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Abstract

Background: Drug addiction is a complex brain disorder that is characterized by craving,
withdrawal, and relapse, which can be perpetuated by social stress. Stemming from an acute

life event, chronic stress, or trauma in a social context, social stress has a major role in the
initiation and trajectory of substance use. Preclinical literature shows that early life stress exposure
and social isolation facilitate and enhance drug self-administration. Epidemiological evidence
links childhood adversity to increased risk for drug use and demonstrates that cumulative stress
experiences are predictive of substance use severity in a dose-dependent manner. Stress and drug
use induce overlapping brain alterations leading to downregulation or deficits in brain reward
circuitry, thereby resulting in greater sensitization to the rewarding properties of drugs. Though
stress in the context of addiction has been studied at the neural level, a gap in our understanding of
the neural underpinnings of social stress in humans remains.

Methods: We conducted a systematic review of in vivo structural and functional neuroimaging
studies to evaluate the neural processes associated with social stress in individuals with substance
use disorder. Results were considered in relation to participants’ history of social stress and with
regard to the effects of social stress induced during the neuroimaging paradigm.

Results: An exhaustive search yielded 21 studies that matched inclusion criteria. Social stress
induces broad structural and functional neural effects in individuals with substance use disorder
throughout their lifespan and across drug classes. A few patterns emerged across studies: (1) many
of the brain regions altered in individuals who were exposed to chronic social stress and during
acute stress induction have been implicated in addiction networks (including the prefrontal cortex,
insula, hippocampus, and amygdala); (2) individuals with childhood maltreatment and substance
use history had decreased gray matter or activation in regions of executive functioning (including
the medial prefrontal cortex, orbitofrontal cortex, anterior cingulate cortex), the hippocampal
complex, and the supplementary motor area; and (3) during stress-induction paradigms, activation
in the anterior cingulate cortex, caudate, and amygdala was most commonly observed.

Conclusions/Implications: A distinct overlap is shown between social stress-related circuitry
and addiction circuitry, particularly in brain regions implicated in drug-seeking, craving, and
relapse. Given the few studies that have thoroughly investigated social stress, the evidence
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accumulated to date needs to be replicated and extended, particularly using research designs and
methods that disentangle the effects of substance use from social stress. Future clinical studies can
leverage this information to evaluate the impact of exposure to trauma or adverse life events within
substance use research. Expanding knowledge in this emerging field could help clarify neural
mechanisms underlying addiction risk and progression to guide causal-experimental inquiry and
novel prevention and treatment strategies.

Keywords

Early and lifetime adversity; Human drug addiction; Neuroimaging; Social stress; Substance use

disorder

1 Introduction

1.1 Stress:

Substance use has profound individual, societal, and economic impacts (Gomes et al.
2018a; Substance Abuse and Mental Health Services Administration 2017; Volkow 2017,
Hedegaard et al. 2017), yet effective evidence-based treatments to circumvent this public
health emergency are limited (Molkow 2017). Individuals with substance use disorders
(SUD) frequently use drugs to relieve physical and/or emotional pain, a pattern that can lead
to increased morbidity and mortality (Blum et al. 2013; Gomes et al. 2018b). A major source
of emotional pain experienced by individuals with SUD is linked to chronic social stress
(rejection/isolation; childhood maltreatment; loss of a caregiver) (Lawson et al. 2013; Stein
et al. 2007), which may shape neural and physiological responses to drugs and exacerbate
illness risk (Quinn et al. 2016; Conroy et al. 2009). Indeed, negative social emotions
inclusive of social stress have been associated with activation of the opioid system which is
intricately related to systems mediating physical pain (Stein et al. 2007; Eisenberger et al.
2003; Dewall et al. 2010).

Clinical and epidemiological evidence has long shown the involvement of stress induced
by social factors as a critical contributor to the initiation and progression of addiction in
humans (Sinha 2001; Sandi and Haller 2015; Jordan and Andersen 2017). Neurobiological
evidence that links social stress and drug use stems primarily from animal models that
have provided mechanistic insights about the impact of the neural stress system on reward
circuits that mediate drug-seeking and taking behaviors through negative reinforcement
(e.g. self-medication, withdrawal avoidance) (Koob 2008). While this knowledge provides
a foundation for the neural underpinnings of how social stress can potentially trigger drug
use and relapse, direct neurobiological insights about the human brain are of significant
importance. The development of in vivo neuroimaging tools in recent decades has begun
to examine social stress in addiction. This review evaluated such neuroimaging studies

in an attempt to provide possible neural-mechanistic clarity into the impact of social

stress in SUD. Knowledge gleaned may carry important translational utility to guide causal-
experimental inquiry and possible intervention development.

Definition and Overview of Neurobiology

Stress may be defined as a real or interpreted threat to the physiological or psychological
integrity of an individual that impacts behavior, subjective experience, and cognitive
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function (McEwen 2017a; Levine 2005; de Kloet et al. 2005). The term “stress” refers to

a disruption in equilibrium resulting in a cascade of physiological and behavioral responses
to reinstate allostasis (e.g., achieving stability through change) (McEwen 2017a; Koob

and Schulkin 2019). This complex multidimensional concept involves perception (of stress
stimuli), appraisal (processing of stress), response (to challenging or threatening events

or stimuli), and eventually adaptation (Lazarus and Folkman 1984; Sinha 2008). While it
has been recognized that stress could have positive impacts (“good” and “tolerable” stress
promote resilience/growth experiences via allostasis), “toxic” stress (hereafter referred to as
“stress™) is likely to result in pathophysiology due to cumulative burden with higher levels
of allostatic load/overload (overuse and dysregulation that exacerbate disease processes)
(McEwen 2017a).

The stress response is mainly mediated by stress hormones including corticotropin-releasing
factor (CRF) and cortisol that is released by the hypothalamic—pituitary—adrenal (HPA)

axis and adrenal cortex; and catecholamines, and norepinephrine (or noradrenaline) released
by the adrenal medulla and sympathetic nerves (McEwen 2013; McEwen and Gianaros
2011). Peripheral stress hormones provide feedback to the brain, regulating the activity

of the HPA axis. This negative feedback loop depends on the activation of two types of
glucocorticoid receptors in the brain: high-affinity mineralocorticoid receptors, activated

by lower concentrations of cortisol, preventing further release of CRF; and low-affinity
glucocorticoid receptors, activated by higher concentrations of cortisol, and resulting

in the opposite effect, an increase in the release of CRF (McEwen 2013; McEwen

and Gianaros 2011). Stress-related imbalance involves additional systemic physiological
responses via neuroendocrine, autonomic, cardiovascular/immune, and metabolic mediators.
Inter-individual variation in vulnerability or resilience to stress are complex but partially
relate to genetic background through stress-related gene expression (Agorastos et al. 2019)
and epigenetic modifications (e.g., DNA methylation associated with early life stress
(Meaney and Szyf 2005)).

The experience of stress and dysregulation of stress hormones affect structural and
functional neuroplasticity (e.g., dendritic remodeling and synapse turnover) (McEwen
2013; McEwen and Gianaros 2011). However, the stress experience, whether acute or
chronic, induces different effects that have been characterized in brain regions such as the
hippocampus, amygdala, and prefrontal cortex (PFC) that mediate fear-related memories,
working memory, and self-regulatory behaviors. Traumatic stressors induce region-specific
neuroplasticity effects that may lead to profound behavioral impact. In the PFC, chronic
stress causes medial PFC (mPFC) neurons to debranch and shrink dendrites, a process
associated with cognitive rigidity, whereas orbitofrontal cortical neurons expand dendrites
that may be related to increased vigilance (Radley et al. 2004; Liston et al. 2006; McEwen
2017b). Additional acute and chronic stress-related neural alterations (Vyas et al. 2002;
Bennur et al. 2007; Lau et al. 2017) are implicated in increased anxiety, posttraumatic stress
disorder (PTSD)-like behaviors, and social avoidance (Bennur et al. 2007; Lau et al. 2017),
conditions that are closely tied to drug-seeking and drug-using behaviors.
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1.2 Social Stress and Substance Use: Preclinical, Clinical, and Neurobiological Context

Stress is a well-known contributor to drug use and relapse vulnerability. On the behavioral
level, drug use was proposed as a coping strategy to alleviate acute and chronic stress (Wills
and Shiffman 1986; Conger 1956; Khantzian 1985). Initially used to modulate tension, with
repeated administration, drug use may become a frequent response for mood enhancement.
On the neurobiological level, stress and drug use involve overlapping brain changes (Ruisoto
and Contador 2019) where drug addiction has been viewed as an allostatic disorder (Koob
and Schulkin 2019). Stress and drug use lead to downregulation or deficits in the brain
reward circuitry resulting in greater sensitization to the rewarding properties of drugs (Koob
and Schulkin 2019; Koob and Le Moal 1997). The effects of stress on the reward system
enhance the reward and craving induced by drugs or drug cues and increase the motivation
to use drugs compulsively (Piazza and Le Moal 1998). Stress-induced hyperactivity of the
HPA axis and upregulation of the amygdala is involved in negative emotionality during
withdrawal and drives drug-seeking and taking behaviors through negative reinforcement
(Belujon and Grace 2011). The hippocampus is also down-regulated by both stress and

drug use leading to further impairments of memory and emotion regulation (Belujon and
Grace 2011). Importantly, stress leads to surges of dopamine and norepinephrine in the

PFC, resulting in impairments of the executive function network, thereby disrupting decision
making and the ability to inhibit relapse, the hallmark of drug addiction (Mather and
Lighthall 2012). Collectively, these models provide explanations for the crucial roles of
stress in the transition from casual substance use to SUD.

Converging lines of evidence indicate that the stressors correlated with increased risk of
substance use were primarily social in nature (versus other forms of stress, such as economic
or natural disasters) (Thoits 2010). In animal models, individual differences in susceptibility
to cocaine use within a population, measured by the availability of dopamine D2 receptors,
may be mediated by social dominance rank (Morgan et al. 2002). Moreover, early life stress,
induced through neonatal or maternal separation, facilitates drug self-administration, while
social defeat stress or social isolation escalates drug use (Sinha 2001). Conversely, operant
access to social reward in addicted rats prevented compulsive drug self-administration and
incubation of craving and relapse (MVenniro et al. 2018).

Studies in humans extend these findings. Epidemiological evidence links childhood
adversity to increased risk for cannabis, cocaine, and prescription drug use among
adolescents (Carliner et al. 2016; Khoury et al. 2010). In adults, alcohol and drug

use can contribute to unstable housing or homelessness; likewise, increased duration of
homelessness was shown to be associated with increased risk of substance use (Kipke et al.
1997). Furthermore, the cumulative number of stress events an individual experienced was
predictive of alcohol and drug use severity in a dose-dependent manner (Sinha 2008; Turner
and Lloyd 2003; Lloyd and Turner 2008). Collectively, these findings indicate that chronic
exposure to social stress, trauma, and/or an adverse life event enhances an individual’s
vulnerability to substance use (Sinha 2008).

Animal models of stress have been a useful tool to investigate mechanisms of substance use
through which stress alters neuroplasticity and animal behavior in a social context (Mumtaz
et al. 2018). However, in vivo neuroimaging models are limited in clinical studies, leading to
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a gap in the understanding of the brain effects of social stress in SUD. This chapter presents
the current state of knowledge of the neural underpinnings of social stress in human drug
addiction. This review considers the multi-faceted roles of social stress in SUD. It seeks to
understand how the prevalence of chronic and/or acute social stress may impact the neural
underpinnings of SUD vulnerability and its trajectory. Studies are contextualized within the
scope of preclinical, neurobiological, and clinical findings. Future directions are discussed
to inform priorities for enhancing the knowledge base of this emerging field, which could
progress prevention targets and opportunities for novel treatments.

1.3 Search Method

We searched Pubmed and the Neurosynth database (www.neurosynth.org) (Yarkoni et

al. 2011), for relevant studies published between January 1, 2000, and July 1, 2021. A
combination of the following keywords was used: social stress, trauma, childhood trauma,
childhood maltreatment, social isolation, rejection, drug addiction, human drug addiction,
substance use, substance use disorder, cocaine, heroin, opioid, nicotine, alcohol, cannabis,
marijuana, imaging, neuroimaging, structural integrity, functional magnetic resonance
imaging (fMRI), functional connectivity, resting-state functional connectivity, paradigm.
Studies were included if they met the following criteria: (1) conducted neuroimaging
(functional connectivity, structural or functional magnetic resonance imaging); (2) studied a
substance using population with a history of social stress and/or employed a stress-inducing
paradigm in a substance using population; and (3) used standardized methods to assess for
SUD and/or its severity.

Twenty-one studies were identified and summarized in Table 1. Studies are grouped by the
social stress characteristics of the sample first, and the type of stress-induction paradigm
used second.

2 Early and Lifetime Adversity

Early and lifetime adversity encompass a wide range of stressors with varying magnitudes of
severity. Individuals may be affected by a single traumatic event, a series of stressful events,
chronic stress, live in a socially dysfunctional environment, and more. The developmental
timing of the stress exposure and the amount and duration of stress exposure can affect an
individual’s vulnerability to SUD and their disorder trajectory (Teicher et al. 2016). This
section describes studies in individuals with SUD who have experienced chronic stress or
trauma within a social context in the early periods of their life (before the age of 18; see Fig.
1, top panel) or throughout their life (see Fig. 1, bottom panel).

2.1 Social Stress in Early Life

Studies that examined early life stress typically focused on the effects of childhood
maltreatment in individuals with SUD, which includes physically, emotionally, and sexually
abusive events and incidences of physical and emotional neglect (Van Dam et al. 2014;
Bachi et al. 2018; Elton et al. 2015; leong and Yuan 2018). Extending this line of

inquiry beyond the specific definition of childhood trauma, one study assessed cumulative
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stressful life experiences during adolescence (ages 15-18) with stressors ranging from poor
performance in school to arguments with family members (Casement et al. 2015).

Several studies report structural brain alterations in individuals with SUD and early life
trauma, which in turn may contribute to behaviors underlying SUD (see Fig. 1, top panel).
Decreased hippocampal, parahippocampal, and anterior fusiform gyrus gray matter volume
in a sample with alcohol, cannabis, and/or cocaine use was associated with childhood
maltreatment while controlling for SUD status (Van Dam et al. 2014). Altered structural
integrity in regions of the hippocampal complex overlaps with findings from preclinical
studies on early life stress (Lupien et al. 2009; McEwen 2010), thus providing an important
translational link. Altered reward-based learning, anxiety, depression, and/or addiction may
be mediated by deficits in the hippocampal complex (Van Dam et al. 2014; Hyman

and Malenka 2001). Moreover, reduced gray matter concentration in the right lateral
orbitofrontal cortex (OFC) observed in individuals with cocaine use disorder (CUD) with

a history of high childhood trauma was correlated with increased depression and reduced
constraint (Bachi et al. 2018). The OFC (and other prefrontal regions) are highly linked

to drug-seeking motivation (however, decreased motivation for other goals), awareness and
interoception, decision making, learning and memory, and salience attribution (Goldstein
and Volkow 2011). Deficits in the right OFC/superior temporal gyrus were observed in
individuals with childhood maltreatment history and without addiction in an extensive meta-
analysis (Lim et al. 2014). Evidence of decreased gray matter in the OFC in addiction
literature is abundant too, however, these brain morphology effects, previously attributed

to substance use, could be shaped in a premorbid stage by early exposure to trauma or an
additive effect of both characteristics (Bachi et al. 2018).

Functional outcomes provide further clarity on neural pathways connecting early life stress
contributions to drug-seeking behaviors. Individuals with CUD and high trauma showed
decreased activation in the left dorsal-anterior precuneus and left supplementary motor
area during the stress portion of a stress-induction paradigm (as compared to the baseline
neutral script) (Elton et al. 2015). Diminished responses in the dorsal-anterior precuneus
and supplementary motor area in individuals with childhood maltreatment history suggest
a functional compromise in the ability to engage parietal-motor networks and controlled
versus automated action selection in response to stressful experiences (Elton et al. 2015;
Nachev et al. 2007). Similarly, stress-induction led to a loss in volitional control of behavior,
indicating it could be an intermediate mechanism in a nonlinear pathway, beginning in
childhood adversity and leading to SUD (Hosking and Winstanley 2011). An interaction
between maltreatment severity and drug craving indicated reduced activity in the rostral
anterior cingulate cortex (Elton et al. 2015), a region important for emotional conflict
resolution (Etkin et al. 2006). This deactivation suggests that childhood maltreatment may
attenuate a key mechanism of conflict resolution vital for adaptive stress responses (Elton
et al. 2015). Hence, the anterior cingulate cortex, a region identified as a central “hub”

for addiction-related neural networks (Zhao et al. 2020), may also mediate the relationship
between social stress and craving. These findings are broadened in a longitudinal fMRI
study of male participants, which found that higher cumulative stressful life events during
adolescence were associated with problematic alcohol use and decreased mPFC activation
during a reward task (Casement et al. 2015). Previous neuroimaging research found that
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acute psychosocial stressors resulted in a significant decrease in reward-related responses in
the mPFC (Ossewaarde et al. 2011), however, this study is the first to show a link between
cumulative life stress and blunted mPFC reward response (Casement et al. 2015). As the
mPFC plays an important role in reward processing and drug reinstatement (Perry et al.
2011), it is plausible that chronic stress during adolescence blunts neural mechanisms that
help regulate alcohol-motivated behavior; thus, stress exposure diminishes mPFC response
to naturally rewarding events and heightens the perceived benefits of alcohol use (Koob and
Le Moal 1997; Casement et al. 2015).

Beyond enhancing drug-seeking behaviors, early exposure to trauma may increase the risk
of relapse in individuals with SUD. Childhood maltreatment predicted a shorter time to drug
relapse and gray matter volume reductions in the hippocampal complex were correlated to
greater severity of substance use after initial relapse in individuals with SUD (Van Dam

et al. 2014). Activation of the occipital cortex in response to drug cues was attributed to
modulation of visual attention to the conditional motivational properties of drug cues in
individuals with CUD (Hogarth et al. 2009). This heightened response leads to enhanced
drug craving responses, and likely increases the potential to relapse (Elton et al. 2015). The
processes of drug-seeking and drug use behaviors are proposed to be automatically engaged
during stress (Pierce and Vanderschuren 2010), thereby supporting the observation that acute
social stress and/or chronic exposure to childhood adversity is linked to risk of relapse
(Elton et al. 2015).

Taken together, these in vivo neuroimaging findings suggest that early life stress has
widespread effects on individuals suffering from addiction at the brain, behavioral, and
clinical levels, that lead to long-lasting marks. Examination of structural integrity in gray
matter and task-based brain activation revealed that individuals with childhood maltreatment
and substance use disorder have decreased volume or activation in key regions of executive
function and the hippocampal complex (see Fig. 1, top panel). Interestingly, these results
are consistent with studies examining structural and functional alterations in individuals with
childhood trauma and without substance use history (Teicher et al. 2012, 2016; Hanson et al.
2015; Andersen et al. 2008; Carrion et al. 2007; Teicher and Samson 2016). As such, it is
difficult to disentangle the neural effects of early life stress from the neural effects of SUDs.
The observed differences in brain structure and function have been associated with SUD
severity, risk of relapse, depression, and other important clinical symptomatology, indicating
that individuals with SUD and a history of early life stress may represent a clinically and
biologically distinct phenotype (Bachi et al. 2018; Dannlowski et al. 2012). There is likely
overlap between brain regions implicated in early life stress and substance use, however, the
severity and pathology may be expected to be worse in individuals with childhood trauma
and SUD given their clinical differences. Within this subset of studies that explored the
neural underpinnings of childhood maltreatment in SUD, the mesocorticolimbic pathways
which are central to SUD are impacted by a history of early life trauma. These neural
alterations may contribute to an individual’s pattern of SUD, drug-related behaviors, and
clinical symptomatology that might inform models of trauma-informed treatment.
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2.2 Social Stress in Adulthood/Lifetime

While significant attention in the field has focused on the impact of stress during childhood,
the neurobiological correlates of trauma exposure in adult SUD or cumulative lifetime
chronic stress are understudied. We provide an overview of cross-sectional studies that
contrast brain connectivity in adult individuals with SUD and healthy controls.

Sexual trauma in adulthood is a significant stressor that has long-lasting consequences.

In females with polysubstance use (primarily methamphetamine and cocaine), those with

a PTSD diagnosis showed diminished functional connectivity of the OFC network in the
precuneus, mid-posterior insula, lateral prefrontal cortex, and angular gyrus during an
interoception task (Poppa et al. 2019) (see Fig. 1, bottom left). These observations are
consistent with prior studies of posttraumatic stress in individuals without substance use
history, which found reduced orbitofrontal or ventromedial prefrontal cortex activity during
trauma-related tasks (Daigre et al. 2015; Moser et al. 2015). Moreover, across the sample
of females with SUD, OFC network strength was inversely associated with sexual violence
exposure, which accounted for an additional variance beyond the effects of PTSD. This
indicates that not only is diminished OFC network strength predictive of PTSD, the OFC

is functionally sensitive to the cumulative effects of sexual trauma in females with SUD
(Poppa et al. 2019). Individuals with CUD and a history of trauma showed enhanced
amygdala resting-state functional connectivity with limbic-striatal regions (Gawrysiak et
al. 2017) (see Fig. 1, bottom right). Hyperactivity in the amygdala, a region implicated

in fear processing and learning in response to threat, has been linked to traumatic stress
(Brown et al. 2014; Lanius et al. 2006); increased amygdala response to evocative cues

has been observed in individuals with PTSD and anxiety disorders (Patel et al. 2012;

Shin and Liberzon 2010). Additionally, amygdala resting-state functional connectivity has
been sensitive enough to distinguish between CUD patients (Gu et al. 2010) and heroin-
dependent patients (Ma et al. 2010) from healthy controls, therefore these results may reveal
further within-group heterogeneity. The impact of prior adversity on resting-state functional
connectivity emphasizes the relevance of these brain regions as potential biomarkers for
clinical vulnerability (Gawrysiak et al. 2017). These findings of functional connectivity,
both task-modulated and at rest, indicate that individuals who experienced trauma in
adulthood and are battling SUD may have attenuated connectivity in brain regions involved
in executive function and fear processing (Poppa et al. 2019; Gawrysiak et al. 2017).

2.3 Social Stress in Early Life and Adulthood: Cumulative Interacting Dysregulations

While the majority of social stress studies in SUD populations have focused on a particular
lifetime period (e.g., childhood/adulthood), notably exposure to stress in early life is
associated with heightened vulnerability to social stress in adulthood (Miller et al. 2011).
Early life stress during critical periods of neurodevelopment could have broad effects on
networks related to the stress response and thus may lead to an evolving phenotype with
altered allostatic processes and reduced adaptability to stress later in life (Agorastos et

al. 2019; Taylor 2010). A chronically impaired stress response involves enduring hyper-

or hypo-activation of the stress system and altered glucocorticoid signaling, alterations in
emotional and autonomic reactivity, circadian rhythm disruption, functional and structural
changes in the brain, immune and metabolic dysregulation, and epigenetic modifications
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[see review: 25]. The extent of subsequent vulnerability to later-life stress involves factors
such as the timing, duration, intensity/severity, and type of early life stress as well as

other later-life challenges, such as type of additional stressors, coping strategies, support
systems, lifestyle, and aging (Agorastos et al. 2019; Teicher et al. 2016; Teicher and Samson
2016). Although most findings point to a causal relationship between early life stress and
psychobiological maladaptation in later life, the precise developmental trajectories and their
temporal coincidence remain unclear (Agorastos et al. 2019).

3 Stress-Induction Paradigms

In addition to studying the long-term consequences of stress, the neural responsivity during
an acute stress condition is also of importance in understanding neural systems particularly
sensitive to stress. Such knowledge is accomplished by studies with simultaneous in vivo
neuroimaging and stress-inducing tasks performed in a social context. Such tasks include
guided imagery induction, social ball tossing, facial emotion recognition, psychosocial
stress, and relationship conflict. Neural responses elicited during these tasks have been used
to predict clinical outcomes in SUD as summarized in Table 1 and Fig. 2.

3.1 Guided Imagery Induction: Stress Script

The guided imagery induction uses a scene development interview to calibrate the response
to a stressful scenario (Miller et al. 1987; Sinha et al. 1992). Stress scripts are based on

a recent personal event and are followed by a neutral script that is developed based on

the participant’s description of a personal neutral situation. Participants listen to an audio
recording of these personalized stress, neutral, and in some situations, drug use, scenarios
while in the MRI scanner. Studies contrast brain activation during the stress or drug use
scripts to activation during the neutral stimuli.

Results from such studies report increased frontostriatal and frontolimbic activity during
subjective social stress as important predictors of craving. Increased activation in the dorsal
striatum (Seo et al. 2011) and caudate (Sinha et al. 2005) were associated with greater post-
stress craving scores in individuals with CUD and social drinkers. As the dorsal striatum

has been associated with learned habits and procedural learning (Berke and Hyman 2000),
stress-induced craving related to dorsal striatum/caudate activity highlights the habitual
nature of substance use and suggests that chronic stress may alter habit-based decision
making (Dias-Ferreira et al. 2009). An inverse relationship was found between anterior
cingulate and posterior cingulate cortices activity and craving in females with CUD (L. et

al. 2005; Li et al. 2006), suggesting the distinct role of the cingulate cortices in modulating
stress-induced craving (Goldstein and Volkow 2002) and that females may employ more
verbal coping strategies than males when experiencing stress (McCrae and Costa 1986).
Furthermore, decreased posterior cingulate cortex and increased mPFC activity during stress
were associated with low socialization scores in females with CUD (Li et al. 2006). This
finding may reflect that the posterior cingulate cortex was engaged during emotional distress
and the mPFC is involved with the suppression of emotional distress, thereby suggesting that
reduced socialization impacts the processing of negative emotional stimuli (Li et al. 2006;
Phan et al. 2005). In addition to cocaine and alcohol use, nicotine addiction has been studied
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in relation to acute stress using the guided imagery induction. Activity in the amygdala,
insula, and hippocampal regions in nicotine smokers undergoing mindfulness or cognitive
behavioral treatment was negatively correlated with post-treatment reduction in smoking
(Kober et al. 2017). As the amygdala and insula have been implicated in drug craving
(Chase et al. 2011; Garavan 2010; Jasinska et al. 2014; Mihov and Hurlemann 2012), this
suggests that smoking reduction treatments may reduce feelings of craving that could lead to
positive clinical outcomes (Kober et al. 2017).

Due to its subjective nature, the effect of performing the guided imagery task can elicit

an experience of enhanced memories and emotional activation related to past traumas.
Structural and functional alternations across early and lifetime adversity involved similar
brain regions as those engaged by this paradigm, indicating that these brain regions may
have a predisposed vulnerability to the effects of social stress (see Table 1, and Figs. 1 and
2).

3.2 Social Ball Tossing: Cyberball

The social ball-tossing paradigm, called “Cyberball,” is an online task where participants are
informed that they are playing with actual people nearby to enhance the authenticity of the
social context. The paradigm induces states of social inclusion, exclusion, and re-inclusion
(after social exclusion) (Williams and Jarvis 2006). During social exclusion, the task has
been shown to engage heightened insula activity in individuals with alcohol use disorder
(AUD), which suggests an association between AUD and higher emotional reactions to
ostracism (Maurage et al. 2012). Functional activation and structural deficits of the insula
have demonstrated the pertinence of this region in aspects underlying SUD, particularly

in indexing a higher emotional reaction to social rejection (Eisenberger et al. 2003; Moor

et al. 2012). A similar outcome was found in individuals with OUD (Bach et al. 2019a).
Decreased gray matter volume in the anterior insula in opioid methadone treatment patients
was associated with stronger feelings of exclusion during the exclusion trial and reduced
feelings of inclusion during the inclusion trial. Moreover, insula gray matter volume was
negatively correlated with social interaction anxiety symptoms, thereby highlighting the role
of this brain region in emotion- and anxiety-processing (Bach et al. 2019a).

Select frontal regions, as well as limbic-related regions (e.g., parahippocampal gyrus), have
also been implicated in the processing of feelings of social ostracism (Thoits 2010; Maurage
et al. 2012; Bach et al. 2019a; Hanlon et al. 2018). The frontal gyri, including the inferior
frontal gyrus in individuals with OUD (Bach et al. 2019a) and medial frontal gyrus in
individuals with AUD and CUD (Maurage et al. 2012; Hanlon et al. 2018), were shown

to be involved in the processing of negative affect during social ostracism. Intriguingly,
opposite activations were observed in individuals with AUD versus CUD in this region:
individuals with AUD had reduced response in the medial frontal gyrus (Maurage et al.
2012), whereas individuals with CUD had a greater response (Hanlon et al. 2018), indicating
possible drug-specific neural effects. AUD was also associated with increased activation in
the dorsal anterior cingulate and parahippocampal gyrus during re-inclusion after exclusion
(Maurage et al. 2012). As the frontal gyrus, anterior cingulate, and parahippocampal gyrus

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahani et al.

Page 11

have previously been identified as potential treatment targets (Konova et al. 2013), these
findings extend the translational relevance of these brain regions.

Recent literature suggests that neural sensitivity in the anterior cingulate induced by the
Cyberball paradigm was predictive of increased substance use in adolescents (Beard et

al. 2021). In particular, blunted dorsal anterior cingulate cortex response to exclusion was
associated with an increased risk for substance use in adolescents with high anxiety (Beard
et al. 2021). This highlights that neural response to social stress, especially the anterior
cingulate cortex, may be a vulnerability marker for the propensity of substance use.

3.3 Facial Emotion Recognition

Facial emotion recognition tasks are used to assess the recognition of basic facial
expressions. In some tasks, brain activation during emotional expressions is contrasted with
neutral expressions (Ekman and Friesen 1976; Bedi et al. 2009); in others, brain activation
while matching faces (selecting the face which matches the target face) is counterbalanced
with neutral shapes (Hariri et al. 2002; Charlet et al. 2014). Through these paradigms,

the neural response to viewing socially threatening faces (fearful, angry, disgusted) was
analyzed in individuals with SUD.

Acute substance use dysregulated the processing of social signals (Bedi et al. 2009), whereas
chronic substance use in treatment-seekers affected neural response in regions implicated

in childhood maltreatment (Charlet et al. 2014) (see Fig. 1, top panel, and Fig. 2) and
predicted positive treatment outcomes. Healthy individuals administered a high dose of

+3,4 Methylenedioxymethamphetamine (MDMA) responded to angry faces with decreased
activation in the left amygdala, while those treated with low dose MDMA responded to
happy faces with enhanced ventral striatum activation (Bedi et al. 2009), a region predictive
of reward signals (Knutson and Cooper 2005). Collectively, these results indicate that
MDMA increased sociability, even in situations of social threat (Bedi et al. 2009) which

is in line with enhanced empathy and prosocial behavior induced by MDMA. Abstinent
individuals with AUD displayed strong left rostral anterior cingulate cortex, left mPFC,

and right precuneus response to aversive facial stimuli versus neutral shapes (Charlet et al.
2014), regions implicated in childhood and adult trauma effects (Elton et al. 2015; Casement
et al. 2015; Poppa et al. 2019) (see Figs. 1 and 2). The anterior cingulate cortex, a brain
region implicated in emotion regulation (Phelps and LeDoux 2005; Kienast et al. 2008), was
positively associated with days of abstinence and negatively associated with binge drinking,
suggesting that it may represent a resilience factor that protects against relapse in patients
recovering from AUD (Charlet et al. 2014).

3.4 Relationship Conflict: In the Context of Intimate Partner Violence

A relationship conflict task explores sex differences to social stress and conflict resolution
in individuals in a romantic relationship by requiring the couple to work toward a resolution
together (Flanagan et al. 2019). Similar to the guided imagery induction, the script for

this task is personalized to the participant; a topic of relationship difficulty is identified

by each partner, and a recording of the couple discussing the topic is played in the

MRI scanner. Brain response during conflict resolution with a partner is contrasted with
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brain response during the neutral script (recording of participant discussing their morning
routine) in couples with one partner engaging in hazardous drinking or meeting DSM-1V
criteria for SUD (primarily cocaine or cannabis) (Flanagan et al. 2019). Results from the
neuroimaging study show that for both sexes the amygdala is functionally engaged during
the relationship conflict (Flanagan et al. 2019). However, females show greater functional
connectivity between the right amygdala-left inferior frontal cortex, whereas males have
stronger functional connectivity between the OFC-right amygdala/hippocampus (Flanagan et
al. 2019). Intimate partner violence, highly prevalent and salient in SUD populations (Afifi
et al. 2009; Chermack et al. 2008; Leonard and Homish 2008), is associated with increased
functional connectivity between the right amygdala-left prefrontal cortex. These findings
suggest that the amygdala circuitry plays a crucial role in both males and females with
substance use during processing relationship conflict (Flanagan et al. 2019).

3.5 Psychosocial Stress: Montreal Imaging Stress Task

Psychosocial stress is induced by the Montreal Imaging Stress Task (Dedovic et al. 2005),
based on the Trier Mental Challenge Task (Kirschbaum et al. 1993), by having participants
solve difficult mental arithmetic problems on a computer with external pressure. This
includes adjusting the time limit to ensure a >50% failure rate, having direct negative
feedback from one of the investigators, and showcasing performance progress on the
monitor. The combination of these external pressures creates an anxiety-producing social
environment during an already challenging task. Neural activation during the Montreal
Imaging Stress Task was contrasted with a non-stress control version of the task in nicotine
smokers (Dagher et al. 2009). Widespread deactivations in limbic and paralimbic systems,
notably in the hippocampus, amygdala, and nucleus accumbens were observed (Dagher

et al. 2009). The deactivations predicted smoking cue-activity and craving in brain areas
controlling attention and motivation, thereby again suggesting mesocorticolimbic circuits
underlie stress in addiction and relapse (Dagher et al. 2009).

In summary, task-related fMRI activation during a range of social contexts has provided
insights into neural circuits affecting acute stress response in relation to SUD. The different
stress paradigms — guided imagery induction, social ball tossing, facial emotion recognition,
relationship conflict, and psychosocial stress — revealed activations in distinct regions and
overlapping regions predictive of addiction trajectory (Fig. 2). A few patterns emerged
among these tasks: (1) there was an overlap between regions implicated in SUD or behaviors
related to drug use, and the processing of social stress, (e.g., anterior insula, amygdala,
hippocampus, and medial prefrontal cortex); (2) the anterior cingulate cortex, caudate,

and amygdala activations were most commonly observed among stress paradigms; and

(3) greater activation to drug cues and higher reporting of craving emerged post-stress.
Paradigm-specific trends emerged as well. During the stress script paradigm, hypoactivation
was observed in regions involved in emotion regulation, while hyperactivation was observed
in regions involved in drug craving and substance use-related behaviors (Elton et al. 2015;
Seo et al. 2011; Sinha et al. 2005; Li et al. 2006; Kober et al. 2017). Feelings of social
exclusion elicited by Cyberball produced increased neural responses in frontal regions
involved in processing negative affect, while decreased responses in frontal regions were
associated with regulating feelings of social ostracism (Maurage et al. 2012; Bach et
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al. 2019a; Hanlon et al. 2018; Bach et al. 2019b). The aversive face paradigm induced
hyperactivation in brain regions implicated in control, decision making, and higher-order
executive functioning (Bedi et al. 2009; Charlet et al. 2014).

Directions

Main results from 21 neuroimaging studies were reviewed, corroborated, and ultimately
deemed instrumental in identifying key brain regions that are dysregulated in individuals
with early and lifetime social stress with SUD, and those involved in the processing of
social stress stimuli in individuals with substance use. These findings should, however,
be considered in light of methodological limitations in this emerging research area. The
fact that the body of knowledge is based on only 21 studies to explore the intersection

of substance use/disorder and social stress should question the generalizability of these
findings.

One of the main challenges of investigating social stress in SUD is disentangling the effects
of social stress from the effects of substance use. Most studies utilized a cross-sectional
design comparing individuals with substance use history and trauma history to healthy
controls. Only a few included a sample with substance use history and no trauma history
or healthy individuals with trauma history. Moreover, none of the studies did all of the
above. The absence of a healthy control group with trauma and an SUD group without
trauma means that it is impossible to confirm the unigue neural effects of social stress

in individuals with SUD. Many of the structural and functional alterations identified in

the early and lifetime studies corroborated findings from previous research on stress or
trauma in samples without substance use history, indicating that these effects may be
trauma-specific. Studies of social stress in adulthood largely did not account for histories
of childhood maltreatment in their sample, diminishing the possibility to identify effects of
cumulative stress dysregulation. The neuroimaging studies exploring the acute response to
stress in SUD also failed to account for past trauma history, except for one study (Elton

et al. 2015). Without acknowledging that prior stress may impact current stress response,

a complete and accurate depiction of the neural underpinnings of stress in SUD cannot be
determined. To disentangle the brain effects due to addiction versus social stress, future
studies must include a control group with high trauma and no substance use history.

In the same vein, the effects of non-social stress must be disentangled from social stress.
Capturing social stress in a natural setting is a difficult undertaking. It requires longitudinal
studies and in vivo neuroimaging tasks that include naturalistic stimuli related to an
individual’s social context. However, rather than developing novel in vivo neuroimaging
paradigms, extending subjective neuroimaging paradigms such as the Guided Imagery
Induction, and supplementing them with ecological momentary assessments (EMA) is a
more pragmatic approach (Stone and Shiffman 1994). EMA enables data collection during
the daily life of a person and has the potential to capture important information (feelings,
thoughts, emotions, cravings, and more) related to social stress. Such methodological
advances could guide further research.
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The neurobiological sex differences in response to social stress in SUD populations is
another area that requires further exploration. As sex-specific risk factors for mental illness
disproportionately affect females, particularly sexual violence (Flanagan et al. 2019; Oram
et al. 2017), further analysis into sex-specific effects is warranted. While currently limited,
some studies are suggesting important sex differences. For example, in healthy participants,
fMRI studies revealed different neurobiological alterations associated with psychological
stress and during processing social stress in females as compared to males (Wang et al.
2007; Goldfarb et al. 2019). A few of the studies summarized in this chapter also suggest
unique neural effects of social stress in females versus males with alcohol or cocaine use
associated with craving and reduced social functioning (Seo et al. 2011; Li et al. 2005; Li et
al. 2006). However, the sex differences in neurobiological signatures associated with social
stress have not been fully characterized in SUD. The clear roles that sex plays in various
aspects of stress sensitivity and mental illness emphasize the importance of expanding
knowledge of the female brain that could also lead to enhanced sex-specific interventions.

In addition to the issues raised above, several questions remain. How do brain alterations

in SUD with a history of chronic stress or induced (acute) stress differ depending on drug
class? What are the unique neural pathways of social stress in SUD as compared with

other types of stress (e.g., stress associated with withdrawal)? What targeted treatments may
be suitable to address neural and behavioral impairments resulting from social stress in
SUD? Systematic research on these questions through rigorous clinical studies in diverse
addictions samples accounting for past trauma as well as measuring stress response could
contribute to a greater understanding of the multi-faceted role of social stress in SUD.

5 Conclusion

Neuroimaging studies provide remarkable insight into the effects of social stress on brain
structure, function, and connectivity in SUD. As summarized in this chapter, social stress
history and induction alter brain regions implicated in drug-seeking, taking, and craving
pathways. These results lead to a few hypotheses: (1) chronic social stress leads to neural
alterations underlying a propensity for drug use; (2) brain effects previously attributed to
drug use may be, at least in part, impacted also by stress exposure; (3) brain regions
impacted by chronic substance use affects stress response thereby modulating social
function; and (4) synergistic effects of social stress and SUD may result in further increased
SUD severity and social dysfunction. The burgeoning interest in the “social factors of
addiction” will hopefully accelerate our understanding of how an individuals’ exposure
to adverse life events, trauma, or chronic stress affects their substance use trajectory.
Solidifying the knowledge of neural pathways of social stress in SUD is crucial to inform
causal research, prevention, and targeted addiction treatments.
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Trauma effects in substance use disorder
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Fig. 1.

Pu%ative neural underpinnings of childhood and lifetime trauma in substance use disorder.
Images depicting the potential effects of exposure to childhood maltreatment on gray matter
volume or concentration and functional activity, and the effects of exposure to trauma
during adulthood on brain connectivity. 7op left and right: Childhood maltreatment was
associated with decreased gray matter volume in the left hippocampus, parahippocampus,
and anterior fusiform gyrus in individuals with substance use (alcohol, cocaine, and/or
cannabis) (Van Dam et al. 2014) as well as decreased gray matter concentration in the

right lateral orbitofrontal cortex and middle temporal gyrus in individuals with cocaine use
disorder (CUD) (Bachi et al. 2018). Social stress (induction) was associated with decreased
activation in the left supplementary motor area, rostral anterior cingulate cortex, and left
dorsal-anterior precuneus, in individuals with past childhood maltreatment and CUD (Elton
et al. 2015). Life stress during adolescence and severity of alcohol use was associated

with decreased activation in the medial prefrontal cortex during reward processing in

males (Casement et al. 2015). Bottom left: In adulthood, females with posttraumatic

stress disorder, primarily from sexual trauma, and substance use (methamphetamine and/or

Curr Top Behav Neurosci. Author manuscript; available in PMC 2022 June 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sahani et al.

Page 24

cocaine) had reduced orbitofrontal cortex task-modulated functional connectivity in the
lateral prefrontal cortex, mid-posterior insula, angular gyrus, and precuneus, during the
interoceptive-exteroceptive attention task (Poppa et al. 2019). Bottom right: In individuals
with CUD and trauma history, enhanced amygdala resting-state functional connectivity with
limbic-striatal regions was observed (Gawrysiak et al. 2017)
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Stress Induction Effects in Substance Use Disorder
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Fig. 2.
Putative neural underpinnings of stress induction in substance use disorder. Images depicting

the potential effects of exposure to task-induced social stress on functional activation that
was consistent between two or more studies. During the stress script portion of the Guided
Imagery Induction task, increased activation was observed in critical brain areas implicated
in addiction including the dorsal striatum in social drinkers (Seo et al. 2011) and individuals
with cocaine use disorder (CUD) (Sinha et al. 2005); the medial prefrontal cortex (Li et al.
2006), anterior cingulate (Elton et al. 2015; Sinha et al. 2005; Li et al. 2006), and caudate
(Sinha et al. 2005) in individuals with CUD; the hippocampus, parahippocampal gyrus,
anterior insula, amygdala, and precuneus in nicotine smokers in mindfulness or cognitive
behavioral treatment programs was associated with a lower smoking reduction (Kober et
al. 2017). Decreased activation was observed during the stress script portion of the task

in individuals with CUD in the anterior precuneus (Elton et al. 2015), hippocampus, and
fusiform gyrus (Sinha et al. 2005). In the social exclusion portion of the Cyberball task,
increased activation in the caudate and medial frontal gyrus was observed in individuals
with CUD compared to social inclusion (Hanlon et al. 2018). Reduced dorsal anterior
cingulate cortex response to social exclusion in adolescents with high anxiety predicted
increased substance use later in adolescence (Beard et al. 2021). Re-inclusion after social
exclusion resulted in increased activation of the parahippocampal gyrus and anterior
cingulate in individuals with AUD (Maurage et al. 2012). Social exclusion and inclusion
were both associated with decreased activation in the fusiform gyrus (Bach et al. 2019b)
and decreased anterior insula volume was associated with reduced feelings of inclusion
during the inclusion trial and increased feelings of exclusion during exclusion (Bach et

al. 2019a) in opioid maintenance treatment patients. Angry faces, as compared to neutral
faces, during a facial emotion recognition task, elicited decreased amygdala response in
healthy individuals administered a high MDMA dose (Bedi et al. 2009). In a modified
Hariri faces-task, aversive faces-face shapes resulted in increased anterior cingulate/medial
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frontal gyrus and precuneus activation in AUD patients (Charlet et al. 2014). The Montreal
Stress Imaging Task, performed in nicotine smokers, demonstrated decreased activation in
the hippocampus, and amygdala; following stress, an increased neural response to drug cues
in the medial prefrontal cortex and caudate was observed (Dagher et al. 2009)
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