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Abstract

Clinicians and researchers alike have long believed that stressors play a piv-
otal etiologic role in risk, maintenance, and/or relapse of alcohol and other
substance use disorders (SUDs). Numerous seminal and contemporary the-
ories on SUD etiology posit that stressors may motivate drug use and that
individuals who use drugs chronically may display altered responses to stres-
sors. We use foundational basic stress biology research as a lens through
which to evaluate critically the available evidence to support these key stress–
SUD theses in humans. Additionally, we examine the field’s success to date
in targeting stressors and stress allostasis in treatments for SUDs. We con-
clude with our recommendations for how best to advance our understanding
of the relationship between stressors and drug use, and we discuss clinical
implications for treatment development.
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therefore demands
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SUD: substance use
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INTRODUCTION

God grant me the serenity to accept the things I cannot change,

Courage to change the things I can,

and the Wisdom to know the difference.

The prominence of Reinhold Niebuhr’s serenity prayer in Alcoholics Anonymous and other
12-step programs reflects their belief about the risks to recovery posed by the stressors and chal-
lenges that are an unavoidable part of life. It also acknowledges that successful adaptation requires
careful appraisal and subsequent flexible copingmatched to each stressor’s characteristics and con-
text. This focus on stressors is not limited to 12-step programs; it permeates the treatment com-
munity. Clinicians and patients carefully consider stressors in the context of many interventions
for substance use disorders (SUDs).
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Given their putative clinical import, it is unsurprising that stressors and maladaptive stress
allostasis have figured prominently in classic and contemporary theories on etiology,maintenance,
and relapse of SUDs.What is surprising is the too-frequent disconnect of human clinical research
on these theories from guiding principles and approaches in basic stress research. The goal of
this review is to distill lessons from basic stress research and use them as a lens through which
to evaluate progress studying stress–SUD mechanisms in humans. To do this, we begin with a
primer on well-established concepts, characteristics, and conclusions regarding stressors and stress
allostasis. This provides important guideposts to identify lacunae that have escaped the attention
of SUD researchers to date.This also provides guardrails to constrain us to relatively well-trodden
roads in basic stress research with respect to the research designs, stressors, and stress measures
we consider within SUD research.

Next, we highlight the theoretical frameworks that shape current perspectives about stress
mechanisms in SUD etiology and drug use. We extract two shared core theses from these theo-
ries: Stressors cause drug use, and chronic drug use alters stress allostasis. We briefly summarize
relevant preclinical research and follow with a critical evaluation of the available evidence regard-
ing these theses in human clinical research. We then consider our success to date translating this
research into stress-focused treatment for SUDs.We conclude by using identified well-supported
conclusions, obvious knowledge gaps, and our lens from basic stress research to propose new pri-
orities to advance clinical research and treatment at the intersection of stress and SUDs.

GUIDEPOSTS AND GUARDRAILS FROM BASIC RESEARCH ON STRESS

Origins of the Stress Concept

Stress biology research arguably began in earnest early in the twentieth century with the seminal
work of Walter Cannon and Hans Selye. In 1915, Cannon coined the expression “fight or flight”
response to describe an animal’s sympathetic nervous system response to a threat (Cannon 1915).
He also defined homeostasis as a set of acceptable values for physiologic parameters necessary for
survival (Cannon 1932). Following in Cannon’s footsteps, Selye (1936, 1975) introduced the term
stress as we use it today and established that failure to adapt to chronic stress results in disease.
Richard Lazarus and others later expanded the biological framing of stress to include psychological
as well as physical threats (Burchfield 1979; Lazarus 1966, 1999; Mason 1975). These authors
also delineated how appraisal of a threat produces discrete negative emotions (e.g., anxiety, anger,
sadness) in addition to autonomic and neuroendocrine stress responses.

Stressors: Definition and Key Characteristics

Modern theories define stressors as physical or psychological stimuli that disrupt homeostasis
within an organism and demand adaptation (McEwen & Gianaros 2011). Stressors include physi-
cal threats as well as current, anticipated, or even imagined psychological threats to “social status,
self-esteem, identity, or physical well-being, such as divorce, the death of a loved one, the loss of
a job, being arrested, retirement, or being diagnosed with a serious illness” (Cohen et al. 2019,
p. 578).

Stressors vary across several dimensions (e.g., predictability, controllability, intensity) (Weiss
1972). Appraisal processes, available coping resources, and context, including social support, are
also important (Lazarus 1999, Mason 1975). Stressor duration, developmental timing, and course
matter as well. Stressors may be acute and time limited (i.e., discrete, punctate events), chronic
intermittent (i.e., related acute events with some expectation of future relief ), or chronic and stable
with no end in sight (Segerstrom & Miller 2004).

www.annualreviews.org • Stress Allostasis and Substance Use 403
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The experience of and consequences following stressor exposure are typically nonlinear (i.e.,
inverted-U) as a function of stressor severity for most important cognitive, behavioral, emotional,
and health outcomes. Functional impairment is associated with both ends of the severity contin-
uum: Too little arousal is understimulatory, but toomuch stress is distressing and negatively affects
most studied end points (Arnsten 2009, Sapolsky 2015). Optimal stress exposure is associated with
arousal, alertness, and engagement, and it is perceived as a challenge rather than a threat (Lazarus
1966, Selye 1975).Characteristics of this inverted-U (e.g., width and peak as a function of severity)
display important variability across individuals (Sapolsky 2015).

Stress Allostasis

Stress allostasis refers to the set of adaptational processes that are recruited in response to stressors
to maintain or return to homeostasis; this definition recognizes that there is no single set point
for most parameters but rather continuously changing acceptable ranges (McEwen & Wingfield
2010). Allostasis can be reactive or proactive and can include both successful (health-promoting)
and less successful (health-damaging) behaviors such as diet, physical activity, sleep, smoking, and
alcohol consumption (McEwen 2017,McEwen &Gianaros 2011). Following Sapolsky (2015), we
refer to an individual’s synthetic experience of active, dynamic, and multisystemic adaptation in
the face of stressors as “stress.”

Systems and Mediators of Stress Allostasis

The central nervous system (CNS), autonomic nervous system (ANS), and hypothalamic–
pituitary–adrenal (HPA) axis are three important systems that mediate stress allostasis following
a stressor. Figure 1 depicts these biological stress systems and details their coordinated actions
to regain homeostasis. The CNS (Figure 1a) is a crucial organ in the stress response because it
identifies what is threatening (and therefore, stressful) and also coordinates the behavioral and
physiological responses (McEwen & Gianaros 2011). In particular, the extended amygdala, which
includes the amygdala and the bed nucleus of the stria terminalis, integrates threat-relevant infor-
mation via inputs from the prefrontal cortex (PFC), hippocampus, and other brain regions that
process information critical for threat appraisal (Fox & Shackman 2019). It also coordinates be-
havioral and peripheral components of stress allostasis via projections to prefrontal, hypothalamic,
subcortical effector, and brain stem regions. Distinct circuits within the extended amygdala may
be selectively engaged depending on the nature of the stressor, with corticotropin-releasing hor-
mone (CRH) signaling in the central extended amygdala particularly important during uncertainty
(Davis et al. 2010; but see Fox & Shackman 2019).

The HPA axis (Figure 1b) is a key neuroendocrine system that works in tandem with the ANS
to mediate peripheral stress allostasis. The HPA axis consists of the hypothalamus, pituitary gland,
and adrenal glands. Stressor activation of the HPA axis initiates release of glucocorticoids (e.g.,
cortisol) that affect many tissues in the body and CNS.The ANS (Figure 1c) comprises twomajor
divisions, the sympathetic and parasympathetic nervous systems, which have opposing functions
in many instances.The sympathetic nervous systemmediates the fight-or-flight response, whereas
the parasympathetic nervous system regulates feed-and-breed or rest-and-digest responses.These
quicker and more organ-specific actions of the ANS complement the slower and longer-lasting
hormonal responses of the HPA axis.

These three stress systems do not operate in isolation; rather, they display both short-term and
long-term positive and negative feedback loops. For example, the CNS exerts top-down control
over the ANS via the brain stem, thalamus, hypothalamus, amygdala, cingulate cortex, and PFC

404 Fronk et al.
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Figure 1

Biological stress systems. (a) The central nervous system (CNS) plays a critical role in stressor appraisal and also controls the
behavioral, emotional, autonomic nervous system (ANS), and hypothalamic–pituitary–adrenal (HPA) axis responses to stressors
(McEwen & Gianaros 2011). Within the CNS, the extended amygdala is becoming an increasing focus of study for researchers
interested in the intersection of stress and psychopathology including substance use disorders (SUDs) (Fox & Shackman 2019). The
extended amygdala is primarily composed of the central and medial nuclei of the amygdala and the bed nucleus of the stria terminalis
(not depicted). The extended amygdala integrates information relevant for stressor appraisal via its inputs from the prefrontal cortex
and other brain regions that process sensory, contextual, regulatory, and evaluative information. It also coordinates emotional,
behavioral, autonomic, and neuroendocrine allostatic responses to stressors via its established projections to prefrontal, hypothalamic,
subcortical effector, and brain stem regions. The hypothalamus connects the CNS to the HPA axis stress response and also has direct
influence over the ANS. The hypothalamus receives predominantly inhibitory input from the hippocampus, which appears to influence
both the onset and shutoff of HPA axis activity (McEwen & Gianaros 2011), and excitatory input from the extended amygdala. (b) The
HPA axis is a major neuroendocrine system that works in tandem with the ANS to mediate peripheral stress allostasis. The HPA axis
consists of the paraventricular nucleus (PVN) of the hypothalamus, the pituitary gland, and the adrenal glands (on top of the kidneys).
Stressors stimulate PVN neurons to synthesize and release corticotropin-releasing hormone (CRH) into portal blood vessels that
connect the PVN to the pituitary gland.Within approximately 15 s, CRH binds to receptors on pituitary corticotropes, and this process
stimulates adrenocorticotropic hormone (ACTH) release into systemic circulation. Within a few minutes, ACTH induces
glucocorticoid (primarily cortisol in humans) release from the cortex of the adrenal glands. These glucocorticoids combine with
epinephrine (E) and norepinephrine (NE) from the ANS to mediate the body’s response to stressors. These glucocorticoids provide
negative feedback to CRH neurons in the hypothalamus to regulate their own release. Glucocorticoids also provide divergent feedback
to extrahypothalamic sites in the CNS including the hippocampus, amygdala, and prefrontal cortex to regulate current and future CNS
stress allostasis (Chattarji et al. 2015). (c) The ANS is the largely involuntary branch of the nervous system that projects to organs,
glands, and nonskeletal muscle. It comprises the sympathetic and parasympathetic nervous systems, which have complementary
functions during stress allostasis. The sympathetic division (left) consists of cell bodies that emerge from the thoracic and lumbar
regions of the spinal cord. It mediates peripheral arousal, activation, and mobilization to respond adaptively to stressors through a
cascade of effects including increased heart rate (HR), blood pressure (BP), respiration, sweating, and others depicted in panel c (i.e.,
fight-or-flight responses). In contrast, the parasympathetic division (right) consists of cell bodies that emerge from the cervical and
sacral regions. Stressors suppress parasympathetic functions like growth, energy storage, and digestion (i.e., feed-and-breed or
rest-and-digest responses). Figure adapted from an original version created by Peter Shireman.

(Lane et al. 2009) but also receives feedback from target organs via afferent sensory fibers. Sim-
ilarly, connections in the CNS among regions including the extended amygdala, hippocampus,
PFC, and hypothalamus can facilitate or inhibit activation of the HPA axis. Glucocorticoids from
the adrenal glands exert short-term negative feedback on the HPA axis, inhibiting further release
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of CRH from the hypothalamus. However, glucocorticoids also produce long-lasting changes in
the CNS including atrophy in the hippocampus and PFC but also hypertrophy in the extended
amygdala (Chattarji et al. 2015).

THEORIES AND THESES OF STRESS ALLOSTASIS IN SUBSTANCE
USE DISORDERS

We now provide an overview of stress-relevant theoretical frameworks and models on SUD eti-
ology. We combine the preceding primer on basic stress research with these SUD theories to
propose directives to guide our review of stress mechanisms in SUDs.

Guiding Theoretical Frameworks and Specific Models

The following theoretical frameworks comprise seminal and contemporary perspectives on the
relationship between stress and SUD etiology. These frameworks include negative reinforcement
models, stress neuroadaptation models, and stress-impaired self-control models.

Negative reinforcementmodels.Negative reinforcementmodels that invoke stress mechanisms
have contributed to our understanding of the etiology and maintenance of SUDs. The stress re-
sponse dampeningmodel proposes that alcohol and other drug use is reinforcing because it acutely
dampens aversive components of the stress response (e.g., affective distress), thereby increasing
drug use over time during stress (Sher 1987). Baker and colleagues (2004) posit that, over repeated
drug use episodes, individuals learn that discontinuing drug use leads to escalating withdrawal with
associated affective distress that can be ameliorated by resuming drug intake. Subsequently, affec-
tive distress fromwithdrawal or stressors motivates further drug use or relapse following cessation.
Khantzian’s (1997) self-medication model asserts that individuals use drugs to cope with affective
distress associated with psychiatric illness [e.g., posttraumatic stress disorder (PTSD)] generally
or acutely during stressors. More recently, Gorka and colleagues have suggested that stable, ex-
aggerated reactivity to unpredictable (versus predictable) stressors specifically provides a target
for negative reinforcement, at least in alcohol use disorder (AUD) (Gorka et al. 2019, Gorka &
Shankman 2017).

Stress neuroadaptation models.Koob & Le Moal (2008) have derived a stress neuroadaptation
model based on classic opponent process principles whereby countervailing CNS stress systems
are recruited to oppose drug use–induced pleasure, positive affect, and reward-related activity
and restore affective homeostasis. Repeated recruitment of these CNS stress systems to maintain
affective homeostasis in the face of chronic drug use causes allostatic neuroadaptations that re-
sult in stronger, more persistent activation of these CNS stress systems during stressor exposure.
Elaborating on this theoretical foundation, Kaye et al. (2017) synthesized preclinical and clinical
research using startle potentiation to implicate unpredictable stressors as particularly potent in-
stigators of this CNS stress allostasis. Regardless, these theorists agree that additional drug use
following stressor exposure is then motivated via negative reinforcement as in other negative re-
inforcement models.

Stress-impaired self-control models. Stressors may also affect drug use indirectly by impairing
self-control processes that regulate appetitive behaviors more generally. For example, both acute
and chronic stress exposure have been demonstrated to disrupt PFC network connections and
markedly impair PFC functions that are critical for self-control (Arnsten 2009). Arnsten (2009)
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has suggested that uncontrollable stressors may produce particularly powerful deficits. Regard-
less, these stress-instigated deficits in self-control may undermine efforts to resist drug use that is
motivated by these same stressors (e.g., via negative reinforcement) or other instigators for drug
use (e.g., drug cues, drug priming doses) (Curtin et al. 2006).

Core Shared Theses

There is substantial overlap among these theoretical frameworks and specificmodels on the role of
stressors in SUD etiology.Most models share two core theses. For each, we first briefly summarize
evidence from animal models for these theses, as this preclinical literature was instrumental in
developing at least some models or their precursors (e.g., Kaye et al. 2017, Koob & LeMoal 2008,
Sher 1987). We follow these summaries with critical evaluations of the evidence regarding these
two theses in humans in subsequent sections.

Core thesis 1: Stressors cause drug use. Across models, stressors are expected to motivate drug
use in continuing users and prompt lapse or relapse among those pursuing abstinence. Preclini-
cal rodent models provide robust evidence for stressor-induced reinstatement of previously extin-
guished drug seeking (for review, seeMantsch et al. 2016). Specifically, there is strong evidence that
acute unpredictable foot-shock stressors robustly reinstate self-administration and drug-seeking
behavior across all classes of addictive drugs. However, the evidence is mixed with respect to the
generality of stress-induced reinstatement across other various external stressors (e.g., food depri-
vation, restraint) and putative pharmacological stressors (e.g., yohimbine, CRH administration).
That said, the most widely used reinstatement stressors in rodent models are acute, unpredictable,
and uncontrollable (Kaye et al. 2017, Mantsch et al. 2016).

Core thesis 2: Chronic drug use alters stress allostasis. A core tenet of the stress neuroadap-
tation models is that chronic drug use produces persistent changes in stress allostasis to maintain
homeostasis in the face of frequent drug use. Unfortunately, these same allostatic changes pro-
mote further drug use, perpetuating a cycle of continued allostatic adaptations and escalating drug
use. Many negative reinforcement models also propose or at least allow for either premorbid/
stable or drug-induced maladaptive stress allostasis among individuals with SUDs. Given this,
maladaptive stress allostasis should emerge when comparing individuals with SUDs with healthy
controls.

Preclinical research has observed maladaptive stress allostasis following chronic drug use. An-
imal models have demonstrated a behavioral phenotype of increased anxiety-like behavior in ro-
dents following chronic drug exposure, particularly during periods of drug deprivation (Koob
2015, Smith & Aston-Jones 2008). Of note, this behavioral phenotype has been established in
tasks that use unpredictable stressors as part of the assay themselves (e.g., elevated-plus maze;
foot shock instigating defensive burying). This suggests that the heightened anxiety-like behavior
is stress relevant (Kaye et al. 2017, Smith & Aston-Jones 2008). Chronic drug use also leads to
countervailing effects in the HPA axis versus the CNS. Specifically, whereas the HPA axis stressor
response becomes blunted following chronic drug use, CRH neurotransmission in the extended
amygdala becomes sensitized (Koob 2015).

Directives for Studying Stress Mechanisms in Substance Use Disorders

Synthesis of basic stress research and these guiding theories yielded the following directives to or-
ganize our evaluation of human clinical research on stress mechanisms in SUDs. First, we remain
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cognizant of stressor characteristics and context (e.g., intensity, predictability) as well as individ-
ual differences in stressor appraisal, coping, and stress allostasis. These elements may act as key
moderators or boundary conditions. Second, we avoid aggregating across biological stress systems
into a homogeneous and simplistic stress-reactivity construct given the established positive and
negative feedback within and between stress systems. This allows for the possibility of different
patterns of stress allostasis across systems among individuals with SUDs (e.g., blunted HPA axis
and sensitized CNS response). Third, we limit our focus to well-established measures of CNS,
ANS, HPA axis, and subjective emotional responses to stressors.

We also focus on research that manipulates or measures explicit physical and psychological
stressors, excluding studies of mood, tonic emotion, or baseline activity absent a clearly identified
eliciting stressor. Animal models have clarified that stress mechanisms such as CRH-1 and nore-
pinephrine (NE) mechanisms support dynamic, active response to an acute stressor rather than
tonic, persistent mood states (Koob & Zorrilla 2010). The most common psychological stressors
involve personalized or standardized stress imagery (e.g., Sinha 2009), variants of evaluative public
speaking (e.g., Trier social stress task), negative peer evaluation or failure feedback, negative mood
induction with unpleasant pictures or music, threat of electric shock [e.g., NPU task (Schmitz &
Grillon 2012)], and difficult speeded mental tasks (e.g., modified paced auditory serial addition
task). Physical stressors (e.g., cold pressor test, aversive noise exposure) or combined physical and
psychological stressors are also used (e.g., Maastricht acute stress test). Manipulation checks to
confirm that stressors elicit robust response on one or more stress measures are commonly used,
and we ignore studies that observed no impact on those stress measures.

Finally, recent conversations about sample size and power have made clear that conclusions
from small-N research suffer from a host of problems that reduce robustness and replicability (e.g.,
increased type II errors, low positive predictive value, high vibration of effects) (Button et al. 2013,
Tackett et al. 2019). As such, we prioritize evidence from studies with sample sizes and designs
likely to yield at least adequate power to detect medium effect sizes (∼70% or greater; coarsely
approximated at ≥100 and ≥25 subjects for between- and within-subject designs, respectively).
Unless we explicitly state otherwise, we limit our discussion to findings from these studies with
adequate sample sizes and instead describe small-N studies primarily in Supplemental Tables 1–4
for completeness. Following these directives, we turn now to critical reviews of the evidence for
these two core shared theses, followed by a consideration of progress to date in targeting stress
mechanisms in treatment of SUDs.

STRESS-INDUCED CRAVING, DRUG USE, OR RELAPSE
IN SUBSTANCE USE DISORDERS

Stress-induced craving, drug use, and/or relapse is expected across negative reinforcement, stress
neuroadaptation, and stress-impaired self-control models. To evaluate this first core shared thesis
in humans,we carefully considered research examining stress-induced craving, drug use, or relapse
among individuals with SUDs (or daily/near-daily users of tobacco and cannabis).We considered
both laboratory (see Supplemental Table 1) and in situ (see Supplemental Table 2) studies
because they offer complementary strengths and weaknesses with respect to causal claims, eco-
logical validity of the stressors and drug use outcome measures, and the temporal ordering and
lags between stressors and outcomes.

Laboratory Research

Laboratory research offers precise manipulation of stressors, clear temporal ordering of stres-
sor versus craving/use, and the tightly controlled environments necessary to demonstrate cause
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definitively. Of course, these benefits also come with a cost to ecological validity with respect to
both the stressors used and the measurement of drug use.

Craving.There is generally strong support for stress-induced craving across drugs in individuals
with SUDs from both meta-analyses and individual studies. For example, stress-induced crav-
ing among tobacco smokers has been clearly established in a recent meta-analysis of 26 labora-
tory studies, with the magnitude of craving increasing with increased self-reported negative affect
elicited by the stressor (Heckman et al. 2013). Stress-induced craving has also been confirmed
both for cocaine use disorder and AUD (Coffey et al. 2002, 2006, 2010; Cooney et al. 1997; Fox
et al. 2008; Ray 2011; Sinha et al. 2003, 2009), though there have been several null findings for
AUD as well ( Jansma et al. 2000, Mason et al. 2008, Pratt & Davidson 2009). Constantinou et al.
(2010) did not observe stress-induced craving for opioid use disorder. Across drugs, stress-induced
craving has generally been confirmed both for individuals seeking and not seeking treatment.

Drug use.Convincing evidence of stress-induced drug use has yet to be provided for individuals
with SUDs who are not seeking treatment. A meta-analysis of 12 studies concluded that labora-
tory stressors reliably decreased latency to smoke and increased number of puffs taken by tobacco
smokers (Heckman et al. 2015).However, our confidence in this conclusion is undermined because
neither of those already small stress-induced use effects were robust to subsequent corrections for
publication bias. Pratt & Davidson (2009) did not observe stress-induced drinking, and small-N
studies for AUD have yielded inconsistent findings.We are not aware of studies of stress-induced
use for other drugs among individuals not seeking treatment. Because of ethical constraints, no
laboratory studies examined stress-induced relapse among abstinent or treatment-seeking partic-
ipants with any SUDs.

In situ Research

Historically, most in situ studies have measured only self-reported negative affect. This prohibits
definitive conclusions about stressor-elicited distress because it may instead reflect variation as-
sociated with ongoing, stimulus-independent mood, trait affectivity, psychiatric symptoms, and
other sources. Only recently have in situ studies begun to measure stressful events explicitly. This
small set of studies varies substantially on methods and analytic strategies: There are differences
in how reports are signaled (e.g., random, event-triggered, end of day), the reporting window (e.g.,
craving right now,maximum craving since last report, number of stressful events that day), and the
measurement approach (presence/absence or count of stressors/drug use instances in a window,
intensity of stressor, quantity of drug used). Analyses can test for concurrent or lagged prospective
relationships between stressors and their consequences, and prospective analyses can vary in lag
duration (next report, same evening, next day). These varied methods and analyses likely differ
with respect to their power to detect stress-induced effects, but at this point there are too few
studies to reach any clear conclusions about preferred approaches.

Craving. In situ studies have consistently observed a positive association between concurrent
stressful events and craving (Moran et al. 2018, Neupert et al. 2017, Preston et al. 2017, Serre
et al. 2018, Volz et al. 2014). Of course, because concurrent analyses cannot establish temporal or-
dering of stressful events and craving, it remains possible that the experience of craving prompts
individuals to report a stressful event (e.g., concern about lapse/relapse). Few studies to date have
examined prospective associations between stressful events and the report of craving, and the ex-
isting studies have shownmixed results (Neupert et al. 2017,Preston et al. 2018a, Serre et al. 2018).
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Drug use. Similar to craving, a concurrent positive association has been observed between stress-
ful events and drug use, but this association shares the same concerns about temporal ordering
(Neupert et al. 2017, Preston et al. 2018b). Consistent evidence for a prospective relationship has
not yet been provided (Armeli et al. 2007, Cronk & Piasecki 2010, Furnari et al. 2015, Neupert
et al. 2017, Shiffman & Waters 2004). Despite the inconsistency thus far, this nascent field holds
great promise for examining stress-induced drug use, a priority to which we return at the end of
this review.

MALADAPTIVE STRESS ALLOSTASIS IN SUBSTANCE USE DISORDERS

Maladaptive stress allostasis among individuals with SUDs is expected by stress neuroadaptation
and many negative reinforcement models. To evaluate this second core shared thesis in humans,
we carefully considered research examining stress allostasis in central and peripheral stress systems
among individuals with SUDs (versus healthy controls; see Supplemental Table 3) and during
periods of drug deprivation/cessation (versus continuing users; see Supplemental Table 4) fol-
lowing previously outlined directives. When available, we also report contrasts involving former
drug users in protracted abstinence.

Peripheral Stress Allostasis

Convincing evidence indicates that current smokers display blunted HPA axis and sympathetic
nervous system response to stressors relative to nonsmokers (al’Absi et al. 2013, Evans et al. 2012,
Ginty et al. 2014, Nakajima & Al’Absi 2014, Phillips et al. 2009, Sheffield et al. 1997; but see
Ward et al. 1994). These studies considered a diverse array of physical and psychological stressors
and measures of stress allostasis in the HPA axis and sympathetic nervous system. This blunted
response was generally observed across all or almost all outcome measures and was robust to
including covariates to control nonessential group differences.

Unfortunately, we are not aware of similar studies examining HPA axis and sympathetic ner-
vous system allostasis among individuals with SUDs for drugs other than tobacco. Small-N studies
(see Supplemental Table 3) have generally documented blunted salivary, urinary, or plasma corti-
sol and plasma adrenocorticotropic hormone among recently abstinent individuals with AUD, but
there is insufficient empirical evidence to reach any conclusions regarding ANS allostasis for al-
cohol or HPA axis or ANS allostasis for other drugs because of the sparsity and quality of available
studies.

Few studies have examined the impact of acute deprivation or early cessation of use on pe-
ripheral stress allostasis, and this work has been limited to tobacco smokers. There has been some
indication of further blunting of peripheral stress allostasis by deprivation/cessation (Vanderkaay
& Patterson 2006) but also null effects (Ward et al. 1994). There is also some evidence of normal-
ization of peripheral stress allostasis following protracted abstinence from drug use. For example,
two tobacco studies concluded that ex-smokers’ peripheral stress allostasis was comparable to non-
smokers’ with respect to measures of HPA axis (Ginty et al. 2014) and sympathetic nervous system
response (Ginty et al. 2014, Phillips et al. 2009).

Central Nervous System Stress Allostasis

Numerous studies have investigated CNS stress allostasis using startle responsemodulation or po-
tentiation (for review of neural mechanisms, see Davis et al. 2010).This research has typically used
unpleasant pictures or threat of electric shock as stressors. Of particular interest, most research
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involving threat of electric shock has used both predictable and unpredictable shocks to exam-
ine the effects of stressor predictability as well as overall CNS stress response. In fact, stressor
predictability does appear to matter with respect to SUD effects. Individuals with AUD, daily
tobacco smokers, and near-daily cannabis users generally display increased startle response to un-
predictable but not predictable stressors relative to healthy controls (Grillon et al. 2007, Gorka &
Shankman 2017, Hefner et al. 2018, Moberg et al. 2017, Piper & Curtin 2006; but see Bradford
et al. 2015).

Although substantial functional magnetic resonance imaging (fMRI) research has examined
drug cue reactivity among individuals with SUDs, only a few small-N studies have explored CNS
stress allostasis. Unsurprisingly, these studies have not yielded consistent conclusions. Different
studies have observed hypoactivation and hyperactivation in the same regions in individuals with
SUDs, and others have observed no differences between individuals with SUDs and healthy con-
trols (see Supplemental Table 3). Clearly, it is premature to reach conclusions about potential
differential CNS stress allostasis from this emerging fMRI literature.

Acute tobacco deprivation has not affected startle response modulation during unpleasant pic-
tures (Cinciripini et al. 2006) or threat of predictable or unpredictable shock (Bradford et al. 2015,
Grillon et al. 2007; but see Hogle et al. 2010). Small-N studies consistently confirm these null
effects for tobacco deprivation (Supplemental Table 4). Hefner et al. (2018) also observed no ef-
fect of acute deprivation on startle potentiation to unpredictable shock among near-daily cannabis
users. We are not aware of similar research examining acute deprivation for other drugs, but this
research with tobacco and cannabis suggests that deprivation does not alter CNS stress allostasis,
at least as assessed by the startle response.

We are not aware of research explicitly examining CNS stress allostasis among users in pro-
tracted abstinence. However, Gorka and colleagues (2019) have demonstrated increased startle
potentiation to unpredictable shock among participants with both current and past AUD (up to
2 years of sustained remission) with no differences between these two subgroups.

Subjective Distress

Like research on peripheral allostasis, the only studies to systematically examine SUD group dif-
ferences in subjective distress involve tobacco. None of these studies observed differences in sub-
jective distress in response to stressors between current tobacco smokers and nonsmokers (al’Absi
et al. 2013, Bradford et al. 2015, Evans et al. 2012, Nakajima & Al’Absi 2014). Numerous small-N
studies for tobacco and alcohol generally confirm these null effects. Inconsistent and/or insuffi-
cient findings for cocaine, cannabis, and opioids prevent clear conclusions for these drugs (see
Supplemental Table 3).

Bradford et al. (2015) observed no effect of 24 h of tobacco deprivation on subjective distress in
smokers versus nondeprived tobacco smokers. Small-N laboratory studies have generally reached
the same conclusion (see Supplemental Table 4). However,McCarthy et al. (2006) observed that
the relationship between stressful events and negative affect was stronger among smokers in the
3 weeks after quitting smoking relative to their prequit baseline; this finding suggests that smoking
cessation rather than simply acute laboratory deprivation may increase stressor-instigated distress.

TREATMENTS THAT TARGET STRESS ALLOSTASIS IN SUBSTANCE
USE DISORDERS

We now review treatments that may affect stress allostasis and associated stress-induced relapse
among individuals with SUDs.We focus on treatments that may improve SUD clinical outcomes
specifically via stress mechanisms to evaluate our success to date in targeting stress allostasis in
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SUDs. Furthermore, “manipulations” of stress allostasis via treatment can provide further evi-
dence regarding the hypothesized relationship between stressors and drug use proposed by our
guiding theoretical models.

Stress-Relevant Pharmacologic Treatments

We limit the review of pharmacological interventions to those that reduce stress-induced rein-
statement of drug seeking in rodents.

Preclinical evidence. Animal models have clearly established that CRH-1 receptors mediate
CNS, neuroendocrine, ANS, and behavioral responses to stressors in rodents (Koob & Zorrilla
2010). Furthermore,CRH-1 receptor antagonists potently reduce stress-induced reinstatement to
alcohol, tobacco, cocaine, opioids, and methamphetamine (Mantsch et al. 2016). These preclin-
ical findings generated considerable excitement for CRH-1 antagonists to target stress-induced
relapse in SUDs (Koob & Zorrilla 2010).

Although somewhat less consistent than studies on CRH-1 receptors, animal models have also
generally established that medications that reduce NE neurotransmission via α1 antagonists or α2

agonists reduce stress-induced reinstatement to alcohol, tobacco, cocaine, and opioids (Mantsch
et al. 2016). These preclinical findings have suggested that the NE system is another natural phar-
macologic target to reduce stress-induced relapse in SUDs (Kaye et al. 2017, Verplaetse et al.
2015).

Corticotropin-releasing hormone 1 antagonists in humans. Surprisingly, clinical translation
of CRH-1 antagonists to humans with AUD has not been successful (Greenwald 2018, Shaham
& de Wit 2016). Two phase II trials (Kwako et al. 2015, Schwandt et al. 2016) failed to demon-
strate efficacy for two different brain-penetrant CRH-1 antagonists (pexacerfont, verucerfont) on
subjective craving and distress, fMRI amygdala activation, and neuroendocrine response during
psychological stressors. These failures occurred despite generally rigorous methods (e.g., both
trials recruited samples enriched for anxiety to increase sensitivity) and manipulation checks to
confirm that the trials provided adequate test beds to evaluate the clinical efficacy of CRH-1 an-
tagonists [e.g., demonstration of CNS exposure (Kwako et al. 2015), demonstration of HPA axis
inhibition (Schwandt et al. 2016), documentation of stress-elicited craving and distress].

Both trials recruited small final sample sizes (N = 39–54) that were only adequately powered
to detect large effects and only evaluated laboratory surrogate end points rather than clinical out-
comes. However, they join previous failures of CRH-1 antagonists in larger phase III trials for
depression, generalized anxiety disorder, and PTSD (Binneman et al. 2008, Coric et al. 2010,
Dunlop et al. 2017). In aggregate, these clinical trials represent a striking failure for robust evi-
dence from animal models on the role of central CRH in mood- and stress-relevant processes to
translate to humans.

Norepinephrine α1 antagonists and α2 agonists in humans. Several medications that reduce
NE neurotransmission (by blocking postsynaptic α1 or β receptors or by activating presynaptic
α2 autoreceptors) have been available for decades, primarily for hypertension and related cardio-
vascular issues. To date, several phase II trials have demonstrated significant effects for various α2

agonists on stress-relevant surrogate end points or short-term clinical outcomes in patients with
different SUDs (e.g., cocaine, tobacco, opioids) (Fox et al. 2012b, Jobes et al. 2011, McKee et al.
2015, Sinha et al. 2007). However, these significant effects were observed for some but not other
primary outcomes. Furthermore, sample sizes ranged from as low as N = 10 to N = 59. As such,
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we believe it is premature to reach clear conclusions regarding pharmacological manipulations of
NE α2 receptors for stress-induced relapse in humans.

With respect to NE α1 antagonists, three small phase II trials (N = 17–35) provided prelimi-
nary support for positive impacts on stress-relevant surrogate end points and short-term clinical
outcomes for prazosin in AUD (Fox et al. 2012a, Simpson et al. 2009) and for doxazosin in to-
bacco smokers (Verplaetse et al. 2017). However, a fourth small trial (N = 41) observed no effect
of doxazosin on its primary clinical outcomes in patients with AUD (Kenna et al. 2016). More
importantly, two more recent studies of prazosin that used somewhat larger sample sizes (N =
92–96) observed no effects on similar primary clinical outcomes in patients with AUD (Petrakis
et al. 2016, Simpson et al. 2018). These latter null findings somewhat temper optimism for this
class of medications to treat stress-induced relapse in humans (Kaye et al. 2019).

Gabapentin in humans.Gabapentin is a widely prescribed gamma-aminobutyric acid B (GABAB)
receptor agonist originally marketed as an anticonvulsant and currently prescribed off label for
SUDs (Peckham et al. 2018). Gabapentin may stabilize the CNS stress system by normalizing
stressor-induced GABA activation in the amygdala (Mason et al. 2018; see also Roberto et al.
2008). It has also been shown to improve potentially stress-relevant negative affect in clini-
cal samples (Mason et al. 2018). To our knowledge, gabapentin has not been evaluated in the
canonical stress-induced reinstatement model in rodents. However, pregabalin, a close analog of
gabapentin, reduces yohimbine-induced reinstatement of alcohol (Stopponi et al. 2012) and co-
caine (de Guglielmo et al. 2013) in rodents.

Gabapentin has producedmixed effects on clinical outcomes for AUD.However, a recentmeta-
analysis of seven randomized controlled trials (RCTs) concluded that gabapentin reduced per-
centage of heavy drinking days but none of the other five clinical outcomes considered (Kranzler
et al. 2019). With respect to other SUDs, one small-N RCT demonstrated preliminary efficacy
of gabapentin for cannabis use (Mason et al. 2012). Gabapentin was not superior to placebo as an
adjunct treatment with methadone for opioid use disorder in an RCT (Kheirabadi et al. 2008) or
open-label follow-up (Salehi et al. 2011). Gabapentin also showed initial promise for cocaine use
in open-label trials (Myrick et al. 2001, Raby & Coomaraswamy 2004) but not in follow-up RCTs
(Bisaga et al. 2006, González et al. 2007, Hart et al. 2007). To our knowledge, gabapentin’s effect
on stress-relevant surrogate end points has not been studied.

Stress-Relevant Psychosocial Treatments

In the next two subsections, we focus on two psychosocial treatments with face-valid components
that target stress mechanisms.

Cognitive behavioral therapy. SUD-tailored cognitive behavioral therapy (CBT) helps patients
modify thoughts and behaviors surrounding their drug use and improve functioning in other
drug use–related aspects of their lives (e.g., Carroll 1998). Patients learn to identify high-risk
situations including periods of stress and/or craving, strengthen coping skills, improve mood
and emotion regulation, and enhance social support. Meta-analytic reviews of RCTs have clearly
demonstrated that CBT is moderately effective at reducing drug use for various SUDs including
alcohol, cannabis, cocaine, tobacco, opioids, and polysubstance use disorders (Dutra et al. 2008,
Magill & Ray 2009).

CBT includes stress-focused training to increase relaxation, stress management, emotion reg-
ulation, and distress tolerance. Furthermore, there is a general focus on developing coping skills
for high-risk situations. For example, patients learn cognitive reappraisal to reduce negative
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emotional response to stressors. CBT-based exposure to interoceptive cues associated with stress
arousal may also help patients better cope and improve drug use outcomes (Zvolensky et al. 2008).
Enhanced stressor awareness may also make stressors more predictable and/or controllable, im-
proving coping and further diminishing their impact. Despite these face-valid components, con-
vincing evidence that improved coping with stressors or other stress-relevant processes represent
primary mechanisms of action for CBT has yet to be provided (Kiluk & Carroll 2013,Magill et al.
2015).

Mindfulness meditation–based interventions.Mindfulness-based relapse prevention (Witki-
ewitz et al. 2014) and related mindfulness meditation–based interventions (MMBIs) for SUDs
(e.g., Brewer et al. 2011) target relapse due to craving, stressors, and other instigators. MMBIs
for SUDs draw heavily from earlier MMBI approaches targeting stress reduction and relapse to
depression (Kabat-Zinn 2005, Segal et al. 2012) and from cognitive behavioral relapse prevention
skills (e.g., identifying high-risk situations; coping skills training). MMBIs emphasize intentional
awareness and acceptance of all experiences, even those that are distressing, and seek to improve
self-regulation and decrease automatic, maladaptive coping responses (e.g., using drugs). MMBIs
demonstrate consistent, moderate effectiveness on clinical outcomes for SUDs as evidenced in
several recent large RCTs, meta-analyses, and reviews (Bowen et al. 2014, Goldberg et al. 2018,
Li et al. 2017, Wielgosz et al. 2019, Witkiewitz et al. 2013).

Preliminary theoretical and empirical evidence suggests that MMBIs may produce these pos-
itive clinical outcomes in part by affecting stress allostasis. Wielgosz et al. (2019) suggested that
MMBIs may improve response to stressors by altering emotional awareness, emotional reactiv-
ity, and/or cognitive reappraisal. They also noted that mindfulness practice may be associated with
changes in key CNS allostasis structures, improved stressor detection and appraisal, and extinction
of emotional reactions to stressors. Specific to SUDs, preliminary evidence suggests that MMBIs
may improve stress allostasis on somemeasures (salivary cortisol, fMRI of CNS stress circuits) but
not self-reported distress (Kober et al. 2017, Tang et al. 2016). In addition, Tapper (2018) iden-
tified consistent evidence for executive control (working memory load) and top-down extinction
processes mediating MMBI effects on cravings for food, cigarettes, and alcohol. However, these
conclusions emerged from a small evidence base and often in samples without formal SUD diag-
nosis. In sum, although MMBIs clearly yield positive clinical benefits for SUDs, further research
is needed to delineate stress mechanisms explicitly.

SUMMARY, SYNTHESIS, AND NEW PRIORITIES

State of the Evidence

Overall, we believe that the accumulated evidence for stress-induced drug use, craving, and mal-
adaptive stress allostasis in SUDs fromhuman clinical research to date is simultaneously promising
but also modest.We offer several confident and some additional, more tentative conclusions with
respect to the two shared core theses we have evaluated and the efficacy of available treatments
that may affect these stress mechanisms in SUDs.

Stressors cause drug craving in individuals with SUDs. This is relatively clear from laboratory
manipulations of stressors but is also supported by concurrent (and some prospective) analyses of
stressor–craving relationships from in situ studies. Laboratory stressor manipulations do not con-
sistently increase drug use; however, this research is methodologically limited. Much of the older
research is severely underpowered, and there is some concern about the ecological validity of drug
usemeasures obtained in the laboratory.Ethical concerns prevent the study of drug lapses/relapses
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in the lab as well. Although newer in situ methods can address these limitations, this research has
only begun to measure stressful events explicitly and to conduct prospective, appropriately lagged
measurement and analyses of stressor–drug use relationships.

Individuals with SUDs display blunted peripheral allostasis in response to punctate stressors
relative to healthy controls. This conclusion is robustly supported for ANS allostasis measures
such as heart rate and blood pressure but also appears true for measures of HPA axis activation.
Conversely, there is some evidence of relatively exaggerated CNS stress allostasis among individ-
uals with SUDs. This exaggerated response may be selective to unpredictable stressors, though
evidence is currently limited to startle potentiation in response to predictable versus unpredictable
threat of shock. Perhaps surprisingly, there is not consistent support for differential distress in re-
sponse to stressors for individuals with SUDs versus healthy controls. Acute tobacco deprivation
does not consistently change allostasis in response to punctate stressors for any stress measures.
Acute deprivation from other drugs has not been adequately studied.There is insufficient research
to reach conclusions about normalization of stress allostasis following protracted drug abstinence.

The preclinical evidence from animal models for the development of CRH-1 antagonists to re-
duce stress-induced relapse was arguably the strongest of any potential medication to treat stress
mechanisms in SUDs (Koob & Zorrilla 2010). Despite this excitement for CRH-1 antagonists
generated from animal models, clinical translation to humans did not succeed (Shaham & deWit
2016). Research from animal models suggested that the NE system was another natural pharma-
cologic target to reduce stress-induced relapse in humans (Kaye et al. 2017, Verplaetse et al. 2015).
However, the null findings from two recent clinical trials of prazosin (Petrakis et al. 2016, Simpson
et al. 2018) have somewhat tempered optimism for this class of medications to treat stress-induced
relapse in humans.Prazosin alsomay not reduceCNS allostasis in response to either unpredictable
or predictable shock as might have been expected from animal models (Kaye et al. 2019). These
failures serve as important cautionary reminders that although we can and should be guided by
animal models, those models are not sufficient predictors of clinical outcomes (de Wit et al. 2018,
Heilig et al. 2016).Confirmatory research in humans, as we have reviewed in this paper, is essential
to support mature clinical theories and screen/evaluate interventions.

Convincing evidence has not yet emerged that targeting maladaptive stress allostasis with psy-
chosocial interventions improves clinical outcomes in SUDs. SUD-tailored CBT and MMBIs do
improve clinical outcomes. They also include components that have the potential to target stress
allostasis. However, rigorous studies have not yet formally demonstrated that stress mechanisms
mediate their treatment outcomes.

Our relatively modest conclusions about the current state of the evidence regarding stress–
SUD mechanisms stand in somewhat stark contrast to many previous reviews. Often, assertions
about stress–SUD relationships cite evidence from animal models and/or blend findings from
animals, humans, and other reviews without sufficient transparency.We place high value on animal
models of SUDs (Kaye et al. 2017), but the stress–SUDfield is nowmature enough to require us to
strive for clear conclusions supported by human clinical research. The empirical evidence for our
assertions must also be explicit and transparent, or we run the risk of circular citation of reviews.

Recent observations about problems with the robustness and replicability of many areas of
psychological science including clinical psychology also require circumspection in our conclusions
(Tackett et al. 2019). Much of the stress–SUD literature is small-N with associated problems with
power, positive predictive value, and vibration of effects (Button et al. 2013). The inconsistent
findings across small-N studies in our supplemental tables confirm these concerns and pose the
risk of selective citation of (false) positive findings. Researcher degrees of freedom remain high in
much of this research as well: There are many outcomes measured, scant protection for multiple
comparisons, and concerns about transparency regarding a priori versus post hoc findings and their
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associated robustness. We are encouraged that research rigor appears to be improving. However,
we believe that all these issues combine to require humbler assertions about what we know and do
not yet know about the role of stressors and stress allostasis in SUDs. In the remaining sections, we
highlight gaps that we observed in the stress–SUD literature; we frame these gaps as opportunities
to advance this knowledge as we simultaneously improve our methodical rigor.

Stressors: Characteristics and Context

It appears that stressor predictability plays an important role in the stressor–drug use relationship.
Unpredictable (and uncontrollable) stressors robustly reinstate drug seeking in rodents, whereas
the evidence is mixed for other stressors (Mantsch et al. 2016). Koob (2015) implicates neuroad-
aptations in CRH-sensitive circuits in the central extended amygdala in the etiology of SUDs
in rodents. Rodent models suggest that these same CRH circuits are particularly responsive to
unpredictable or otherwise uncertain stressors (Davis et al. 2010, Kaye et al. 2017; but see Fox
& Shackman 2019). We documented evidence of maladaptive, exaggerated CNS stress allosta-
sis among individuals with SUDs selectively during unpredictable (but not predictable) stressors.
Furthermore, high rates of relapse during early abstinence co-occur with frequent endogenous
and exogenous unpredictability—for example, unpredictable onset and intensity of aversive with-
drawal symptoms, uncertainty about abstinence efficacy, unexpected exposure to drug cues, op-
portunities to use, and changes in social networks. Finally, other research demonstrates that acute
alcohol administration provides negative reinforcement selectively during unpredictable (but not
predictable) stressors (e.g., Bradford et al. 2013, 2017; Hefner et al. 2013).

We propose that systematic research to address clear gaps in our understanding of stressor
predictability should be a high priority. For example, studies of stress-induced drug use/relapse
or craving have not yet explicitly contrasted unpredictable versus predictable stressors in either
animal models or humans. Evidence of maladaptive CNS stress allostasis during unpredictable
stressors among humans with SUDs is limited to startle potentiation during shock threat.Research
with other stressors and measures of CNS stress allostasis, as well as peripheral allostasis and
subjective distress, is needed.

Future research is also needed to clearly define the unpredictability construct and parse it from
related constructs. At this point, it appears possible to develop clear, a priori laboratory manipu-
lations of unpredictability in rodents and humans (e.g., see Kaye et al. 2017), but it remains more
challenging to prospectively identify and categorize real-world stressors as unpredictable versus
predictable. Future in situ research must measure participants’ appraisal of stressful events, in-
cluding their predictability. Furthermore, predictability and controllability are closely related con-
structs, but stressor controllability has yet to be adequately studied and parsed from predictability
in either laboratory or in situ research.

Many other important characteristics of stressors and their contexts have received even less
consideration. As noted above (see the section titled Guideposts and Guardrails from Basic Re-
search on Stress), functional impairment for most important outcomes (e.g., emotional, behav-
ioral, health) is a nonlinear (inverted-U) function of stressor severity/intensity (Sapolsky 2015), but
stressor severity is rarely manipulated in the laboratory or measured in the field (but see Moberg
et al. 2011). Both basic research and animal models of depression have established controllability
as another important stressor characteristic (Maier & Seligman 2016,Weiss 1972), yet it has also
been mostly ignored in stress–SUD research. Sayette (1993) established that stressor appraisal is
a key moderator of the stress response–dampening effects of acute alcohol administration, but
appraisal processes are not routinely measured when studying stress allostasis or stress-induced
drug use in individuals with SUDs. Similarly, contextual factors such as social support and other
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available coping resources likely matter but remain largely unexamined (Dimoff & Sayette 2017,
Heilig et al. 2016). We strongly call for more routine consideration of these important stressor
characteristics and contexts.

Theories and Mechanisms Revisited

The theoretical models that guided this review differ to some degree regarding the causes and tem-
poral stability of maladaptive stress allostasis. Stress neuroadaptation models propose that chronic
drug use negatively affects stress allostasis, whereas other models suggest that maladaptive stress
allostasis may be trait-like or at least observed well before any substantial drug use.Cross-sectional
research with at-risk samples before drug exposure can be combined with research on individuals
with active and remitted SUDs to begin to address causal ordering of drug use and maladaptive
stress allostasis.However, it is difficult and risky tomake inferences about developmental processes
by comparing across different cross-sectional samples. Longitudinal research is necessary.

Longitudinal research can also more precisely identify the drug use characteristics most closely
associated with changes in stress allostasis if it is indeed not stable over time. Rodent models
suggest that particular patterns of drinking [e.g., repeated bingeing and withdrawal (Breese et al.
2005, O’Dell et al. 2004)] or contextual factors such as drug availability (Mantsch et al. 2008)
rather than overall quantity may be necessary to promote or express allostatic changes in stress-
related neurocircuitry. Consistent with this, Gorka et al. (2016) observed that the frequency of
binge drinking in a community sample was positively associated with the magnitude of startle
potentiation during unpredictable but not predictable threat. Longitudinal and other research is
also necessary to evaluate whether these stress neuroadaptations persist after cessation of drug use.
Of course, longitudinal research is time-consuming and costly.However, it may be possible to rely
on ongoing national data collection projects such as the Adolescent Brain Cognitive Development
(ABCD) Study, the Midlife in the United States (MIDUS) project, and others that collect rich
longitudinal data including drug use outcomes.

Koob has focused on two broad classes of neuroadaptations that may contribute to SUD etiol-
ogy: one within the reward system and a second compensatory, allostatic adaptation where stress
system circuitry is strengthened to offset repeated reward system activation (Koob 2015, Koob &
Le Moal 2008). We believe there is sufficient evidence to warrant further investigation of several
additional possible allostatic adaptations.

It appears that acute administration of most addictive drugs activates peripheral stress systems
(Wemm & Sinha 2019). The blunted peripheral stress allostasis we observed among individuals
with SUDs may result from a compensatory adaptation due to chronic activation by drugs. Sim-
ilarly, the increased CNS stress allostasis we reported may have resulted from a between-system
adaptation whereby increased synaptic plasticity and expansion of dendritic processes in the cen-
tral extended amygdala were caused by HPA axis glucocorticoid release during this same chronic
drug use.Finally, increasedCNS stress allostasis in response to unpredictable stressorsmay also re-
sult in part from compensatory adaptation within the CNS due to the stress response–dampening
effects of alcohol (and possibly other drugs) during unpredictable stressors (Kaye et al. 2017).
We hope these observations of potentially novel stress neuroadaptations encourage multisystemic
measurement of stress allostasis both cross-sectionally and longitudinally in humans with SUDs
alongside reverse translational research in rodent models.

Individual Differences and the Inverted-U

Sapolsky (2015) has called attention to the value of considering individual differences framed
within the context of the inverted-U of stressor consequences as a function of the stressor’s nature,
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intensity, and duration. This framework allows us to contemplate individual differences in what
is considered optimal versus harmful stress with reference to the peak (location and height) and
width of this nonlinear function.We can then examine genes, traits, environments, and experiences
that promote vulnerability (e.g., a left shift of the U) or resilience to stressors. As noted, there has
been little consideration of the natural variation of stressors along continua of intensity, severity,
and other characteristics. More problematic, individual difference moderators have been tested
and/or reported in a haphazard fashion that makes it difficult to identify robust findings. We
believe there is enough evidence and prior research to warrant more consistent examination of sex
as a moderator of stress allostasis in SUDs. Sex has been the most frequently considered individual
difference moderator in research on stress-induced drug use and stress allostasis in SUDs. More
importantly, some evidence suggests that sex differences are possible in both the biological stress
systems and the types of stressors experienced as a function of gendered social and cultural roles
(Cohen et al. 2019,Hogle&Curtin 2006,Verplaetse et al. 2015).We did not observe clear patterns
of sex moderation of either stress-induced craving/use or stress allostasis in our review, and many
studies did not report sex effects.Nonetheless, systematic examination and reporting of sex effects
in future research would clarify whether it is indeed an important moderator or whether noted
significant findings are spurious.

A handful of other individual differences appear promising to consider in future research on
stress mechanisms in SUDs. For example, individual differences in general startle reactivity may
serve as biomarkers for CNS stress allostasis in the central extended amygdala (Bradford et al.
2014). Increased general startle reactivity predicts greater reactivity to unpredictable stressors and
greater negative reinforcement from drinking. Similarly, individual differences in stress-relevant
constructs such as anxiety sensitivity, intolerance of uncertainty, and distress tolerancemay identify
individuals who display deficient or otherwise maladaptive stress coping (Leventhal & Zvolensky
2015, Zvolensky et al. 2010). Stress-relevant psychiatric and medical conditions like PTSD and
chronic pain are promising moderators given their high comorbidities with SUDs (Ditre et al.
2019, Gilpin &Weiner 2017). Finally, we acknowledge the large body of work that has suggested
the importance of chronic and early life stress as moderating variables (see Cohen et al. 2019).
Critically, we must use rigorous methods (e.g., preregistration, appropriate corrections for multi-
ple testing, reporting all tested individual differences regardless of outcome) to pursue questions
about individual differences if we hope to reach robust conclusions.

Refining in situ Research

In situ studies have some inherent advantages relative to laboratory research examining stress-
induced drug use. In situ stressors are more ecologically valid and varied than what is typically
possible in the laboratory. These stressors are also experienced in their natural contexts, which
include social support networks and a wider array of available coping strategies and resources that
may affect stress allostasis. This context may often include drug cues and/or drugs themselves,
again possibly altering key aspects of stress allostasis including behavioral and subjective compo-
nents. Drug use itself may be more likely in situ than in artificial laboratory settings. Prospec-
tive (lagged) analyses of stressor–drug use relationships should be used to enforce the required
causal ordering, and different lags (e.g., next hour, next day) can be considered depending on the
specific research questions and drug use patterns. However, it is important that future in situ re-
search explicitly identify stressful events rather than simply event-independent negative affect.
More detailed measurement of stressor appraisal (stressor characteristics, coping efficacy) should
be routinely performed as well. This appears to be the trend among the most recently published
studies.
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In situ research should also increase the use of alternative measurement beyond self-report.
There have been rapid advances in the ability to obtain real-time (or at least time-stamped) in-
formation about stressors, their context, and stress allostasis via passive sensing and related ap-
proaches including global positioning services (GPS), voice and text message cellular commu-
nications, social media activity, and wearable sensors. Natural language processing can identify
stressor-relevant content in social media activity (e.g., Facebook posts, comments, directmessages)
and text communication via smartphones. GPS and cellular communications can be contextual-
ized by obtaining key characteristics about locations and contact numbers (e.g., unpleasant versus
pleasant, associated with past drug use, drugs typically available, health care providers). For ex-
ample, we can prospectively predict alcohol lapses in newly abstinent individuals with AUD with
high accuracy and temporal precision (i.e., identify lapses in the next day with 88% sensitivity and
70% specificity) usingmostly passivemeasures (Curtin et al. 2015).Clinical research–grademobile
psychophysiology solutions (e.g., Empatica E4 wristband) are now available and are still improv-
ing our opportunities to measure real-time peripheral stress allostasis (e.g., electrodermal activity,
heart rate, heart rate variability). Transdermal monitoring of real-time alcohol use is rapidly im-
proving and may soon allow passive sensing of alcohol use in clinical research (e.g., BACtrack’s
SKYN,Milo Sensor’s ION).These new and emerging tools andmethods will dramatically advance
our ability to probe stressor–drug use relationships in situ.

Innovative methods are now being used to track and probe in situ stressors as well. For ex-
ample, Heller and colleagues have developed an event-triggered dense sampling approach for
negative and positive affect when undergraduates first view their midterm grades (Villano et al.
2020). Equally important, undergraduates also provide a priori reports of their expected grades
and other details relevant to understanding their likely appraisal of their grades. Heller et al. are
pursuing a similar approach in patients receiving treatment for breast cancer, with dense sam-
pling triggered surrounding oncological appointments (L.M. Baez, M.A. Antoni & A.S. Heller,
unpublished manuscript). Heller et al. have also begun to bring these in situ stressors into the
laboratory (e.g., undergraduates first receive their real mid-term grade in the laboratory during
fMRI measurement) (B.V. Villano, B.A. Jaso, T.R. Reneau, C. Baldassano & A.S. Heller, unpub-
lished manuscript). Together these approaches allow for more precise measurement of stressors in
situ, and they combine powerful laboratory measurement approaches (fMRI, psychophysiology,
hormonal measures) with more naturalistic stressors. Clinical research with SUDs could rely on
similar methods to examine stressor-induced craving and stress allostasis in the laboratory with
real-world stressors to confirm the generality and ecological validity of stress–SUD relationships.

Advancing Stress-Relevant Treatments

Despite failures and slow progress to date, there remains an urgent need to develop novel or re-
purposed medications that target stress mechanisms in SUDs. Several available NE medications
(e.g., doxazosin, guanfacine) still hold promise, but further research is needed with larger sample
sizes to demonstrate these drugs’ efficacy regarding stress-relevant outcomes. Among currently
available medications that target CNS stress systems, baclofen, mifepristone, and ketamine war-
rant further immediate investigation (Butelman&Kreek 2017,Greenwald 2018).Of course, there
remain many other stress-relevant neurotransmitter systems that have potential for future devel-
opment (e.g., urocortin, dynorphin, neuropeptide Y, hypocretin/orexin) (Greenwald 2018).

We are encouraged that psychosocial treatments (e.g., CBT,MMBIs) that contain components
that may affect stress mechanisms do improve drug use outcomes. The most important next step
is to evaluate treatment mechanisms explicitly. More generally, increasing the focus on sources
of unpredictable stressors and accompanying coping strategies may increase the efficacy of SUD
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interventions. For example, relapse prevention programs can help patients to better identify risks
and develop tools to reshape their environments and social interactions to increase predictability
and/or seek additional support during high-risk periods.

The use of surrogate end points—early markers of disease process mechanisms with high pre-
dictive validity for later clinical outcomes—can increase the pace of clinical trials research to de-
velop, refine, and confirm mechanisms of action for both pharmacological and psychosocial treat-
ments (Kaye et al. 2017). Following from our review, we believe that there are three promising
surrogate end points to evaluate treatments that target stress allostasis: the NPU task (Schmitz &
Grillon 2012), the stress imagery task (Sinha 2009), and the Trier social stress task. All three tasks
are amenable to measures of subjective emotional response as well as CNS and peripheral stress
allostasis to varying degrees.

If properly validated, these surrogate end points may bemore sensitive to stress allostasis mech-
anisms than more distal clinical outcomes (e.g., point-prevalence abstinence, heavy drinking days)
that can be influenced by many factors other than stress. As such, they can offer more power and
efficiency to screen treatments that target stress-induced relapse. Unfortunately, the predictive
validity of the NPU task has not been evaluated to date. Several small-N studies have evaluated
the predictive validity of the stress imagery and Trier social stress tasks (Back et al. 2010; Sinha
et al. 2006, 2011). However, convincing evidence has not yet accumulated given the inconsistent
pattern of associations observed across studies, dependent measures, and clinical outcomes. We
believe that validating these surrogate end points in large, well-powered, and ideally preregis-
tered studies should be a top priority to advance development of stress-relevant medications and
psychosocial treatments.

Although we have focused on medications and traditional psychosocial treatments, emerging
digital technologies have begun to make just-in-time adaptive interventions for SUDs possible
(Gustafson et al. 2014). Our observations also reinforce the potential benefits offered by existing
but often unavailable or underfunded harm reduction approaches. Individuals with SUDs often
experience a disproportionate number of stressors (e.g., financial, legal, housing, medical prob-
lems). Many harm reduction approaches can robustly reduce stress and other uncertainty regard-
ing legal, housing, health, and other basic needs (Newman & Goldman 2008). For example, harm
reduction approaches such as Housing First (Davidson et al. 2014), needle exchange programs
(Ksobiech 2003), and medication-assisted therapies such as opioid substitution programs (Amato
et al. 2005) can substantially reduce these salient stressors while also significantly improving drug
use outcomes. Wide-scale implementation of such programs has tremendous potential to reduce
or remove stressors by shifting societal attitudes from stigmatization and criminalization toward
public health models based on prevention, harm reduction, and treatment. It is an exciting time
to study stress, stress allostasis, and SUDs.We eagerly await the next steps.

SUMMARY POINTS

1. Stressor characteristics (intensity, unpredictability, uncontrollability) and context (social
support, available coping resources/strategies) are important to consider but largely ne-
glected in clinical research on SUDs.

2. Biological systems that mediate stress allostasis are highly interactive, but distinct pat-
terns of stressor allostasis are possible across systems among individuals with SUDs.
Clinical research should avoid collapsing measures and systems into a single stress-
reactivity construct.
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3. Stressors cause craving in the laboratory, but at this point there is insufficient evidence
of stressor-induced use in humans.

4. In situ research has only recently begun to explicitly measure stressful events. How-
ever, this methodology holds high promise to explore stressor, craving, and drug use
relationships.

5. Individuals with SUDs display decreased peripheral stress allostasis, increased central
stress allostasis (possibly selective to unpredictable stressors), and unchanged subjective
distress compared with healthy controls.

6. Acute drug deprivation does not appear to affect stress allostasis.

7. Effective medications to target stress allostasis in SUDs have not yet been identified.
CBT and MMBIs improve SUD clinical outcomes, but their mechanisms have not yet
been established.

8. The quality and rigor of clinical research to date examining the stress–SUD relationship
warrant much humbler, more cautious conclusions than previous reviews.

FUTURE ISSUES

1. Although preclinical research has positioned stress as central to many theories of SUD
etiology, the stress–SUD field must strive for clear conclusions supported by rigorous
human clinical research.

2. Understanding the role of stressor characteristics such as predictability, controllability,
severity/intensity, and appraisal/coping should be a high priority given the impetus from
basic stress research and preliminary findings in humans with SUDs.

3. Longitudinal research with new and existing data sets can help clarify the mechanisms
and developmental processes by which changes in stress allostasis occur. Multisystemic
measurement of stress allostasis should become routine.

4. Rigorous and systematic examination of individual differences is needed. This research
can be anchored in characteristics of the inverted-U to study both vulnerability and
resilience.

5. Methodological refinements for in situ research can overcome inherent disadvantages
of laboratory research and improve assessment of both stressors and drug use/relapse.

6. There remain promising pharmacologic targets for stress allostasis in SUDs, but their
efficacy in humans must be evaluated with larger sample sizes and stress-relevant surro-
gate end points alongside clinical outcomes.

7. Effective psychosocial treatments for SUDs should be evaluated explicitly for stress-
relevant treatment mechanisms. Surrogate end points, once validated, can assist this
effort.

8. Harm reduction should be considered more regularly for SUDs because of its ability to
reduce stressor exposure. Just-in-time adaptive interventions are now emerging and also
hold high promise.
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