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ABSTRACT. Stressors clearly contribute to addiction etiology and re-
lapse in humans, but our understanding of specific mechanisms remains
limited. Rodent models of addiction offer the power, flexibility, and
precision necessary to delineate the causal role and specific mechanisms
through which stressors influence alcohol and other drug use. This
review describes a program of research using startle potentiation to un-
predictable stressors that is well positioned to translate between animal
models and clinical research with humans on stress neuroadaptations in
addiction. This research rests on a solid foundation provided by three
separate pillars of evidence from (a) rodent behavioral neuroscience on
stress neuroadaptations in addiction, (b) rodent affective neuroscience
on startle potentiation, and (c) human addiction and affective science
with startle potentiation. Rodent stress neuroadaptation models implicate
adaptations in corticotropin-releasing factor and norepinephrine circuits

within the central extended amygdala following chronic alcohol and
other drug use that mediate anxious behaviors and stress-induced rein-
statement among drug-dependent rodents. Basic affective neuroscience
indicates that these same neural mechanisms are involved in startle po-
tentiation to unpredictable stressors in particular (vs. predictable stress-
ors). We believe that synthesis of these evidence bases should focus us
on the role of unpredictable stressors in addiction etiology and relapse.
Startle potentiation in unpredictable stressor tasks is proposed to provide
an attractive and flexible test bed to encourage tight translation and re-
verse translation between animal models and human clinical research on
stress neuroadaptations. Experimental therapeutics approaches focused
on unpredictable stressors hold high promise to identify, repurpose, or
refine pharmacological and psychosocial interventions for addiction. (J.
Stud. Alcohol Drugs, 78, 353-371,2017)

E HAVE LONG UNDERSTOOD that stressors play a

key role in alcohol and other drug use, and addiction.!
Stressors figure prominently in numerous seminal and con-
temporary theories on addiction etiology (Baker et al., 2004;
Koob & Le Moal, 2008b; Sher, 1987; Solomon & Corbit,
1973). Most people report using drugs at times to cope with
stressors, and report of stress-coping as a primary motivation
for drug use predicts problematic use (Cooper et al., 1995;
Kassel et al., 2003; Schroder & Perrine, 2007). Drug use dis-
orders are highly comorbid with trauma and stressor-related
disorders (Grant et al., 2016; McCarthy & Petrakis, 2010).
Stressors or negative affect frequently precede relapse among

IFor the remainder of this review, we use the term drugs to include
alcohol and nicotine. We focus on putatively common effects across
drugs on affective, behavioral, and other response to stressors
(Baker et al., 2004; Koob & Le Moal, 2008a). Of course, we
recognize that the precise mechanisms through which different
drugs affect response to stressors may differ and that these drugs
also have unique effects on other stressor-independent mechanisms
(e.g., Badiani et al., 2011).
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drug-dependent users pursuing abstinence (Brown et al.,
1990; Shiffman & Waters, 2004). Similarly, stress-induced
reinstatement of drug seeking has been confirmed in rodent
models (Mantsch et al., 2016).

Rodent models of addiction offer the power, flexibility,
and precision necessary to delineate the causal role and
specific mechanisms through which stressors influence drug
use, addiction, and relapse (Koob, 2009; Koob & Le Moal,
2008a). Stressors clearly contribute to addiction etiology and
relapse in humans as well, but our understanding of specific
mechanisms remains much more limited than with rodents
(Baker et al., 2004; Breese et al., 2011; Kassel et al., 2003).
In this review, we propose a rodent-to-human translational
framework to describe, evaluate, and offer novel predictions
about the nature of these stress neuroadaptations in clinical
research with humans. We begin with a brief overview of the
processes and central nervous system (CNS) mechanisms
that account for stress neuroadaptations in rodent models.
Next, we advocate the use of a translational method from
basic affective neuroscience using startle potentiation in
unpredictable threat tasks to probe the phenotypic manifes-
tation of these CNS stress neuroadaptations. Unpredictable
stressors emerge from clinical research in humans to inform
us about risk, etiologic mechanisms, and new treatments
in addiction. We conclude by highlighting salient evidence
gaps and unresolved questions along with promising future
directions offered by this translational approach to study
unpredictable stressors in addiction.
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Stress Neuroadaptations in Rodents:
Opponent Process Mechanisms

Over the past two decades, Koob and colleagues have
proposed, evaluated, and iteratively refined a model of the
processes and CNS mechanisms through which allostatic
stress neuroadaptations cause addiction in rodent models
(Koob & Le Moal, 2008a). This stress neuroadaptation
model was initially derived from classic opponent process
principles whereby countervailing brain stress systems (b-
processes in opponent process theory) are recruited to op-
pose drug administration—induced pleasure, positive affect,
and reward-related activity (a-processes) and restore affective
neutrality (Koob & Le Moal, 2008b; Solomon & Corbit,
1973, 1974). Repeated recruitment of these brain stress
systems to maintain affective homeostasis in the face of
chronic drug use causes allostatic neuroadaptations that re-
sult in stronger and more persistent activation of these brain
stress systems.? These neuroadaptations produce increased
anxiety or other negative affect during drug deprivation after
acute drug effects have ended but the strengthened b-process
activation continues. Additional drug use is then motivated
during deprivation via negative reinforcement that reduces
this affectively aversive stress system activation.

These b-process stress neuroadaptations are proposed
to involve changes in corticotropin-releasing factor (CRF)
and norepinephrine (NE) mechanisms within the central
extended amygdala.? The extended amygdala is composed of

ZKoob and colleagues have articulated distinct mechanisms
involving between-system and within-system neuroadaptations
that act in concert to maintain affective homeostasis in the face of
chronic drug use (e.g., see Koob & Le Moal, 2008a, pp. 35-38).
We focus primarily on a between-system adaptation where brain
stress systems are recruited and adapt to oppose drug-induced
positive affect and reward system activation. Later, we briefly
discuss a potentially novel within-system adaptation of the stress
system suggested by emerging research with unpredictable startle
potentiation in humans.

3We focus on the CRF and NE neurotransmitter systems because
they have received the most empirical support to date regarding their
role in stress neuroadaptations in addiction. These neurotransmitter
families have complex receptor structure and endogenous ligands.
For example, CRF and urocortins both bind to CRF receptors. There
are major classes of receptor subtypes for both CRF (e.g., CRF,,
CRF,) and NE (e.g., a,, 0,, B), including further subdivisions
within each class (e.g., 0, ). These receptor families have
different anatomical distributions, receptor affinity, and synaptic
locations, all of which have important influences on their function
(for comprehensive reviews see Bale & Vale, 2004; Weinshenker &
Schroeder, 2007; Zorrilla & Koob, 2010). It is beyond the scope and
goals of this article to review the literature at this level of anatomical
detail. Instead, we direct readers to authoritative reviews that provide
further nuance as appropriate throughout the article.

There are also an increasing number of other neurotransmitter
systems that appear to manifest stress neuroadaptations, including
urocortin, dynorphin, neuropeptide Y, hypocretins/orexin, gamma-
aminobutyric acid (GABA), and many more. For reviews of the
roles of these systems in stress-relevant processes in addiction

the central (CeA) and medial (MeA) subnuclei of the amyg-
dala, the bed nucleus of the stria terminalis (BNST), cell
columns in the substantia innominata connecting the CeA
and BNST, and a transition zone in the posterior portion of
the medial nucleus accumbens bordering the BNST (Alheid
& Heimer, 1988; Dong et al., 2001; Fox et al., 2015; Walker
et al., 2003). The extended amygdala is further divided into
the medial extended amygdala, which includes the MeA and
medial subdivisions of the BNST, and the central extended
amygdala, which includes the CeA and lateral subdivisions
of the BNST (BNST) ). The CeA can be divided into several
subdivisions, which most notably include the lateral and me-
dial divisions (CeA| and CeA,,, respectively). The CeA; but
not CeA,, neurons contain large quantities of the neuropep-
tide CRF, and these neurons are a major source of the CRF
in the BNST, (Day et al., 1999; Gray & Magnuson, 1987;
Sakanaka et al., 1986). This CRF signaling in the central
extended amygdala combines with modulatory impacts of
NE in the BNST, to mediate behavioral responses to envi-
ronmental and internal stressors.

Stress neuroadaptations in these CRF- and NE-sensitive
pathways in the central extended amygdala appear to be
involved in the motivational states associated with drug de-
privation and stress-induced reinstatement of drug seeking
in rodents (Aston-Jones & Harris, 2004; Erb, 2010; Koob,
2009, 2010; Mantsch et al., 2016; Silberman & Winder,
2013; Smith & Aston-Jones, 2008). To start, deprivation of
many drugs (i.e., alcohol, nicotine, cocaine, opioids, can-
nabinoids) consistently increases CRF and NE levels in the
central extended amygdala (for reviews, see Koob, 2009;
Silberman & Winder, 2013; Smith & Aston-Jones, 2008).
Drug deprivation also elicits anxiety-like behaviors across a
number of behavioral models (e.g., defensive burying, startle
response, elevated plus maze, freezing; Baldwin et al., 1991;
George et al., 2007; Harris & Aston-Jones, 1993; Jonkman
et al., 2008; Olive et al., 2002). Direct injections of CRF or
NE agonists, particularly into the extended amygdala, also
increase anxiety-like behavior at baseline and during drug
deprivation (George et al., 2007; Liang et al., 1992; Park et
al., 2013; Swerdlow et al., 1986). Critically, CRF and NE
receptor antagonists, administered intracerebroventricularly
(i.c.v.) or directly in the extended amygdala, reduce these
same anxiety-like behaviors during deprivation (George et
al., 2007; Harris & Aston-Jones, 1993; Rudoy & Van Bock-
staele, 2007; Skelton et al., 2007), supporting a causal role
for these neurotransmitter systems in anxiety-like behaviors
during deprivation.

Stress-induced reinstatement to drug seeking is also me-
diated by similar CRF and NE mechanisms* in rodents (for

see Koob (2013), Mahler et al. (2012), Ryabinin et al. (2012), and
Schank et al. (2012).

4CRF receptors were broadly implicated in these effects initially
using nonselective CRF receptor antagonists, but accumulating
evidence suggests that CRF, receptors may be the more critical
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reviews, see Mantsch et al., 2016; Shaham et al., 2000a).
In this canonical model of drug relapse, unpredictable foot-
shock reliably and robustly reinstates drug-seeking behavior
across nearly all classes of addictive drugs, including nico-
tine (Buczek et al., 1999), alcohol (L& et al., 1998), heroin
(Shaham & Stewart, 1995), cocaine (Erb et al., 1996), and
methamphetamine (Shepard et al., 2004). However, pharma-
cologic manipulations that increase CRF are also sufficient
to reinstate drug seeking to nicotine (Zislis et al., 2007),
alcohol (L€ et al., 2000), heroin (Shaham et al., 1997), co-
caine (Brown et al., 2009; Erb & Stewart, 1999), and meth-
amphetamine (Nawata et al., 2012). Likewise, manipulations
to increase NE reinstate drug seeking to nicotine (Feltenstein
et al., 2012), alcohol (Lé et al., 2005), heroin (Shaham et al.,
2000b), cocaine (Erb et al., 2000), and methamphetamine
(Shepard et al., 2004).> Moreover, CRF receptor antagonists
potently reduce stress-induced reinstatement to nicotine
(Bruijnzeel et al., 2009; Plaza-Zabala et al., 2010), alcohol
(Gehlert et al., 2007; Lé et al., 2000), heroin (Shaham et
al., 1997), cocaine (Erb et al., 2001; Shaham et al., 1998),
and methamphetamine (Nawata et al., 2012). Comparable
evidence suggests blocking NE neurotransmission reduces
stress-induced reinstatement to nicotine (Zislis et al., 2007),
alcohol (Funk et al., 2016; Lé et al., 2005, 2011), heroin
(Shaham et al., 2000b), and cocaine (Erb et al., 2000). Al-
though much of the research on stress-induced reinstatement
has used nonspecific central CRF/NE manipulations (e.g.,
i.c.v. injections), evidence suggests that these effects are
mediated in part by CeA to BNST pathways (Erb & Stewart,
1999; Shaham et al., 2000b; for reviews, see Silberman &
Winder, 2013; Smith & Aston-Jones, 2008).

Probing stress neuroadaptations in humans: A translational
focus on central nervous system mechanisms

Stressors activate CNS, hormonal, and peripheral biologi-
cal systems that produce changes in affect, arousal, attention,

target for treating stress-induced relapse (Heilig et al., 2011; but
see Giardino & Ryabinin, 2012; Heilig, 2012). Conversely, all
three major families of NE receptors have been implicated in
stress-induced relapse processes. Therefore, for simplicity we refer
broadly to NE antagonists to include drugs that effectively reduce
NE activity either via postsynaptic o, and B antagonists (e.g.,
prazosin, propranolol) or pre-synaptic 0., autoreceptor agonists
(e.g., clonidine; for a review, see Mantsch et al., 2016; Smith &
Aston-Jones, 2008).

>Yohimbine administration has been used as one common method
to manipulate stress-relevant NE neurotransmission via NE o,
antagonism in both rodent models and humans. However, recent
research has suggested that yohimbine’s effect on operant responding
in drug reinstatement animal models may be mediated partially by
distinct non-stress and/or non-NE mechanisms (Brown et al., 2009;
Chen et al., 2015; see also, Mantsch et al., 2016). Future research is
needed to clarify the pharmacological, motivational, and behavioral
mechanisms involved in yohimbine-induced reinstatement of drug
seeking (Espana et al., 2016).

energy mobilization, immune and inflammatory responses,
and other processes to support adaptive responding to the
challenge (Arnsten, 2009; McEwen & Gianaros, 2011;
Sapolsky, 2002). A central thesis of the behavioral neurosci-
ence research in rodents that we have reviewed is that “a
key element of the addiction process involves a profound
activation of stress systems in the brain that interacts but is
independent of hormonal stress systems” (Koob, 2009, p.
62; see also Shaham et al., 1997). Nonetheless, over the last
two decades the majority of addiction research examining
the stress response in humans has focused on mechanisms
involving the hypothalamic—pituitary—adrenal (HPA) axis
(for reviews, see al’Absi, 2006; Sinha, 2008). Stressors
elicit CRF release from the hypothalamus, which triggers a
hormonal cascade resulting in glucocorticoid (i.e., cortisol in
humans) release from the adrenal gland. Given the clear role
that glucocorticoids play in mediating the body’s physiologi-
cal response to stressors, clarifying the impact of acute and
chronic drug use on HPA axis function has important health
implications (McEwen & Gianaros, 2011).° However, we
believe that an increased focus on CNS stress systems (e.g.,
extrahypothalamic CRF) and their behavioral and affective
consequences is critical to translate findings from rodent
models to human addiction.

Multiple approaches will be necessary to confirm the
rodent stress neuroadaptation thesis in humans and to clarify
its affective and behavioral consequences. Nonetheless, ap-
proaches that can bridge between neural, affective, and
behavioral domains of analysis should be prioritized. Self-
report approaches provide a unique window into the subjec-
tive emotional experience of drug-dependent individuals
(Baker et al., 2004; Piper, 2015; Witkiewitz, 2011). However,
much of the motivational press to use drugs may operate out-
side of conscious awareness (Tiffany, 1990). Perhaps more
importantly, self-report alone is too distal from the neural
mechanisms implicated by rodent models to confirm these
mechanisms in humans. Conversely, human neuroimaging
approaches hold considerable promise to probe the neural
mechanisms implicated by rodent models. However, these
approaches alone will not be sufficient given their cost and
technological barriers that currently limit their precision
to parse putatively distinct circuits in the central extended
amygdala in humans (Avery et al., 2016; Fox et al., 2015;
but see Shackman & Fox, 2016).

SHPA axis function is regulated by a classic negative feedback
loop, where glucocorticoids inhibit further release of CRF from the
hypothalamus to provide a safeguard against adverse effects from
excessive exposure to glucocorticoids. However, glucocorticoids
also simultaneously stimulate CRF activity in the extended
amygdala. These observations raise the intriguing possibility that
HPA axis adaptations following chronic drug use may not only
protect the periphery (via negative feedback) but also facilitate
extrahypothalamic CRF stress neuroadaptations (via feed-forward
mechanisms; Koob, 2015; Schulkin et al., 2005).
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Fiure 1. The elicitation and measurement of startle potentiation in rodents and humans.

This figure illustrates methods for the elicitation and measurement of startle potentiation during cued threat in rodents and humans. In this article, we review
evidence that the psychological and neural mechanisms for startle potentiation are comparable across species. This evidence combines with the highly parallel
methods in rodents and humans to position startle potentiation during cued threat for effective translational and reverse translational research across species.
Cue (left column): Across species, cued threat is established by pairing electric shock (depicted as red lightning bolt) with a brief presentation of a distinct cue
(Cue+t; e.g., colored geometric shape on computer monitor in humans, light turned on in rodents). This Cue+ condition is typically contrasted with a no-threat
condition (Cue—; e.g., alternative geometric shape in humans, light off in rodents).

Measurement (center column): During each cue condition, the startle response is elicited across species by a sudden, intense, acoustic noise (i.e., the “startle
probe” depicted by speaker image). In rodents, startle response magnitude is measured by quantifying cage movement (via accelerometer) caused by the
reflexive movement of their full body to the startle probe. In humans, startle response magnitude is measured by quantifying their reflexive eye blink (via
electromyography recording from the orbicularis oculi muscle under the eye) to the startle probe.

Potentiation (right column): Across species, startle potentiation represents a contrast of startle response magnitude in the Cue+ versus Cue— conditions.

Figure © Chris Kubiak, Drawski LLC. Reprinted with permission.

Psychophysiological approaches that are firmly grounded
in rodent-to-human translational tasks are attractively
situated between neural circuits and behavior/self-report
domains such that they can bridge between neurobiological
and psychological referents (Patrick & Hajcak, 2016). We
believe that startle potentiation measured in cued threat tasks
may represent a powerful and flexible, yet also cost-efficient
and broadly accessible, method to translate research from
rodent models on CNS stress neuroadaptation mechanisms
to understand affect, behavior, and subjective experience in
human drug users.

Startle potentiation during unpredictable threats

Basic research in affective neuroscience has relied exten-
sively on measurement of the startle response in cued threat
tasks to explicate psychological and neural mechanisms
involved in response to these stressors in animals and hu-
mans (Davis, 2006; Davis et al., 2010; Grillon, 2008). The
startle response to an abrupt, intense stimulus (e.g., loud
noise) is potentiated above baseline when elicited during a
salient threat or in an aversive context (Grillon et al., 1991;
Grillon & Davis, 1997). The startle response can be elicited,
potentiated, and measured using very similar methods among
rodents, nonhuman primates, and humans (Figure 1). As
such, the use of startle potentiation in cued threat tasks can
provide an important animal-human translational bridge to

study stress mechanisms in addiction across animal models
and human clinical research (for reviews, see Davis et al.,
2008, 2010).

The startle response is potentiated across species by
well-defined, precise, predictable threats such as the admin-
istration of cue-contingent electric shock (Grillon & Davis,
1997; Hitchcock & Davis, 1991). Startle potentiation is also
observed during threats where the associated threat is less
predictable. For example, unpredictable shock administration
potentiates the startle response in both animals and humans
(Campeau et al., 1991; Grillon et al., 2004; Grillon & Davis,
1997). Similarly, darkness in humans and bright light or
predator-related stimuli (e.g., odor of fox feces) potentiate
the startle response given the potential unpredictable dan-
gers associated with these stimuli for humans and rodents,
respectively (Endres et al., 2005; Grillon et al., 1997; Walker
& Davis, 1997a). Substantial research suggests that predict-
able and unpredictable threats produce different subjective
emotional states that are associated with distinct temporal
patterns of startle potentiation. Furthermore, the neural
mechanisms that mediate startle potentiation to predictable
and unpredictable threats are also partially separable.

Startle potentiation to both predictable and unpredictable
threats is mediated by the central extended amygdala, but
through partially distinct circuitry and neurotransmitter sys-
tems. The CeA,, and its projections to brainstem areas ap-
pear responsible for startle potentiation and related behaviors
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in rodents during imminent, cue-contingent electric shock
and other predictable threats (Davis et al., 2010; Walker &
Davis, 1997b, 2008). In contrast, substantial evidence sug-
gests that startle potentiation during unpredictable threats is
dependent on NE- and CRF-sensitive pathways through the
CeA, and the BNST, (Davis et al., 2010; Walker & Davis,
2002; Walker et al., 2009). As noted earlier, the CeA; but
not the CeA,, has a large number of CRF-positive neurons,
and these neurons appear to be a major source of CRF for
the BNST, (Sakanaka et al., 1986). CRF infusions directly
into the BNST| enhance startle potentiation (Lee and Davis,
1997) and excitotoxic BNST; lesions, or local infusions of a
CRF antagonist into the BNST; completely block CRF-en-
hanced startle potentiation (Lee & Davis, 1997; Liang et al.,
1992; Walker et al., 2009). The BNST, is involved in sus-
tained startle potentiation by temporally unpredictable shock
during long-/variable-duration (up to 8 minutes) shock threat
cues but not phasic startle potentiation by imminent, tem-
porally predictable shock during brief (3.7 seconds) shock
threat cues (Walker & Davis, 2008). Moreover, a CRF an-
tagonist dose-dependently blocks startle potentiation to un-
predictable long-duration but not predictable short-duration
conditioned stimuli (Walker et al., 2009). Similarly, drugs
that reduce NE activation also reduce startle potentiation
due to unpredictable shock or CRF administration (Gresack
& Risbrough, 2011; Manion et al., 2007), and systemic
administration of a CRF antagonist blocks light-enhanced
startle potentiation, another unpredictable threat in rodents
(de Jongh et al., 2003; Walker et al., 2009). Synthesis of this
evidence strongly implicates selective involvement of CRF-/
NE-sensitive circuits in the central extended amygdala in
response to unpredictable threats in rodents. As such, startle
potentiation to unpredictable threats emerges as an attractive
measure to probe for stress neuroadaptations in these neural
mechanisms in human addiction.

The NPU and related unpredictable threat tasks

Grillon and colleagues have developed a widely used
laboratory stress task in humans, the No-Shock, Predict-
able Shock, Unpredictable Shock (NPU) task (Grillon et al.,
2004; Schmitz & Grillon, 2012). The NPU task represents a
careful translation of procedures with rodents involving tem-
porally predictable and unpredictable electric shock (e.g., see
Walker and Davis, 2008) that they adapted for use in humans
(Figure 2). Kaye et al. (2016) recently evaluated the psy-
chometric properties of startle potentiation in the NPU task
and concluded that it possesses good internal consistency
and temporal stability within both individuals and groups
(also see Nelson et al., 2015; Shankman et al., 2013). The
NPU task is attractive because it can easily accommodate
parametric manipulations of numerous task factors (e.g.,
cue duration, cue-shock contingencies, shock intensity) to
support programmatic research and conceptual replication

efforts. The NPU and these related tasks can also accom-
modate additional dependent measures (e.g., self-report,
event-related potentials [ERPs], facial electromyography
[EMG], functional magnetic resonance imaging [fMRI]) to
provide more comprehensive assessment of the subjective,
cognitive, physiological, and neural responses to predictable
and unpredictable threats (Alvarez et al., 2011; Bradford et
al., 2013; Kaye et al., 2016; Nelson et al., 2015).

Medications with expected anxiolytic or anxiogenic ef-
fects have been administered in healthy controls to evaluate
if the NPU task is sensitive to the putative impact of these
drugs on physiological stress mechanisms broadly. As ex-
pected, acute administration of benzodiazepines selectively
reduces startle potentiation to unpredictable but not pre-
dictable threat (Baas et al., 2002; Grillon et al., 2006). The
effect of selective serotonin reuptake inhibitors (SSRIs) on
startle potentiation during unpredictable threat mirrors their
clinical profile. Specifically, acute administration of SSRIs is
anxiogenic and increases startle potentiation to unpredictable
threat (Grillon et al., 2007b), whereas chronic administration
is anxiolytic and decreases startle potentiation to unpre-
dictable threat (Grillon et al., 2009). Similarly, tryptophan
depletion, which grossly reduces serotonin levels, selectively
increases startle potentiation to unpredictable threat (Robin-
son et al., 2012).

Limited available evidence suggests that startle potentia-
tion during unpredictable and predictable threats in the NPU
are likely mediated by neural circuits that are similar in hu-
mans and rodents. In a version of the NPU task implemented
via virtual reality, Alvarez et al. (2011) observed transient
increased fMRI activity in the dorsal amygdala during both
predictable and unpredictable shock. The dorsal amygdala in-
cludes the CeA, among other subnuclei in humans. As such,
this is consistent with the involvement of the CeA,, and
CeA, in rodents’ responses to predictable and unpredictable
threats, respectively, although fMRI in humans does not have
adequate spatial resolution to parse divisions of the CeA.
Equally important, unpredictable but not predictable shock
produced sustained fMRI activity in a basal forebrain region
that encompasses the BNST complex (also see Somerville et
al., 2010), which is also consistent with the selective involve-
ment of the BNST, during unpredictable threats in rodents.

Direct and indirect pharmacological manipulations of the
extrahypothalamic CRF system on startle potentiation in the
NPU task have also been evaluated. Acute hydrocortisone
administration, which may indirectly increase extrahypotha-
lamic CREF (see footnote 6; Schulkin et al., 2005), selectively
increases startle potentiation to unpredictable threat (Grillon
et al., 2011). However, administration of the selective CRF,
antagonist GSK561679 (verucerfont) did not decrease startle
potentiation to unpredictable threat as would be expected
(Grillon et al., 2015). Instead, this CRF, antagonist increased
startle potentiation during predictable threat, which the au-
thors speculate may be due to blocking inhibitory projections
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FiGure 2. No-Shock, Predictable Shock, Unpredictable Shock (NPU) task.

In the NPU task, participants view a series of distinct visual cues presented briefly (e.g., 5 seconds) on a computer monitor. Cues
are presented in a counterbalanced blocked design in three different conditions: No Shock, Predictable Shock, and Unpredictable
Shock. The upper panel depicts an exemplar of one within-subject counterbalanced order of blocks. The lower panel displays ex-
amples of each condition. Across all conditions, cues are presented sequentially and separated by variable inter-trial intervals (ITT).
In No Shock, participants are instructed that no electric shocks will be administered at any time. In Predictable Shock, participants
are instructed that shocks will be administered only at the end of cues and that no shocks will ever be administered during ITIs. In
Unpredictable Shock, participants are instructed that shocks can be administered at any time, during both cues and ITIs. The startle
response is elicited with “startle probes” (50 ms acoustic white noise). Startle potentiation is calculated separately in Predictable
and Unpredictable Shock conditions relative to No Shock and serves as the primary dependent measure of defensive reactivity to
these shock threat stressors. A figure legend is provided in the left panel.

Several variations of the NPU task have been used across laboratories that vary most notably on the number of cues per block, the
cue-shock contingency in Predictable Shock (i.e., all vs. subset of predictable shock cues are shocked), and the placement of shock
in Unpredictable Shock (i.e., during cues and ITI vs. only ITI). Figure modified with permission from Schmitz & Grillon (2012).

Used with permission of Springer Nature.

from BNST to mCeA that mediate fear-potentiated startle
(Walker et al., 2009).

Human Startle Potentiation During Unpredictable
Stressors in Addiction

Addiction research using drug administration is useful to
document the reinforcing properties of drugs that encourage
their use. Equally important, these studies may also identify
drug effects that recruit homeostatic regulatory processes
following each administration and promote compensatory
neuroadaptations following chronic use. Drug deprivation
studies can confirm phenotypes consistent with these
predicted neuroadaptations among drug-dependent users.
Studies of protracted abstinence can probe the time course
and persistence of these neuroadaptations. Consistent use of
the same translational tasks across rodents and humans and
across drug administration, deprivation, and protracted ab-

stinence studies allows for clearer synthesis of findings. We
believe that startle potentiation during unpredictable threat
tasks is well suited to meet this goal. As such, there has been
increasing interest in these translational tasks to probe the
impact of acute and chronic drug use on affective response
to stressors.

Alcohol administration studies

Curtin and colleagues have examined the acute effects
of a single administration of alcohol on response to unpre-
dictable versus predictable shock threat among recreational
drinkers.” Moberg and Curtin (2009) demonstrated that

7The more recent experiments in this program of research have
used additional dependent measures beyond startle potentiation to
demonstrate convergent validity and begin to examine cognitive
correlates of alcohol’s effects on reactivity to unpredictable
stressors. Bradford et al. (2013, 2017) observed comparable
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a moderate dose of alcohol (blood alcohol concentration
[BAC] = .08%) selectively reduced startle potentiation dur-
ing unpredictable but not predictable shock threat in the
NPU task. Following this, Curtin and colleagues demon-
strated that this selective stress response dampening effect
during unpredictable (vs. predictable) threat was robust by
programmatically examining diverse manipulations of threat
unpredictability. Across four additional studies, alcohol
administration produced significantly greater reductions in
startle potentiation during unpredictable versus predictable
shock threat regardless of whether unpredictability was
established via manipulation of the timing (Hefner et al.,
2013), probability (Hefner & Curtin, 2012), intensity (Brad-
ford et al., 2013), or location (Bradford et al., 2017) of the
shock threat (Figure 3). This selective effect of alcohol on
unpredictable versus predictable threat was consistent when
contrasted with either placebo (Hefner & Curtin, 2012; Hef-
ner et al., 2013; Moberg & Curtin, 2009) or true no-alcohol
control groups (Hefner et al., 2013). This selective alcohol
effect also appears to be dose dependent, increasing linearly
across a broad range of BACs up to .16% (Bradford et al.,
2013, 2017).

These recent demonstrations that alcohol only provides
stress response dampening during unpredictable but not
predictable threats may help resolve the long history of what
previously appeared to be inconsistent effects across studies
(Curtin & Lang, 2007; Sher, 1987). The unpredictability lens
may also provide a comparable mechanism for patterns of
alcohol stress response dampening proposed by influential
cognitive theories. Steele and Josephs (1990) proposed that
alcohol reduces the stress response only when drinkers are
distracted. Sayette (1993) has carefully documented that
alcohol stress response dampening occurs in the laboratory
when threats are not adequately appraised. It may be that
distraction and appraisal deficits serve to make stressors
less predictable and therefore more susceptible to alcohol’s
influence.

Drug deprivation and abstinence studies

Although all drinkers may experience alcohol stress
response dampening to some degree, alcoholics may experi-
ence exceptionally strong affective negative reinforcement
due to stress neuroadaptations following chronic alcohol
use. Moberg et al. (2017) recently demonstrated that alco-
hol-dependent participants in early abstinence (1-8 weeks)

selective effects of alcohol on unpredictable stressors across self-
reported fear/anxiety and startle potentiation. Bradford et al. (2017)
demonstrated that alcohol administration also selectively reduces
emotionally motivated attention associated with unpredictable
stressors measured with the probe P3 component of the event-
related potential. More broadly, these experiments demonstrate
the flexibility of these cued threat tasks to incorporate multiple
dependent measures across domains of analysis.

displayed increased startle potentiation to unpredictable (vs.
predictable) shock threat relative to healthy controls. These
observations are consistent with earlier evidence in the NPU
task that participants with comorbid panic disorder and alco-
hol dependence displayed increased startle potentiation dur-
ing unpredictable shock threat relative to both participants
with only panic disorder and healthy controls (Gorka et al.,
2013). No differences in startle potentiation during predict-
able shock threat were observed among these three groups.
Gorka and colleagues concluded that increased reactivity
to unpredictable threat represented an important process
to explain the comorbidity between these two disorders.
However, it may be that alcohol dependence alone is suf-
ficient to produce selective increase in startle potentiation to
unpredictable threat.

Stress neuroadaptations are proposed to emerge to op-
pose positive affect and reward-related activity produced
by addictive drugs other than alcohol. Hogle et al. (2010)
provided evidence of stress neuroadaptation in smokers
in a between-subjects version of the NPU task. Nicotine-
deprived (24 hours) and nondeprived smokers displayed
comparable startle potentiation during predictable shock
threat. However, startle response during unpredictable
shock threat was increased among nicotine-deprived smok-
ers. Similarly, Grillon et al. confirmed increased startle
potentiation during unpredictable air blast blocks but not
predictable air blast cues in overnight deprived smokers
relative to nonsmokers (Grillon et al., 2007a). Unexpect-
edly, deprived and nondeprived smokers did not differ with
respect to unpredictable startle potentiation, but task sensi-
tivity may have been reduced by use of a less potent threat
(air blast vs. electric shock) and/or weak manipulation of
deprivation (overnight vs. 24 hours).

Other evidence suggests that chronic marijuana and opiate
use in humans may also selectively affect the mechanisms
that mediate response to unpredictable threats. For example,
preliminary analyses indicate that heavy daily marijuana
smokers display increased response to unpredictable shock
threat (Hefner et al., 2017). Yohimbine has also been used
to potentiate the startle response via NE mechanisms in
rodents and humans (Kehne & Davis, 1985; Morgan et al.,
1993; but see footnote 5). Stine et al. (2001) demonstrated
that yohimbine-potentiated startle was greater among opiate-
dependent patients than healthy controls. Yohimbine also
increased withdrawal symptoms, self-reported anxiety, and
levels of an NE metabolite in these same participants (Stine
et al., 2002). In contrast, opiate-dependent patients did not
display increased baseline startle reactivity relative to healthy
controls. Available evidence suggests that the baseline startle
reactivity is also not increased during acute nicotine depriva-
tion, acute marijuana deprivation, or in early alcohol absti-
nence when no unpredictable threat is involved (Grillon et
al., 2007a; Hefner et al., 2017; Hogle & Curtin, 2006; Hogle
et al., 2010; Moberg et al., 2017; Mueller et al., 1998).
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FiGure 3. Alcohol effect sizes for startle potentiation to predictable and unpredictable shock.

This forest plot depicts the size of the effect of alcohol administration on startle potentiation to predictable and unpredictable shock across five independent
studies. These five studies tested the effect of a single administration of alcohol on distinct manipulations of unpredictability based on the timing and prob-
ability combined (i.e., the NPU task; Moberg & Curtin, 2009; n = 64), timing alone (Hefner et al., 2013; n = 68), probability (Hefner & Curtin, 2012; n =
120), intensity (Bradford et al., 2013; n = 89), and location (Bradford et al., 2017; n = 94) of the shock threat. Study effect sizes depict the difference in startle
potentiation (in V) between intoxicated (target blood alcohol concentration = .08%) and sober participants. The figure also includes the variance weighted,
mean effect sizes across studies for alcohol on startle potentiation to unpredictable and predictable shock and on the difference between unpredictable and
predictable shock (i.e., the Alcohol x Threat Type interaction). Error bars depict 95% confidence intervals surrounding each effect size. Confidence intervals
that do not overlap 0 indicate significant effects of alcohol.

Alcohol produced significantly greater reduction in startle potentiation to unpredictable than predictable shock in every study. The mean size of alcohol’s effect
across studies was approximately three-fold greater for unpredictable than predictable shock.

Figure © Jesse Kaye, Daniel Bradford, Katherine Magruder, & John Curtin. Reprinted with permission.

Experimental Therapeutics for Addiction: & Gogtay, 2014). This initiative refocuses clinical trials to

Stress Mechanisms to Treatment evaluate not only intervention efficacy but also mechanism.

As such, the experimental therapeutics paradigm requires

The National Institute of Mental Health has recently ad- that clinical trials explicitly measure pertinent mechanism(s)
vanced a potentially powerful initiative that they refer to as of either the disease process or the action of the interven-

the Experimental Therapeutics Paradigm (Insel, 2015; Insel tion. In particular, the use of “surrogate endpoints”—early
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markers of disease process mechanisms with high predictive
validity for later clinical outcomes—offers high promise to
increase the pace of clinical trials research to develop and
refine medications and other interventions within this new
paradigm (Insel, 2012; Lerman et al., 2007; Litten et al.,
2016; McKee, 2009).

We believe that promising surrogate endpoints to evalu-
ate unpredictable stressor mechanisms in addiction are now
available in three laboratory tasks. This review article clearly
highlights startle potentiation in the NPU task to measure
physiological response to unpredictable and predictable
threats (Schmitz & Grillon, 2012). Self-reported anxiety
and craving, and cortisol response in either the stress and
drug cue imagery task (Sinha, 2009) or a combined Trier
Social Stress and cue reactivity task (Kwako et al., 2015a)
have also been used to measure subjective and physiologi-
cal stress response. Importantly, these surrogate endpoint
measures are all sensitive to the respective stressors in their
associated laboratory tasks. Only the NPU task explicitly
contrasts response to unpredictable (vs. predictable) stress-
ors, which may provide increased selectivity to detect stress
neuroadaptations in CRF and NE sensitive pathways in the
central extended amygdala. However, it may be that the
stressors in these other two imagery and Trier tasks are best
considered unpredictable as well (e.g., description of an un-
expected relationship breakup in the imagery task, uncertain
social evaluation by strangers during public speaking in the
Trier task), so this distinction between tasks may not prove
critical. Startle potentiation in the NPU task may also be
relatively attractive for its tighter translation of both measure
and methods from preclinical research with rodents.

For optimal use in the experimental therapeutics para-
digm, these surrogate endpoints must also be robust predic-
tors of clinically relevant outcomes in addiction (e.g., time
to lapse, relapse probability). Unfortunately, the predictive
validity of startle potentiation in the NPU task has not been
evaluated to date, although efforts are under way (Curtin et
al., 2012, 2015). Several studies with small sample sizes
have evaluated the predictive validity of the surrogate end-
points in the imagery and Trier social stress tasks (Back et
al., 2010; Sinha et al., 2006, 2011a). However, convincing
evidence has not yet accumulated for any of these endpoint/
task combinations given the inconsistent pattern of asso-
ciations observed across studies, specific surrogate endpoint
measures, and clinical outcome measures. We believe that
concerted efforts must be directed toward evaluating these
surrogate endpoints in all three tasks in large, well-powered
studies for this experimental therapeutics paradigm to
advance development of interventions for stress-induced
relapse in addiction.

A handful of laboratories have already initiated and/or
completed clinical trials using these surrogate endpoints
to evaluate medications targeting involvement of NE or
CRF neurotransmitter systems in the stress response in ad-

diction (for a review, see Mantsch et al., 2016). Although
such efforts may at first appear premature, this research
should be considered an iterative attempt to simultaneously
bootstrap evidence regarding the predictive validity and/or
neurotransmitter mechanisms of the surrogate endpoints in
these laboratory tasks while also providing preliminary evi-
dence of the clinical efficacy of these medications that are
strongly motivated from preclinical rodent models (Koob et
al., 2009).

Several U.S. Food and Drug Administration—approved
medications for other clinical indications have generated
some preliminary excitement for their potential to target NE
stress mechanisms for relapse prevention in addiction. A few
small studies demonstrated that o, agonists reduced subjec-
tive measures of stress-induced craving in the imagery task
with patients with opioid (i.e., lofexidine; Sinha et al., 2007),
cocaine (i.e., clonidine; Jobes et al., 2011), and nicotine (i.e.,
guanfacine; McKee et al., 2015) addiction. Similarly, another
preliminary study using the imagery task found promising
results of o, antagonist reducing stress-induced craving in
alcoholics (i.e., prazosin; Fox et al., 2012a). However, the
predicted effects have not been consistent for all subjective
(e.g., craving, anxiety) or physiological (e.g., cortisol, blood
pressure) measures or task conditions (e.g., stress- vs. drug
cue—induced imagery) across all studies (Fox et al., 2012b,
2014; Moran-Santa Maria et al., 2015). Clearly these studies
warrant cautious interpretation given the small sample sizes,
lack of robust converging evidence across tasks/measures,
and previously acknowledged weak evidence of the predic-
tive validity of these surrogate endpoints. Likewise, several
Phase 2 randomized clinical trials examining the efficacy
of o, antagonists on clinical outcomes for alcoholism have
yielded some positive (Simpson et al., 2009, 2015), equivo-
cal (Kenna et al., 2016), and negative (Petrakis et al., 2016)
results, leaving the question of their clinical utility unan-
swered to date. As one next step, our laboratory is currently
examining the effect of an o, antagonist, doxazosin, simul-
taneously on the NPU startle potentiation surrogate endpoint
and short-term (8 weeks) clinical outcomes in a large sample
of patients with alcohol use disorder (Curtin et al., 2015).

In contrast to the more promising results from medica-
tions that target the NE system, two recent studies have
failed to detect the predicted effects of CRF, antagonists
on stress mechanisms in alcoholics (Kwako et al., 2015b;
Schwandt et al., 2016). Both studies were rigorous imple-
mentations of the experimental therapeutics paradigm with
surrogate endpoints. Specifically, both studies used mul-
tiple endpoints to assess subjective (self-reported distress
and craving) and physiological (cortisol) stress response
in both the imagery and Trier tasks. Both selected a more
homogeneous sample of alcoholics by recruiting only pa-
tients with elevated trait anxiety scores. Two different CRF,
antagonists (pexacerfont and verucerfont) with different
pharmacokinetics were used across two studies. Conversely,
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it must be acknowledged that both were likely underpow-
ered given their small sample sizes (n = 39-54, drug vs.
placebo between-subjects), which unfortunately remains too
common for research using surrogate endpoints (Button et
al., 2013; Ioannidis, 2005). Moreover, they evaluated only
surrogate endpoints, but not any clinical outcomes. As the
authors acknowledge, it could be argued that absent robust
evidence of predictive validity, null findings for surrogate
endpoints are difficult to interpret unambiguously. We hope
that null findings from these two studies are not sufficient
to terminate further development and evaluation of medica-
tions that target CRF mechanisms given the exceptionally
strong preclinical evidence that has accumulated from rodent
models across many laboratories in the past two decades.
Nonetheless, we are not naive about the pressures that weigh
against further exploration, including growing concern about
translation of preclinical findings to humans (Insel, 2012;
Kapur et al., 2012; Miller, 2010), the previous failures of
CRF, antagonists in phase 3 trials with clinical outcomes for
mood and anxiety disorders (Binneman et al., 2008; Coric
et al., 2010; but see Koob & Zorrilla, 2012), and practical
issues regarding medication availability and public/private
funding of future research (see Shaham & de Wit, 2016, for
additional commentary).

Integrative Discussion and Future Directions
Novel insights about the stress neuroadaptation model

This review synthesized three separate pillars of evidence
from (a) rodent behavioral neuroscience on stress neuroad-
aptations in addiction, (b) rodent affective neuroscience on
startle potentiation, and (c) human addiction and affective
science with startle potentiation. The rodent stress neuro-
adaptation model indicates that drug-induced adaptations in
CRF and NE circuits within the central extended amygdala
mediate anxious behaviors and stress-induced reinstatement.
Rodent affective neuroscience clarifies that these mecha-
nisms support “dynamic, active response to an acute stress-
or” rather than tonic, persistent negative mood states (Koob
& Zorrilla, 2012, p. 309; also see Heilig et al., 2011). Rodent
affective science with startle potentiation indicates that these
same neural mechanisms are recruited selectively to respond
to unpredictable (vs. predictable) stressors. Translational
methods measuring startle potentiation during unpredictable
versus predictable stressors in humans clarify that drug ad-
ministration and deprivation effects are observed selectively
during unpredictable stressors as well. We conclude that
future research on the etiology of addiction and causes of
relapse guided by the stress neuroadaptation model should
be focused on unpredictable stressors.

Our focus on unpredictable stressors also raises ques-
tions about the necessary eliciting conditions for negative
affect and its conceptualization as a symptom of the with-

drawal syndrome. Baker’s seminal negative reinforcement
model of addiction indicates that negative affect emerges
directly from falling drug levels that initiate the drug with-
drawal syndrome (Baker et al., 2004). Similarly, opponent
process principles underlying the stress neuroadaptation
model suggest that drug administration automatically re-
cruits opposing b-process brain stress circuits that result
in the anxiety-like behavior that manifests as a withdrawal
syndrome shortly after deprivation onset. However, the
relevant circuits implicated by the stress neuroadaptation
model mediate responses to an acute stressor rather than
longer lasting changes in negative affect that emerge and
persist without instigation simply from drug deprivation.
Furthermore, drug deprivation or abstinence alone does not
appear to be sufficient to potentiate the startle response in
humans. Instead, startle potentiation differences between
deprived/abstinent participants and controls have only been
observed when unpredictable threats are introduced. These
observations cast some doubt on whether drug deprivation
alone is a sufficient cause to activate these stress circuits
and their affective consequences.

Instead, it may be that unpredictable stressors, but not
drug deprivation per se, are necessary (and perhaps suf-
ficient) causes of the activity in these stress circuits, the
observed increase in anxiety and other negative affect we as-
sociate with withdrawal following deprivation, and the asso-
ciated increase in relapse risk. For example, most behavioral
neuroscience models that probe brain stress circuits and as-
sociated anxiety-like behavior in rodents during deprivation
involve a stressor as part of the assay itself (e.g., footshock
instigates defensive burying), suggesting that the behavioral
observations may reflect stressor reactivity rather than a con-
sequence of deprivation itself (Smith & Aston-Jones, 2008,
pp- 47-48). Similarly, unpredictable footshock reinstates
drug use well beyond the periods of frank drug withdrawal
during acute deprivation (Mantsch et al., 2016). It seems
parsimonious to speculate that unpredictable stressors elicit
phasic negative affect and motivate drug use via comparable
stress neuroadaptation mechanisms regardless of deprivation
state in the nonabstinent drug user, during withdrawal fol-
lowing acute deprivation, and into protracted abstinence.

If exaggerated reactivity to unpredictable stressors result-
ing from stress neuroadaptations is the cause of the negative
affect typically associated with the withdrawal syndrome,
why does it appear to emerge shortly after the onset of drug
deprivation? In humans, the initial abstinence period itself
is characterized by substantial unpredictability in the onset,
magnitude, and other temporal characteristics of aversive
withdrawal symptoms (Heilig et al., 2010). These physical
withdrawal symptoms may serve as unpredictable stressors.
Furthermore, even treatment-motivated drug users may still
be uncertain if their nascent cessation efforts will be success-
ful, adding further unpredictable stress at the start of their
quit attempt. These endogenous stressors may combine with
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frequent exogenous unpredictable stressors common dur-
ing early recovery. This may create the appearance of tonic,
persistent negative affect emerging as part of the withdrawal
syndrome following drug deprivation, when the true causes
are frequent unpredictable stressors and affective changes are
tightly coupled to these stressors.

Future human clinical research should more carefully
measure and control endogenous and exogenous stressors
when examining negative affect as part of the withdrawal
syndrome. Advances in methodology to support more pre-
cise, repeated real-time measurements of affective response
already provide some evidence to challenge the notion of
stable negative affect narrowly observed during short-lived
periods of acute deprivation (Piasecki et al., 1998, 2000).
High intra-individual variability in self-reported negative af-
fect in the days and weeks following cessation of drug use is
common (Piper et al., 2011), and this may be driven in part
by unpredictable stressors that remain difficult to measure in
real-world settings. These observations should also stimulate
reverse translation to contrast findings across behavioral
neuroscience models that do and do not incorporate explicit
stressors as part of the measurement procedure.

We believe our review also highlights a novel counter-
adaptational process that has yet to be formally specified
or studied as part of the stress neuroadaptation model.
Koob has suggested that two broad classes of allostatic
counteradaptational processes contribute to addiction etiol-
ogy: between-systems neuroadaptations and within-system
neuroadaptations (Koob & Bloom, 1988; Koob & Le Moal,
2008b). Between-systems neuroadaptations follow directly
from opponent process model principles, where a- and b-
processes emerge from activation of distinct motivational
systems in the brain. For example, stress neuroadaptations
appear to result, in part, from a between-system neuroad-
aptation where brain stress system circuits are repeatedly
recruited and strengthened to offset acute drug effects within
the reward system (Koob & Le Moal, 2008b; Solomon &
Corbit, 1973). In rodents, this mechanism is proposed to op-
erate broadly given that most addictive drugs robustly recruit
reward system activation.

In contrast, within-system neuroadaptations occur when
the primary cellular response within a specific system
adapts to neutralize the drug’s effects within that same
system (Koob & Le Moal, 2008b). Koob and others have
focused extensively on within-system adaptations that oc-
cur in the reward system itself to maintain homeostasis in
the face of repeated reward system recruitment by chronic
administration of a drug in rodents. We believe that the hu-
man unpredictable startle potentiation studies reviewed here
suggest the possibility of within-system neuroadaptations in
the stress system as well, at least for alcohol. Specifically,
we provided robust evidence that acute administration of
alcohol selectively reduces startle potentiation to unpredict-
able stressors in humans (Bradford et al., 2013; Hefner &

Curtin, 2012; Hefner et al., 2013; Moberg & Curtin, 2009).
It seems plausible that chronic suppression of reactivity to
unpredictable stressors from repeated alcohol administration
(or other drugs that produce stress response dampening; e.g.,
Grillon et al., 2006, 2009) may elicit compensatory neuroad-
aptations within this same stress system. This within-system
neuroadaptation may contribute to the sensitized response
to unpredictable stressors observed in abstinent alcoholics
(Gorka et al., 2013; Moberg et al., 2017). We hope these
preliminary observations encourage reverse translational
research to search for the neural mechanisms that could
support this potential within-stress system adaption in rodent
models (Koob et al., 2009; Sinha et al., 2011b).

Causes, consequences, and individual differences in stress
neuroadaptation

Clearly, much work remains to more fully evaluate the ro-
dent stress neuroadaptation thesis in humans. Cross-sectional
research on participants with drug use disorders during peri-
ods of drug deprivation or early abstinence has provided pre-
liminary support for the predicted phenotypic manifestation
of stress neuroadaptations (Gorka et al., 2013; Hogle et al.,
2010; Moberg et al., 2017). Alternatively, increased startle
potentiation to unpredictable threats among participants with
drug use disorders may represent a premorbid risk factor for
addiction rather than the consequence of heavy, regular use
(Gorka et al., 2016; Rasmussen & Kincaid, 2015). It is also
possible that increased unpredictable startle potentiation
among acutely drug-deprived participants could represent
short-term perturbations in stress reactivity due to acute
deprivation rather than more persistent stress neuroadapta-
tions (Himmelsbach, 1941). These alternative explanations
are not mutually exclusive. Longitudinal research is needed
to document the temporal ordering of drug use and change
in indices of stress neuroadaptations in humans.

Longitudinal research can more precisely identify the
drug use characteristics most closely associated with the
development of a stress neuroadaptation. Quantity of alcohol
use did not predict the magnitude of the stress neuroadapta-
tion among alcoholics in Moberg et al. (2017), but a more
comprehensive assessment may be necessary to detect the
impact of drinking quantity. Alternatively, rodent models
suggest that particular patterns of drinking (e.g., repeated
bingeing and withdrawal; Breese et al., 2005; Griffin et al.,
2009; O’Dell et al., 2004) or contextual factors such as drug
availability (e.g., extended access; Ahmed et al., 2000; Man-
tsch et al., 2008) rather than overall quantity may be neces-
sary to promote or express allostatic changes in stress-related
neurocircuitry. In fact, Gorka et al. (2016) recently observed
that the frequency of binge drinking in a community sample
is positively associated with the magnitude of startle poten-
tiation during unpredictable but not predictable threat. Gorka
and colleagues’ observation combines with the rodent find-
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ings to strongly motivate longitudinal studies to identify risk
factors in the development of stress neuroadaptation.

Longitudinal and other research is also necessary to
evaluate the persistence of these stress neuroadaptations after
cessation of drug use. Research has confirmed that stressors
can instigate drug relapse well into protracted abstinence in
rodents (Mantsch et al., 2016) and likely in humans as well
(Brown et al., 1990; McKay, 1999). In Moberg et al. (2017),
the putative stress neuroadaptations persisted for 2 months
following cessation of alcohol use. In Gorka et al. (2013),
participants with comorbid panic disorder that displayed
selectively increased startle potentiation to unpredictable
threat were in remission from alcohol dependence from at
least 1 month to more than 1 year. These studies suggest
that the stress neuroadaptations persist well beyond acute
deprivation into protracted abstinence. Future research with
rodents that uses startle potentiation to unpredictable threats
during acute deprivation versus protracted abstinence may
help to clarify the specificity and time course of these stress
neuroadaptations.

A careful examination of individual differences that affect
the strength and developmental course for stress neuroadap-
tations following chronic drug use will also be necessary.
For example, Hogle and Curtin (2006) observed increased
startle potentiation (and salivary cortisol) among female
but not male smokers who were nicotine deprived for 24
hours, consistent with proposals about sex differences in ad-
diction etiology (Verplaetse et al., 2015). In other research,
individuals who display increased general startle reactivity
exhibit selectively greater startle potentiation to unpredict-
able threats (Bradford et al., 2014). Furthermore, these same
individual differences in startle reactivity also moderate the
effects of drug administration and deprivation on startle
during unpredictable threats (Bradford et al., 2013; Hogle et
al., 2010). Animal models are also well positioned to test if
naturally occurring individual differences in startle reactivity
mark a prospective risk for addiction (Rasmussen & Kincaid,
2015).

Unpredictable stressors across the translational spectrum

Koob and others have highlighted the benefits of bi-
directional translation between animal models and human
clinical research on addiction (Koob et al., 2009; Sinha et
al., 2011b). Neurobiological targets that emerge from ani-
mal models feed forward to inform research on etiology and
treatment in humans. Conversely, fundamental characteristics
and symptoms of human addiction and its effective treatment
should also feed backward to increase the validity of animal
models such that they can further increase precision regard-
ing neural mechanisms. We hope this review spurs reverse
translation that focuses on both manipulations of stressor un-
predictability and measurement of startle potentiation in ani-
mal addiction models. For example, unpredictable footshock

robustly reinstates previously extinguished drug seeking in
rodents for all classes of additive drugs, but reinstatement
has been far less consistently observed for other stressors
that may be more predictable (e.g., food deprivation, swim
stress, restraint; for a review, see Mantsch et al., 2016). Ex-
plicit contrast of predictable versus unpredictable stressors
in stress-induced reinstatement models in rodents is needed
to confirm this prediction about stressor unpredictability (see
also Mantsch et al., 2016, p. 339).

To our knowledge, NPU-like tasks that measure startle
potentiation have not been widely used in animal addiction
models to date. Individual differences in these tasks should
be examined pre-drug exposure to predict subsequent ini-
tiation, escalation, and/or relapse risk (for example, see
Rasmussen & Kincaid, 2015). Similarly, these tasks can be
administered in drug-dependent animals during early acute
deprivation and protracted abstinence to establish the specific
uncertain threat adaptation in rodents and probe its time
course. CRF and NE antagonists could also be administered
in these NPU-like tasks with rodents to directly connect to
clinical trials using this surrogate endpoint in humans.

More generally, much work remains to clearly define
the unpredictability construct and parse it from related
constructs. At this point, it appears possible to develop
clear, a priori laboratory manipulations of unpredictability
in rodents and humans, but it remains more challenging to
prospectively identify and categorize real-world stressors as
unpredictable versus predictable. The relatively consistent
effects of alcohol administration we observed across diverse
manipulations of unpredictability suggest a broad construct
that spans uncertainty about if, when, where, and how bad
the threat will be (Figure 3). Davis and colleagues have
noted that unpredictable versus predictable stressors typically
elicit temporally distinct sustained versus phasic response,
respectively (Davis et al., 2010). It is true that a temporally
unpredictable shock threat in the NPU task elicits sustained
startle potentiation (Grillon et al., 2004; Moberg & Curtin,
2009). However, temporally precise shock administration
that is unpredictable with respect to probability, intensity, or
location produces more phasic startle potentiation that is still
selectively reduced by alcohol administration (Bradford et
al., 2013, 2017; Hefner & Curtin, 2012). Use of these tasks
with rodents may allow for additional parsing of the mecha-
nisms related to unpredictability versus the time course of
responding.

Unpredictability and uncontrollability are closely re-
lated constructs, but stressor controllability has yet to be
adequately studied in stress neuroadaptation models of ad-
diction. When stressors are unpredictable, they are also gen-
erally uncontrollable. Uncontrollability has been implicated
in affective disturbance including anxiety and, in particular,
depression, which is also highly comorbid with drug use dis-
orders (Maier, 2015). In a parallel line of research with ro-
dents, Maier and colleagues have suggested that response to
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uncontrollable stressors is partially mediated by CRF and NE
mechanisms, similar to unpredictable stressors (Hammack et
al., 2004; Maier, 2015). This focus on stressor controllability
that has been prominent in rodent models of depression (e.g.,
learned helplessness/resilience; Maier & Seligman, 1976,
2016) has been notably absent from rodent models of stress-
induced reinstatement. Experimental designs that disentangle
stressor unpredictability and uncontrollability are needed to
parse these constructs and their etiological mechanisms in
addiction and relapse in both rodents and humans.

Psychosocial treatments viewed through the lens of
unpredictable stressors

Earlier, we reviewed medication development within the
experimental therapeutics paradigm to address neurotrans-
mitter mechanisms involved in response to unpredictable
stressors. Of course, treatment development efforts to target
unpredictable stressors do not need to be focused only on
medications. More precise targeting of sources and coping
strategies for unpredictable stressors may increase the effi-
cacy of psychological interventions for addiction. Relapse-
prevention programs can help patients to better identify risks
by explicit, personalized assessment of the stressors in their
lives that are both potent but also characterized by a high
degree of uncertainty. These programs can also help patients
develop tools to reshape their environments and social in-
teractions to reduce unpredictability (e.g., problem solving
to address uncertain financial, housing, or interpersonal
stresses; practice direct communication with partners, peers,
and others to clarify stressful but ambiguous interpersonal
exchanges). Patients can also be alerted to seek additional
support during periods of high unpredictability with associ-
ated high relapse risk, when efforts to reduce these risks are
unsuccessful or not possible (e.g., health crises where likely
outcomes may not be immediately known).

This focus on unpredictable stressors also reinforces the
potential benefits offered by existing but often unavailable
or underfunded harm-reduction approaches. These programs
can robustly reduce uncertainty for drug-dependent users re-
garding some of the most potent and unpredictable stressors
involving housing, health, and other basic needs (Newman
& Goldman, 2008). For example, harm-reduction approaches
such as Housing First (Davidson et al., 2014), needle ex-
change programs (Ksobiech, 2003), and medication-assisted
therapies such as opiate substitution (Amato et al., 2005) can
substantially reduce these salient but unpredictable stressors,
and they have been shown to significantly improve substance
use outcomes.
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