., Gozal, D., and Ramesh, V. (2012). Socially isolated mice exhibit a blunted homeostatic sleep response to acute sleep deprivation compared to socially paired mice. Brain Res. 1454, 65–79. doi: 10.1016/j.brainres.2012.03.019 

 Kelsey, J. E., Verhaak, A. M. S., and Schierberl, K. C. (2015). The kappa-opioid receptor antagonist, nor-binaltorphimine (nor-BNI), decreases morphine withdrawal and the consequent conditioned place aversion in rats. Behav. Brain Res. 283, 16–21. doi: 10.1016/j.bbr.2015.01.008 

 Kendler, K. S., Lönn, S. L., Ektor-Andersen, J., Sundquist, J., and Sundquist, K. (2023). Risk factors for the development of opioid use disorder after first opioid prescription: a Swedish national study. Psychol. Med. 53, 6223–6231. doi: 10.1017/S003329172200349X 

 Ko, J. (2017). Neuroanatomical substrates of rodent social behavior: the medial prefrontal cortex and its projection patterns. Front. Neural Circ. 11:41. doi: 10.3389/fncir.2017.00041 

 Koob, G. F. (2009). Dynamics of neuronal circuits in addiction: reward, antireward, and emotional memory. Pharmacopsychiatry 42, S32–S41. doi: 10.1055/s-0029-1216356 

 Koob, G. F. (2022). Anhedonia, hyperkatifeia, and negative reinforcement in substance use disorders. Curr. Top. Behav. Neurosci. 58, 147–165. doi: 10.1007/7854_2021_288 

 Kornreich, C., Foisy, M.-L., Philippot, P., Dan, B., Tecco, J., Noël, X., et al. (2003). Impaired emotional facial expression recognition in alcoholics, opiate dependence subjects, methadone maintained subjects and mixed alcohol-opiate antecedents subjects compared with normal controls. Psychiatry Res. 119, 251–260. doi: 10.1016/s0165-1781(03)00130-6 

 Kosten, T. R., Kleber, H. D., and Morgan, C. (1989). Treatment of cocaine abuse with buprenorphine. Biol. Psychiatry 26, 637–639. doi: 10.1016/0006-3223(89)90090-5

 Kovacs, K. M., Szakall, I., O’Brien, D., Wang, R., Vinod, K. Y., Saito, M., et al. (2005). Decreased oral self-administration of alcohol in kappa-opioid receptor knock-out mice. Alcohol. Clin. Exp. Res. 29, 730–738. doi: 10.1097/01.alc.0000164361.62346.d6 

 Kudo, T., Konno, K., Uchigashima, M., Yanagawa, Y., Sora, I., Minami, M., et al. (2014). GABAergic neurons in the ventral tegmental area receive dual GABA/enkephalin-mediated inhibitory inputs from the bed nucleus of the stria terminalis. Eur. J. Neurosci. 39, 1796–1809. doi: 10.1111/ejn.12503 

 Kumar, N., Oles, W., Howell, B. A., Janmohamed, K., Lee, S. T., Funaro, M. C., et al. (2021). The role of social network support in treatment outcomes for medication for opioid use disorder: a systematic review. J. Subst. Abus. Treat. 127:108367. doi: 10.1016/j.jsat.2021.108367 

 Kumari, A., Singh, P., Baghel, M. S., and Thakur, M. K. (2016). Social isolation mediated anxiety like behavior is associated with enhanced expression and regulation of BDNF in the female mouse brain. Physiol. Behav. 158, 34–42. doi: 10.1016/j.physbeh.2016.02.032 

 Kuniishi, H., Ichisaka, S., Matsuda, S., Futora, E., Harada, R., and Hata, Y. (2016). Chronic inactivation of the orbitofrontal cortex increases anxiety-like behavior and impulsive aggression, but decreases depression-like behavior in rats. Front. Behav. Neurosci. 10:250. doi: 10.3389/fnbeh.2016.00250 

 Kuniishi, H., Nakatake, Y., Sekiguchi, M., and Yamada, M. (2022). Adolescent social isolation induces distinct changes in the medial and lateral OFC-BLA synapse and social and emotional alterations in adult mice. Neuropsychopharmacology 47, 1597–1607. doi: 10.1038/s41386-022-01358-6 

 Lalanne, L., Ayranci, G., Filliol, D., Gavériaux-Ruff, C., Befort, K., Kieffer, B. L., et al. (2017). Kappa opioid receptor antagonism and chronic antidepressant treatment have beneficial activities on social interactions and grooming deficits during heroin abstinence. Addict. Biol. 22, 1010–1021. doi: 10.1111/adb.12392 

 Lallai, V., Congiu, C., Craig, G., Manca, L., Chen, Y.-C., Dukes, A. J., et al. (2024). Social isolation postweaning alters reward-related dopamine dynamics in a region-specific manner in adolescent male rats. Neurobiol. Stress 30:100620. doi: 10.1016/j.ynstr.2024.100620 

 Layman, H. M., Thorisdottir, I. E., Halldorsdottir, T., Sigfusdottir, I. D., Allegrante, J. P., and Kristjansson, A. L. (2022). Substance use among youth during the COVID-19 pandemic: a systematic review. Curr. Psychiatry Rep. 24, 307–324. doi: 10.1007/s11920-022-01338-z 

 Le Merrer, J., Becker, J. A. J., Befort, K., and Kieffer, B. L. (2009). Reward processing by the opioid system in the brain. Physiol. Rev. 89, 1379–1412. doi: 10.1152/physrev.00005.2009 

 Levis, S. C., Baram, T. Z., and Mahler, S. V. (2022a). Neurodevelopmental origins of substance use disorders: evidence from animal models of early-life adversity and addiction. Eur. J. Neurosci. 55, 2170–2195. doi: 10.1111/ejn.15223 

 Levis, S. C., Bentzley, B. S., Molet, J., Bolton, J. L., Perrone, C. R., Baram, T. Z., et al. (2021). On the early life origins of vulnerability to opioid addiction. Mol. Psychiatry 26, 4409–4416. doi: 10.1038/s41380-019-0628-5 

 Levis, S. C., Birnie, M. T., Bolton, J. L., Perrone, C. R., Montesinos, J. S., Baram, T. Z., et al. (2022b). Enduring disruption of reward and stress circuit activities by early-life adversity in male rats. Transl. Psychiatry 12:251. doi: 10.1038/s41398-022-01988-w 

 Levis, S. C., Birnie, M. T., Xie, Y., Kamei, N., Kulkarni, P. V., Montesinos, J. S., et al. (2024). Opioid drug seeking after early-life adversity: a role for delta opioid receptors. Addict. Neurosci. 13:100175. doi: 10.1016/j.addicn.2024.100175

 Leyrer-Jackson, J. M., Overby, P. F., Nagy, E. K., and Olive, M. F. (2021). Early life stress promotes heroin seeking but does not alter the excitability of insular pyramidal cells targeting the nucleus accumbens. Front. Behav. Neurosci. 15:777826. doi: 10.3389/fnbeh.2021.777826 

 Li, A., Jing, D., Dellarco, D. V., Hall, B. S., Yang, R., Heilberg, R. T., et al. (2021). Role of BDNF in the development of an OFC-amygdala circuit regulating sociability in mouse and human. Mol. Psychiatry 26, 955–973. doi: 10.1038/s41380-019-0422-4 

 Lin, S., Li, X., Chen, Y.-H., Gao, F., Chen, H., Hu, N.-Y., et al. (2018). Social isolation during adolescence induces anxiety behaviors and enhances firing activity in BLA pyramidal neurons via mGluR5 upregulation. Mol. Neurobiol. 55, 5310–5320. doi: 10.1007/s12035-017-0766-1 

 Lippard, E. T. C., and Nemeroff, C. B. (2023). The devastating clinical consequences of child abuse and neglect: increased disease vulnerability and poor treatment response in mood disorders. Am. J. Psychiatry 180, 548–564. doi: 10.1176/appi.ajp.19010020 

 Listos, J., Listos, P., Baranowska-Bosiacka, I., Karpiuk, A., Filarowska, J., Łupina, M., et al. (2022). Linagliptin, a selective dipeptidyl Peptidase-4 inhibitor, reduces physical and behavioral effects of morphine withdrawal. Molecules 27:2478. doi: 10.3390/molecules27082478 

 Liu, J., Dietz, K., DeLoyht, J. M., Pedre, X., Kelkar, D., Kaur, J., et al. (2012). Impaired adult myelination in the prefrontal cortex of socially isolated mice. Nat. Neurosci. 15, 1621–1623. doi: 10.1038/nn.3263 

 Lovallo, W. R., Acheson, A., Vincent, A. S., Sorocco, K. H., and Cohoon, A. J. (2018). Early life adversity diminishes the cortisol response to opioid blockade in women: studies from the family health patterns project. PLoS One 13:e0205723. doi: 10.1371/journal.pone.0205723 

 Lowe, A. S., Williams, S. C. R., Symms, M. R., Stolerman, I. P., and Shoaib, M. (2002). Functional magnetic resonance neuroimaging of drug dependence: naloxone-precipitated morphine withdrawal. Neuroimage 17, 902–910. doi: 10.1006/nimg.2002.1251 

 Luo, J., Feng, Q., Wei, L., and Luo, M. (2017). Optogenetic activation of dorsal raphe neurons rescues the autistic-like social deficits in Shank3 knockout mice. Cell Res. 27, 950–953. doi: 10.1038/cr.2017.52 

 Lutz, P.-E., Ayranci, G., Chu-Sin-Chung, P., Matifas, A., Koebel, P., Filliol, D., et al. (2014). Distinct mu, delta, and kappa opioid receptor mechanisms underlie low sociability and depressive-like behaviors during heroin abstinence. Neuropsychopharmacology 39, 2694–2705. doi: 10.1038/npp.2014.126 

 Lutz, P.-E., Courtet, P., and Calati, R. (2020). The opioid system and the social brain: implications for depression and suicide. J. Neurosci. Res. 98, 588–600. doi: 10.1002/jnr.24269 

 Lutz, P.-E., Gross, J. A., Dhir, S. K., Maussion, G., Yang, J., Bramoulle, A., et al. (2018). Epigenetic regulation of the kappa opioid receptor by child abuse. Biol. Psychiatry 84, 751–761. doi: 10.1016/j.biopsych.2017.07.012 

 Malave, L., van Dijk, M. T., and Anacker, C. (2022). Early life adversity shapes neural circuit function during sensitive postnatal developmental periods. Transl. Psychiatry 12:306. doi: 10.1038/s41398-022-02092-9 

 Manninen, S., Tuominen, L., Dunbar, R. I., Karjalainen, T., Hirvonen, J., Arponen, E., et al. (2017). Social laughter triggers endogenous opioid release in humans. J. Neurosci. 37, 6125–6131. doi: 10.1523/JNEUROSCI.0688-16.2017 

 Mansour, A., Khachaturian, H., Lewis, M. E., Akil, H., and Watson, S. J. (1988). Anatomy of CNS opioid receptors. Trends Neurosci. 11, 308–314. doi: 10.1016/0166-2236(88)90093-8 

 Marchette, R. C. N., Gregory-Flores, A., Tunstall, B. J., Carlson, E. R., Jackson, S. N., Sulima, A., et al. (2021). κ-Opioid receptor antagonism reverses heroin withdrawal-induced hyperalgesia in male and female rats. Neurobiol. Stress 14:100325. doi: 10.1016/j.ynstr.2021.100325 

 Marks-Kaufman, R., and Lewis, M. J. (1984). Early housing experience modifies morphine self-administration and physical dependence in adult rats. Addict. Behav. 9, 235–243. doi: 10.1016/0306-4603(84)90015-7 

 Marmendal, M., Roman, E., Eriksson, C. J. P., Nylander, I., and Fahlke, C. (2004). Maternal separation alters maternal care, but has minor effects on behavior and brain opioid peptides in adult offspring. Dev. Psychobiol. 45, 140–152. doi: 10.1002/dev.20027 

 Marshall, T., Olson, K., Youngson, E., Abba-Aji, A., Li, X.-M., Vohra, S., et al. (2023). Preexisting mental health disorders and risk of opioid use disorder in young people: a case-control study. Early Interv. Psychiatry 17, 963–973. doi: 10.1111/eip.13385 

 Martel, F. L., Nevison, C. M., Simpson, M. J. A., and Keverne, E. B. (1995). Effects of opioid receptor blockade on the social behavior of rhesus monkeys living in large family groups. Dev. Psychobiol. 28, 71–84. doi: 10.1002/dev.420280202 

 Martin, L., Clair, J., Davis, P., O’Ryan, D., Hoshi, R., and Curran, H. V. (2006). Enhanced recognition of facial expressions of disgust in opiate users receiving maintenance treatment. Addiction 101, 1598–1605. doi: 10.1111/j.1360-0443.2006.01574.x 

 Martínez-Mota, L., Jiménez-Rubio, G., Hernández-Hernández, O. T., and Páez-Martínez, N. (2020). Influence of the type of childhood violence on cannabis abuse and dependence among adolescents: a systematic review and meta-analysis. Adicciones 32, 63–76. doi: 10.20882/adicciones.1050 

 Martins, S. S., Keyes, K. M., Storr, C. L., Zhu, H., and Chilcoat, H. D. (2009). Pathways between nonmedical opioid use/dependence and psychiatric disorders: results from the National Epidemiologic Survey on alcohol and related conditions. Drug Alcohol Depend. 103, 16–24. doi: 10.1016/j.drugalcdep.2009.01.019 

 Massaccesi, C., Korb, S., Götzendorfer, S., Chiappini, E., Willeit, M., Lundström, J. N., et al. (2024). Effects of dopamine and opioid receptor antagonism on the neural processing of social and nonsocial rewards. Hum. Brain Mapp. 45:e26645. doi: 10.1002/hbm.26645 

 Massaly, N., Morón, J. A., and Al-Hasani, R. (2016). A trigger for opioid misuse: chronic pain and stress dysregulate the mesolimbic pathway and kappa opioid system. Front. Neurosci. 10:480. doi: 10.3389/fnins.2016.00480 

 Matthes, H. W., Maldonado, R., Simonin, F., Valverde, O., Slowe, S., Kitchen, I., et al. (1996). Loss of morphine-induced analgesia, reward effect and withdrawal symptoms in mice lacking the mu-opioid-receptor gene. Nature 383, 819–823. doi: 10.1038/383819a0

 Matthews, G. A., Nieh, E. H., Vander Weele, C. M., Halbert, S. A., Pradhan, R. V., Yosafat, A. S., et al. (2016). Dorsal raphe dopamine neurons represent the experience of social isolation. Cell 164, 617–631. doi: 10.1016/j.cell.2015.12.040 

 McDevitt, D. S., McKendrick, G., and Graziane, N. M. (2021). Anterior cingulate cortex is necessary for spontaneous opioid withdrawal and withdrawal-induced hyperalgesia in male mice. Neuropsychopharmacology 46, 1990–1999. doi: 10.1038/s41386-021-01118-y 

 McDonagh, J., Williams, C. B., Oldfield, B. J., Cruz-Jose, D., and Olson, D. P. (2020). The Association of Loneliness and non-prescribed Opioid use in patients with opioid use disorder. J. Addict. Med. 14, 489–493. doi: 10.1097/ADM.0000000000000629 

 McDonald, S., Darke, S., Kaye, S., and Torok, M. (2013). Deficits in social perception in opioid maintenance patients, abstinent opioid users and non-opioid users. Addiction 108, 566–574. doi: 10.1111/add.12040 

 McGrath, A. G., and Briand, L. A. (2022). Post-weaning social isolation causes sex-specific alterations to dendritic spine density in subregions of the prefrontal cortex and nucleus accumbens of adult mice. Brain Res. 1777:147755. doi: 10.1016/j.brainres.2021.147755 

 Medendorp, W. E., Petersen, E. D., Pal, A., Wagner, L.-M., Myers, A. R., Hochgeschwender, U., et al. (2018). Altered behavior in mice socially isolated during adolescence corresponds with immature dendritic spine morphology and impaired plasticity in the prefrontal cortex. Front. Behav. Neurosci. 12:87. doi: 10.3389/fnbeh.2018.00087 

 Mello, N. K., Mendelson, J. H., Bree, M. P., and Lukas, S. E. (1989). Buprenorphine suppresses cocaine self-administration by rhesus monkeys. Science 245, 859–862. doi: 10.1126/science.2772637 

 Michaels, C. C., and Holtzman, S. G. (2007). Enhanced sensitivity to naltrexone-induced drinking suppression of fluid intake and sucrose consumption in maternally separated rats. Pharmacol. Biochem. Behav. 86, 784–796. doi: 10.1016/j.pbb.2007.03.007 

 Michaels, C. C., and Holtzman, S. G. (2008). Early postnatal stress alters place conditioning to both mu- and kappa-opioid agonists. J. Pharmacol. Exp. Ther. 325, 313–318. doi: 10.1124/jpet.107.129908 

 Moles, A., Kieffer, B. L., and D’Amato, F. R. (2004). Deficit in attachment behavior in mice lacking the mu-opioid receptor gene. Science 304, 1983–1986. doi: 10.1126/science.1095943 

 Monroy, E., Hernández-Torres, E., and Flores, G. (2010). Maternal separation disrupts dendritic morphology of neurons in prefrontal cortex, hippocampus, and nucleus accumbens in male rat offspring. J. Chem. Neuroanat. 40, 93–101. doi: 10.1016/j.jchemneu.2010.05.005 

 Montoya, I. D., Gorelick, D. A., Preston, K. L., Schroeder, J. R., Umbricht, A., Cheskin, L. J., et al. (2004). Randomized trial of buprenorphine for treatment of concurrent opiate and cocaine dependence. Clin. Pharmacol. Ther. 75, 34–48. doi: 10.1016/j.clpt.2003.09.004 

 Mucha, R. F., Millan, M. J., and Herz, A. (1985). Aversive properties of naloxone in non-dependent (naive) rats may involve blockade of central beta-endorphin. Psychopharmacology 86, 281–285. doi: 10.1007/BF00432214 

 Mura, E., Govoni, S., Racchi, M., Carossa, V., Ranzani, G. N., Allegri, M., et al. (2013). Consequences of the 118A>G polymorphism in the OPRM1 gene: translation from bench to bedside? J. Pain Res. 6, 331–353. doi: 10.2147/JPR.S42040 

 Murphy, S. M. (2020). The cost of opioid use disorder and the value of aversion. Drug Alcohol Depend. 217:108382. doi: 10.1016/j.drugalcdep.2020.108382 

 Nakamoto, K., Taniguchi, A., and Tokuyama, S. (2020). Changes in opioid receptors, opioid peptides and morphine antinociception in mice subjected to early life stress. Eur. J. Pharmacol. 881:173173. doi: 10.1016/j.ejphar.2020.173173 

 Nazarian, A., Negus, S. S., and Martin, T. J. (2021). Factors mediating pain-related risk for opioid use disorder. Neuropharmacology 186:108476. doi: 10.1016/j.neuropharm.2021.108476 

 Nelson, E. C., Heath, A. C., Lynskey, M. T., Bucholz, K. K., Madden, P. A. F., Statham, D. J., et al. (2006). Childhood sexual abuse and risks for licit and illicit drug-related outcomes: a twin study. Psychol. Med. 36, 1473–1483. doi: 10.1017/S0033291706008397 

 Nguyen, H. T. T., and Dinh, D. X. (2023). Opioid relapse and its predictors among methadone maintenance patients: a multicenter, cross-sectional study in Vietnam. Harm Reduct. J. 20:136. doi: 10.1186/s12954-023-00872-0 

 NIDA (2022). Drug overdose deaths: facts and figures. Available at: https://nida.nih.gov/research-topics/trends-statistics/overdose-death-rates#Fig2 (Accessed August 29, 2024).

 Nummenmaa, L., Karjalainen, T., Isojärvi, J., Kantonen, T., Tuisku, J., Kaasinen, V., et al. (2020). Lowered endogenous mu-opioid receptor availability in subclinical depression and anxiety. Neuropsychopharmacology 45, 1953–1959. doi: 10.1038/s41386-020-0725-9 

 Nummenmaa, L., Manninen, S., Tuominen, L., Hirvonen, J., Kalliokoski, K. K., Nuutila, P., et al. (2015). Adult attachment style is associated with cerebral μ-opioid receptor availability in humans. Hum. Brain Mapp. 36, 3621–3628. doi: 10.1002/hbm.22866 

 Nummenmaa, L., Saanijoki, T., Tuominen, L., Hirvonen, J., Tuulari, J. J., Nuutila, P., et al. (2018). μ-Opioid receptor system mediates reward processing in humans. Nat. Commun. 9:1500. doi: 10.1038/s41467-018-03848-y 

 Ozdemir, D., Allain, F., Kieffer, B. L., and Darcq, E. (2023). Advances in the characterization of negative affect caused by acute and protracted opioid withdrawal using animal models. Neuropharmacology 232:109524. doi: 10.1016/j.neuropharm.2023.109524 

 Paniagua, N., Girón, R., Goicoechea, C., Martín-Fontelles, M. I., and Bagues, A. (2020). Maternal separation affects the electrophysiological properties of Aδ-fibres and nociceptive behaviours in male and female mice. Int. J. Dev. Neurosci. 80, 538–546. doi: 10.1002/jdn.10049 

 Panksepp, J. (1998). Affective neuroscience: the foundations of human and animal emotions. New York, NY: Oxford University Press.

 Panksepp, J., Bean, N. J., Bishop, P., Vilberg, T., and Sahley, T. L. (1980). Opioid blockade and social comfort in chicks. Pharmacol. Biochem. Behav. 13, 673–683. doi: 10.1016/0091-3057(80)90011-8 

 Panksepp, J., Herman, B., Conner, R., Bishop, P., and Scott, J. P. (1978). The biology of social attachments: opiates alleviate separation distress. Biol. Psychiatry 13, 607–618 

 Panksepp, J., Nelson, E., and Siviy, S. (1994). Brain opioids and mother-infant social motivation. Acta Paediatr. Suppl. 397, 40–46. doi: 10.1111/j.1651-2227.1994.tb13264.x 

 Panksepp, J. B., Rodriguez, E. D., and Ryabinin, A. E. (2017). Sweetened ethanol drinking during social isolation: enhanced intake, resistance to genetic heterogeneity and the emergence of a distinctive drinking pattern in adolescent mice. Genes Brain Behav. 16, 369–383. doi: 10.1111/gbb.12346 

 Park, G., Ryu, C., Kim, S., Jeong, S. J., Koo, J. W., Lee, Y.-S., et al. (2021). Social isolation impairs the prefrontal-nucleus accumbens circuit subserving social recognition in mice. Cell Rep. 35:109104. doi: 10.1016/j.celrep.2021.109104 

 Parks, B. J., Salazar, P., Morrison, L., McGraw, M. K., Gunnell, M., Tobacyk, J., et al. (2024). Limited bedding and nesting increases ethanol drinking in female rats. Pharmacol. Biochem. Behav. 239:173756. doi: 10.1016/j.pbb.2024.173756 

 Peplau, L. A. (1983). Loneliness: a source book of current theory, research and therapy. 430, New York: John Wiley and Sons. Available at: https://academic.oup.com/geronj/article-abstract/38/4/492/511117

 Pfeiffer, A., Brantl, V., Herz, A., and Emrich, H. M. (1986). Psychotomimesis mediated by kappa opiate receptors. Science 233, 774–776. doi: 10.1126/science.3016896 

 Pierce, R. C., and Kumaresan, V. (2006). The mesolimbic dopamine system: the final common pathway for the reinforcing effect of drugs of abuse? Neurosci. Biobehav. Rev. 30, 215–238. doi: 10.1016/j.neubiorev.2005.04.016 

 Pomrenze, M. B., Cardozo Pinto, D. F., Neumann, P. A., Llorach, P., Tucciarone, J. M., Morishita, W., et al. (2022). Modulation of 5-HT release by dynorphin mediates social deficits during opioid withdrawal. Neuron 110, 4125–4143.e6. doi: 10.1016/j.neuron.2022.09.024 

 Pryce, C. R., Ruedi-Bettschen, D., Dettling, A. C., and Feldon, J. (2002). Early life stress: long-term physiological impact in rodents and Primates. Physiology (Bethesda) 17, 150–155. doi: 10.1152/nips.01367.2001 

 Qu, L., Wang, Y., Li, Y., Wang, X., Li, N., Ge, S., et al. (2020). Decreased neuronal excitability in medial prefrontal cortex during morphine withdrawal is associated with enhanced SK channel activity and upregulation of small GTPase Rac1. Theranostics 10, 7369–7383. doi: 10.7150/thno.44893 

 Rempel-Clower, N. L. (2007). Role of orbitofrontal cortex connections in emotion. Ann. N. Y. Acad. Sci. 1121, 72–86. doi: 10.1196/annals.1401.026 

 Roberts, A. J., Gold, L. H., Polis, I., McDonald, J. S., Filliol, D., Kieffer, B. L., et al. (2001). Increased ethanol self-administration in δ-opioid receptor knockout mice. Alcoholism Clin. Exp. Res. 25, 1249–1256. doi: 10.1111/j.1530-0277.2001.tb02344.x 

 Roberts, A. J., McDonald, J. S., Heyser, C. J., Kieffer, B. L., Matthes, H. W., Koob, G. F., et al. (2000). Mu-opioid receptor knockout mice do not self-administer alcohol. J. Pharmacol. Exp. Ther. 293, 1002–1008. doi: 10.1016/S0022-3565(24)39326-7

 Roberts, A., Rogers, J., Mason, R., Siriwardena, A. N., Hogue, T., Whitley, G. A., et al. (2021). Alcohol and other substance use during the COVID-19 pandemic: a systematic review. Drug Alcohol Depend. 229:109150. doi: 10.1016/j.drugalcdep.2021.109150 

 Rolls, E. T. (2004). The functions of the orbitofrontal cortex. Brain Cogn. 55, 11–29. doi: 10.1016/S0278-2626(03)00277-X 

 Romano-López, A., Méndez-Díaz, M., García, F. G., Regalado-Santiago, C., Ruiz-Contreras, A. E., and Prospéro-García, O. (2016). Maternal separation and early stress cause long-lasting effects on dopaminergic and endocannabinergic systems and alters dendritic morphology in the nucleus accumbens and frontal cortex in rats. Dev. Neurobiol. 76, 819–831. doi: 10.1002/dneu.22361 

 Santo, T., Campbell, G., Gisev, N., Tran, L. T., Colledge, S., Di Tanna, G. L., et al. (2021). Prevalence of childhood maltreatment among people with opioid use disorder: a systematic review and meta-analysis. Drug Alcohol Depend. 219:108459. doi: 10.1016/j.drugalcdep.2020.108459 

 Sasagawa, T., Horii-Hayashi, N., Okuda, A., Hashimoto, T., Azuma, C., and Nishi, M. (2017). Long-term effects of maternal separation coupled with social isolation on reward seeking and changes in dopamine D1 receptor expression in the nucleus accumbens via DNA methylation in mice. Neurosci. Lett. 641, 33–39. doi: 10.1016/j.neulet.2017.01.025 

 Schottenfeld, R. S., Pakes, J., Ziedonis, D., and Kosten, T. R. (1993). Buprenorphine: dose-related effects on cocaine and opioid use in cocaine-abusing opioid-dependent humans. Biol. Psychiatry 34, 66–74. doi: 10.1016/0006-3223(93)90258-f 

 Sepúlveda-Loyola, W., Rodríguez-Sánchez, I., Pérez-Rodríguez, P., Ganz, F., Torralba, R., Oliveira, D. V., et al. (2020). Impact of social isolation due to COVID-19 on health in older people: mental and physical effects and recommendations. J. Nutr. Health Aging 24, 938–947. doi: 10.1007/s12603-020-1500-7 

 Shih, P.-Y., Engle, S. E., Oh, G., Deshpande, P., Puskar, N. L., Lester, H. A., et al. (2014). Differential expression and function of nicotinic acetylcholine receptors in subdivisions of medial habenula. J. Neurosci. 34, 9789–9802. doi: 10.1523/JNEUROSCI.0476-14.2014 

 Shin, A. C., Pistell, P. J., Phifer, C. B., and Berthoud, H. R. (2010). Reversible suppression of food reward behavior by chronic mu-opioid receptor antagonism in the nucleus accumbens. Neuroscience 170, 580–588. doi: 10.1016/j.neuroscience.2010.07.017 

 Shippenberg, T. S., Zapata, A., and Chefer, V. I. (2007). Dynorphin and the pathophysiology of drug addiction. Pharmacol. Ther. 116, 306–321. doi: 10.1016/j.pharmthera.2007.06.011 

 Shurman, J., Koob, G. F., and Gutstein, H. B. (2010). Opioids, pain, the brain, and hyperkatifeia: a framework for the rational use of opioids for pain. Pain Med. 11, 1092–1098. doi: 10.1111/j.1526-4637.2010.00881.x 

 Singh, A., Xie, Y., Davis, A., and Wang, Z.-J. (2022). Early social isolation stress increases addiction vulnerability to heroin and alters c-Fos expression in the mesocorticolimbic system. Psychopharmacology 239, 1081–1095. doi: 10.1007/s00213-021-06024-1 

 Slavova, S., Rock, P., Bush, H. M., Quesinberry, D., and Walsh, S. L. (2020). Signal of increased opioid overdose during COVID-19 from emergency medical services data. Drug Alcohol Depend. 214:108176. doi: 10.1016/j.drugalcdep.2020.108176 

 Smith, C. J. W., Wilkins, K. B., Mogavero, J. N., and Veenema, A. H. (2015). Social novelty investigation in the juvenile rat: modulation by the μ-opioid system. J. Neuroendocrinol. 27, 752–764. doi: 10.1111/jne.12301 

 Solecki, W., Ziolkowska, B., Krowka, T., Gieryk, A., Filip, M., and Przewlocki, R. (2009). Alterations of prodynorphin gene expression in the rat mesocorticolimbic system during heroin self-administration. Brain Res. 1255, 113–121. doi: 10.1016/j.brainres.2008.12.002 

 Strang, J., Volkow, N. D., Degenhardt, L., Hickman, M., Johnson, K., Koob, G. F., et al. (2020). Opioid use disorder. Nat. Rev. Dis. Primers 6:3. doi: 10.1038/s41572-019-0137-5 

 Sun, N., Li, Y., Tian, S., Lei, Y., Zheng, J., Yang, J., et al. (2006). Dynamic changes in orbitofrontal neuronal activity in rats during opiate administration and withdrawal. Neuroscience 138, 77–82. doi: 10.1016/j.neuroscience.2005.10.034 

 Sun, L., Lukkarinen, L., Putkinen, V., Karlsson, H. K., Hirvonen, J., Tiihonen, J., et al. (2022). Mu-opioid receptor system modulates responses to vocal bonding and distress signals in humans. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 377:20210181. doi: 10.1098/rstb.2021.0181 

 Tan, T., Wang, W., Liu, T., Zhong, P., Conrow-Graham, M., Tian, X., et al. (2021). Neural circuits and activity dynamics underlying sex-specific effects of chronic social isolation stress. Cell Rep. 34:108874. doi: 10.1016/j.celrep.2021.108874 

 Tan, K. R., Yvon, C., Turiault, M., Mirzabekov, J. J., Doehner, J., Labouèbe, G., et al. (2012). GABA neurons of the VTA drive conditioned place aversion. Neuron 73, 1173–1183. doi: 10.1016/j.neuron.2012.02.015 

 Tao, R., and Auerbach, S. B. (2002). GABAergic and glutamatergic afferents in the dorsal raphe nucleus mediate morphine-induced increases in serotonin efflux in the rat central nervous system. J. Pharmacol. Exp. Ther. 303, 704–710. doi: 10.1124/jpet.102.038133 

 Tchalova, K., Lydon, J. E., Atkinson, L., Fleming, A. S., Kennedy, J., Lecompte, V., et al. (2024). Variation in the mu-opioid receptor gene (OPRM1) moderates the influence of maternal sensitivity on child attachment. Transl. Psychiatry 14:181. doi: 10.1038/s41398-024-02888-x 

 Tejeda, H. A., Counotte, D. S., Oh, E., Ramamoorthy, S., Schultz-Kuszak, K. N., Bäckman, C. M., et al. (2013). Prefrontal cortical kappa-opioid receptor modulation of local neurotransmission and conditioned place aversion. Neuropsychopharmacology 38, 1770–1779. doi: 10.1038/npp.2013.76 

 Toddes, C., Lefevre, E. M., Brandner, D. D., Zugschwert, L., and Rothwell, P. E. (2021). μ-Opioid receptor (Oprm1) copy number influences nucleus Accumbens microcircuitry and reciprocal social behaviors. J. Neurosci. 41, 7965–7977. doi: 10.1523/JNEUROSCI.2440-20.2021 

 Tottenham, N., Hare, T. A., Millner, A., Gilhooly, T., Zevin, J. D., and Casey, B. J. (2011). Elevated amygdala response to faces following early deprivation. Dev. Sci. 14, 190–204. doi: 10.1111/j.1467-7687.2010.00971.x 

 Trezza, V., Damsteegt, R., Achterberg, E. J. M., and Vanderschuren, L. J. M. J. (2011). Nucleus accumbens μ-opioid receptors mediate social reward. J. Neurosci. 31, 6362–6370. doi: 10.1523/JNEUROSCI.5492-10.2011 

 Trigo, J. M., Martin-García, E., Berrendero, F., Robledo, P., and Maldonado, R. (2010). The endogenous opioid system: a common substrate in drug addiction. Drug Alcohol Depend. 108, 183–194. doi: 10.1016/j.drugalcdep.2009.10.011 

 Troisi, A., Frazzetto, G., Carola, V., Di Lorenzo, G., Coviello, M., D’Amato, F. R., et al. (2011). Social hedonic capacity is associated with the A118G polymorphism of the mu-opioid receptor gene (OPRM1) in adult healthy volunteers and psychiatric patients. Soc. Neurosci. 6, 88–97. doi: 10.1080/17470919.2010.482786 

 Tuboly, G., Benedek, G., and Horvath, G. (2009). Selective disturbance of pain sensitivity after social isolation. Physiol. Behav. 96, 18–22. doi: 10.1016/j.physbeh.2008.07.030 

 Turtonen, O., Saarinen, A., Nummenmaa, L., Tuominen, L., Tikka, M., Armio, R.-L., et al. (2021). Adult attachment system links with brain mu opioid receptor availability in vivo. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 6, 360–369. doi: 10.1016/j.bpsc.2020.10.013 

 Upadhyay, J., Maleki, N., Potter, J., Elman, I., Rudrauf, D., Knudsen, J., et al. (2010). Alterations in brain structure and functional connectivity in prescription opioid-dependent patients. Brain 133, 2098–2114. doi: 10.1093/brain/awq138 

 Valentinova, K., Tchenio, A., Trusel, M., Clerke, J. A., Lalive, A. L., Tzanoulinou, S., et al. (2019). Morphine withdrawal recruits lateral habenula cytokine signaling to reduce synaptic excitation and sociability. Nat. Neurosci. 22, 1053–1056. doi: 10.1038/s41593-019-0421-4 

 Van den Oever, M. C., Goriounova, N. A., Li, K. W., Van der Schors, R. C., Binnekade, R., Schoffelmeer, A. N. M., et al. (2008). Prefrontal cortex AMPA receptor plasticity is crucial for cue-induced relapse to heroin-seeking. Nat. Neurosci. 11, 1053–1058. doi: 10.1038/nn.2165 

 Vazquez, V., Penit-Soria, J., Durand, C., Besson, M. J., Giros, B., and Daugé, V. (2005). Maternal deprivation increases vulnerability to morphine dependence and disturbs the enkephalinergic system in adulthood. J. Neurosci. 25, 4453–4462. doi: 10.1523/JNEUROSCI.4807-04.2005 

 Vilela, F. C., Vieira, J. S., Giusti-Paiva, A., and Da Silva, M. L. (2017). Experiencing early life maternal separation increases pain sensitivity in adult offspring. Int. J. Dev. Neurosci. 62, 8–14. doi: 10.1016/j.ijdevneu.2017.07.003 

 Volkow, N. D. (2010). Opioid-dopamine interactions: implications for substance use disorders and their treatment. Biol. Psychiatry 68, 685–686. doi: 10.1016/j.biopsych.2010.08.002 

 Volkow, N. D. (2020). Collision of the COVID-19 and addiction epidemics. Ann. Intern. Med. 173, 61–62. doi: 10.7326/M20-1212 

 Volkow, N. D., Michaelides, M., and Baler, R. (2019). The neuroscience of drug reward and addiction. Physiol. Rev. 99, 2115–2140. doi: 10.1152/physrev.00014.2018 

 Vollmer, K. M., Doncheck, E. M., Grant, R. I., Winston, K. T., Romanova, E. V., Bowen, C. W., et al. (2021). A novel assay allowing drug self-administration, extinction, and reinstatement testing in head-restrained mice. Front. Behav. Neurosci. 15:744715. doi: 10.3389/fnbeh.2021.744715 

 Volpicelli, J. R., Alterman, A. I., Hayashida, M., and O’Brien, C. P. (1992). Naltrexone in the treatment of alcohol dependence. Arch. Gen. Psychiatry 49, 876–880. doi: 10.1001/archpsyc.1992.01820110040006 

 Wade, M., Wright, L., and Finegold, K. E. (2022). The effects of early life adversity on children’s mental health and cognitive functioning. Transl. Psychiatry 12, 244. doi: 10.1038/s41398-022-02001-0

 Walker, J. R., Ahmed, S. H., Gracy, K. N., and Koob, G. F. (2000). Microinjections of an opiate receptor antagonist into the bed nucleus of the stria terminalis suppress heroin self-administration in dependent rats. Brain Res. 854, 85–92. doi: 10.1016/s0006-8993(99)02288-x 

 Walsh, J. J., Christoffel, D. J., Heifets, B. D., Ben-Dor, G. A., Selimbeyoglu, A., Hung, L. W., et al. (2018). 5-HT release in nucleus accumbens rescues social deficits in mouse autism model. Nature 560, 589–594. doi: 10.1038/s41586-018-0416-4 

 Wang, Y.-C., Ho, U.-C., Ko, M.-C., Liao, C.-C., and Lee, L.-J. (2012). Differential neuronal changes in medial prefrontal cortex, basolateral amygdala and nucleus accumbens after postweaning social isolation. Brain Struct. Funct. 217, 337–351. doi: 10.1007/s00429-011-0355-4 

 Wang, Z.-J., Shwani, T., Liu, J., Zhong, P., Yang, F., Schatz, K., et al. (2022). Molecular and cellular mechanisms for differential effects of chronic social isolation stress in males and females. Mol. Psychiatry 27, 3056–3068. doi: 10.1038/s41380-022-01574-y 

 Wang, W., Xie, X., Zhuang, X., Huang, Y., Tan, T., Gangal, H., et al. (2023). Striatal μ-opioid receptor activation triggers direct-pathway GABAergic plasticity and induces negative affect. Cell Rep. 42:112089. doi: 10.1016/j.celrep.2023.112089 

 Way, B. M., Taylor, S. E., and Eisenberger, N. I. (2009). Variation in the mu-opioid receptor gene (OPRM1) is associated with dispositional and neural sensitivity to social rejection. Proc. Natl. Acad. Sci. USA 106, 15079–15084. doi: 10.1073/pnas.0812612106 

 Weaver, S. A., Diorio, J., and Meaney, M. J. (2007). Maternal separation leads to persistent reductions in pain sensitivity in female rats. J. Pain 8, 962–969. doi: 10.1016/j.jpain.2007.07.001 

 Webb, P. I., Hill, T. J., Everett, N. A., Thornton, J. L., Cornish, J. L., and Baracz, S. J. (2022). The effect of adolescent social isolation on vulnerability for methamphetamine addiction behaviours in female rats. Psychopharmacology 239, 1129–1141. doi: 10.1007/s00213-022-06103-x 

 Webster, L. R. (2017). Risk factors for opioid-use disorder and overdose. Anesth. Analg. 125, 1741–1748. doi: 10.1213/ANE.0000000000002496 

 Wei, C., Han, X., Weng, D., Feng, Q., Qi, X., Li, J., et al. (2018). Response dynamics of midbrain dopamine neurons and serotonin neurons to heroin, nicotine, cocaine, and MDMA. Cell Discov. 4:60. doi: 10.1038/s41421-018-0060-z 

 Welsch, L., Colantonio, E., Falconnier, C., Champagnol-DiLiberti, C., Allain, F., Ben Hamida, S., et al. (2023). Mu opioid receptor-positive neurons in the dorsal raphe nucleus are impaired by morphine abstinence. Biol. Psychiatry 94, 852–862. doi: 10.1016/j.biopsych.2023.06.024 

 Wendel, K. M., Short, A. K., Noarbe, B. P., Haddad, E., Palma, A. M., Yassa, M. A., et al. (2021). Early life adversity in male mice sculpts reward circuits. Neurobiol. Stress 15:100409. doi: 10.1016/j.ynstr.2021.100409 

 Whitaker, L. R., Degoulet, M., and Morikawa, H. (2013). Social deprivation enhances VTA synaptic plasticity and drug-induced contextual learning. Neuron 77, 335–345. doi: 10.1016/j.neuron.2012.11.022 

 Willis, M. L., Palermo, R., Burke, D., McGrillen, K., and Miller, L. (2010). Orbitofrontal cortex lesions result in abnormal social judgements to emotional faces. Neuropsychologia 48, 2182–2187. doi: 10.1016/j.neuropsychologia.2010.04.010 

 Wilson, M. A., and McDonald, A. J. (2020). “The amygdalar opioid system” in Handbook of amygdala structure and function handbook of behavioral neuroscience (Amsterdam: Elsevier Academic Press), 161–212.

 Xu, C., Sun, Y., Cai, X., You, T., Zhao, H., Li, Y., et al. (2018). Medial Habenula-interpeduncular nucleus circuit contributes to anhedonia-like behavior in a rat model of depression. Front. Behav. Neurosci. 12:238. doi: 10.3389/fnbeh.2018.00238 

 Yamamuro, K., Bicks, L. K., Leventhal, M. B., Kato, D., Im, S., Flanigan, M. E., et al. (2020). A prefrontal-paraventricular thalamus circuit requires juvenile social experience to regulate adult sociability in mice. Nat. Neurosci. 23, 1240–1252. doi: 10.1038/s41593-020-0695-6 

 Yang, Y., and Raine, A. (2009). Prefrontal structural and functional brain imaging findings in antisocial, violent, and psychopathic individuals: a meta-analysis. Psychiatry Res. 174, 81–88. doi: 10.1016/j.pscychresns.2009.03.012 

 Yang, T.-C., Shoff, C., Kim, S., and Shaw, B. A. (2022). County social isolation and opioid use disorder among older adults: a longitudinal analysis of Medicare data, 2013-2018. Soc. Sci. Med. 301:114971. doi: 10.1016/j.socscimed.2022.114971 

 Yazdanfar, N., Farnam, A., Sadigh-Eteghad, S., Mahmoudi, J., and Sarkaki, A. (2021). Enriched environment and social isolation differentially modulate addiction-related behaviors in male offspring of morphine-addicted dams: the possible role of μ-opioid receptors and ΔFosB in the brain reward pathway. Brain Res. Bull. 170, 98–105. doi: 10.1016/j.brainresbull.2021.02.005 

 Yi, P., and Pryzbylkowski, P. (2015). Opioid induced hyperalgesia. Pain Med. 16, S32–S36. doi: 10.1111/pme.12914 

 Zan, G.-Y., Wang, Y.-J., Li, X.-P., Fang, J.-F., Yao, S.-Y., Du, J.-Y., et al. (2021). Amygdalar κ-opioid receptor-dependent upregulating glutamate transporter 1 mediates depressive-like behaviors of opioid abstinence. Cell Rep. 37:109913. doi: 10.1016/j.celrep.2021.109913 

 Zhang, X., Beaulieu, J.-M., Sotnikova, T. D., Gainetdinov, R. R., and Caron, M. G. (2004). Tryptophan hydroxylase-2 controls brain serotonin synthesis. Science 305:217. doi: 10.1126/science.1097540 

 Zhang, Y., Landthaler, M., Schlussman, S. D., Yuferov, V., Ho, A., Tuschl, T., et al. (2009). Mu opioid receptor knockdown in the substantia nigra/ventral tegmental area by synthetic small interfering RNA blocks the rewarding and locomotor effects of heroin. Neuroscience 158, 474–483. doi: 10.1016/j.neuroscience.2008.09.039 

 Zhang, X.-Q., Yu, Z.-P., Ling, Y., Zhao, Q.-Q., Zhang, Z.-Y., Wang, Z.-C., et al. (2019). Enduring effects of juvenile social isolation on physiological properties of medium spiny neurons in nucleus accumbens. Psychopharmacology 236, 3281–3289. doi: 10.1007/s00213-019-05284-2 

 Zhang, Y., Zu, X., Luo, W., Yang, H., Luo, G., Zhang, M., et al. (2012). Social isolation produces anxiety-like behaviors and changes PSD-95 levels in the forebrain. Neurosci. Lett. 514, 27–30. doi: 10.1016/j.neulet.2012.02.043 

 Zhu, Y., Wang, K., Ma, T., Ji, Y., Lou, Y., Fu, X., et al. (2023). Nucleus accumbens D1/D2 circuits control opioid withdrawal symptoms in mice. J. Clin. Investigation 133:e163266. doi: 10.1172/JCI163266 

 Zhu, Y., Wienecke, C. F. R., Nachtrab, G., and Chen, X. (2016). A thalamic input to the nucleus accumbens mediates opiate dependence. Nature 530, 219–222. doi: 10.1038/nature16954 

 Zubieta, J. K., Gorelick, D. A., Stauffer, R., Ravert, H. T., Dannals, R. F., and Frost, J. J. (1996). Increased mu opioid receptor binding detected by PET in cocaine-dependent men is associated with cocaine craving. Nat. Med. 2, 1225–1229. doi: 10.1038/nm1196-1225 

 Zubieta, J.-K., Ketter, T. A., Bueller, J. A., Xu, Y., Kilbourn, M. R., Young, E. A., et al. (2003). Regulation of human affective responses by anterior cingulate and limbic mu-opioid neurotransmission. Arch. Gen. Psychiatry 60, 1145–1153. doi: 10.1001/archpsyc.60.11.1145 


Copyright
 © 2024 Galiza Soares, Sutley-Koury, Pomrenze and Tucciarone. 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.

OPS/images/fnana-18-1521016-t002.jpg
Region/system Role in opioid dependence and withdrawal

BLA Negative affective signs (Deji t al.,2022; Zhu et al, 2023), and drug withdrawal memory (Guo et al., 2024)

BNST Drug-seeking behavior (Kudo et al,, 2014; Beckerman and Glass, 2012; Delfs et al., 2000; Gyawali et al., 2020)

CeA Somatic symptoms of precipitated withdrawal (Chaudun et al,2024), and negative affective signs (Jiang et a1, 2021)

DRN Hyperalgesia (Alvarez-Bagnarol et al, 2023), propensity to relapse (Welsch et al., 2023), and social deficts (Lutz et al,, 2014; Pomrenze etal.,
2022)

LHb Sacial deficits (Valentinova et al, 2019)

MHb Somatic withdrawal signs (Boulos et al., 2020)

NAc Reward processing (Cui et a, 2014; Castro et al, 2021), withdrawal behavior and aversion (Zhu et al, 2023)

OFC Incubation of craving (Fanous et al, 2012; Sun ct al, 2006)

PVT ‘Somatic withdrawal signs and drug withdrawal memory (Zhu et al, 2016), suppression of reward-seeking (Vollmer et al 2021), and opioid-

induced sleep disturbances (Facret et al,, 2023)

VTA Rewarding effects and reinforcement of drug-seeking behavior (Zhang et al., 2009; Di Chiara and Imperato, 1988; Pierce and Kumaresan,
2006), opiate tolerance (Kaufling and Aston-Jones, 2015, and social deficits during protracted withdrawal (Jo ct al., 2024)

BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; CeA, central amygdala; DRN, dorsal raphe nucleus; LHB, lateral habenula, MHb, medial habenula; NAG, nucleus
accumbens; OFC, orbitofrontal cortex; PV'T, paraventricular thalamus; VTA, ventral tegmental area.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Opioidergic tuning of social attachment: reciprocal relationship between social deprivation and opioid abuse



		1 Introduction



		2 Opioid substrates underlying attachment formation and sociability



		3 Consequences of early social isolation in addiction vulnerability



		3.1 Juvenile social isolation



		3.2 Maternal separation and limited bedding and nesting paradigms









		4 Shared neural underpinnings of social deprivation and opioid withdrawal



		4.1 Monoamine nuclei



		4.2 Cortex



		4.3 Habenula



		4.4 Amygdala









		5 Critical knowledge gaps



		6 Conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnana-18-1521016-g001.jpg
A. Social isolation

@ Hypoactive () Social deficits

@ Hyperactive ., Negative affect
% Sexdifferences

B. Opioid dependence and withdrawal
@ Aversion () Social deficits

@ Reward
@ Craving

« Negative affect






OPS/images/fnana-18-1521016-t001.jpg
Juvenile social isolation Protracted withdrawal

Anhedonia Decreased SP (Du Preez et al, 2020) Reduced FPP (Harris and Aston-Jones, 2003)
Anxiety-like Decreased OF center time (leraci et al,, 2016; Du Preez et al,, 2020; Kumari etal, 2016; | Decreased OF center time in females (Bravo et al,, 2020)
Kaushal et al,, 2012; Haj-Mirzaian et ., 2019) Decreased EPM open time (Fox et al,, 2023)

Increased NSFT latency (Du Prec et al,, 2020)
Decreased EPM open time (Kumari et al,, 2016; Kaushal etal., 2012)
Increased NIH latency (Zhang et al,, 2012)

Distress-like Increased TST and/or FST immobility (Du Preez et al,, 2020; Haj-Mirzaian etal, 2019; | Increased TST and/or EST immobility time (Listos et al,,
Teraci etal., 2016) 2022; Goeldner et al., 2011; Lutz et al., 2014)

Social behavior  Increased aggression in males (Wang et al. 2022; Tan ctal,, 2021) and social withdrawal | Decreased social interaction time (Fox et al, 2023; Bravo
in females (Wang et al,, 2022; Kuniishi et al, 2022) etal, 2020; Pomrenze etal., 2022; Becker etal, 2021;

Goeldner etal., 2011)
Pain Increased TF pain threshold (Tuboly et ., 2009) Mechanical hypersensitivity (McDevitt et al,, 2021)

For behavioral consequences of MS (see Supplementary Table $1). SP,sucrose preference; FPP, food place preference;
maze; NIH, novelty-induced hypophagia; TST, tail suspension test; FST, forced-swim test; TF, tail-flick.

: open-field; NSFT, novelty-suppressed feeding test; EPM, elevated-plus





OPS/images/cover.jpg
, frontiers | Frontiers in Neuroanatomy

Opioidergic tuning of social
attachment: reciprocal
relationship between social
deprivation and opioid abuse












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neuroanatomy






