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Stress plays a key role in addiction etiology and relapse. Rodent models posit that following repeated
periods of alcohol and other drug intoxication, compensatory allostatic changes occur in the central
nervous system (CNS) circuits involved in behavioral and emotional response to stressors. We examine
a predicted manifestation of this neuroadaptation in recently abstinent alcohol-dependent humans.
Participants completed a translational laboratory task that uses startle potentiation to unpredictable (vs.
predictable) stressors implicated in the putative CNS mechanisms that mediate this neuroadaptation.
Alcohol-dependent participants displayed significantly greater startle potentiation to unpredictable than
predictable stressors relative to nonalcoholic controls. The size of this effect covaried with alcoholrelated problems and degree of withdrawal syndrome. This supports the rodent model thesis of a
sensitized stress response in abstinent alcoholics. However, this effect could also represent premorbid
risk or mark more severe and/or comorbid psychopathology. Regardless, pharmacotherapy and psychological interventions may target unpredictable stressor response to reduce stress-induced relapse.

General Scientific Summary
Stress plays a key role in addiction etiology and relapse, but the understanding of specific mechanisms for
these relationships remain limited. Rodent models suggest that repeated alcohol use changes the central
nervous system circuits involved in behavioral and emotional response to stressors. This study provides
preliminary support that indicates similar changes may occur from alcohol use by human alcoholics such
that they experience an exaggerated response to unpredictable stressors when abstinent.
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research in rodents has provided strong evidence to document the
role of stress in alcohol and other drug (AOD) addiction (Koob &
Le Moal, 2008a). Chronic AOD use in rodents causes heightened
anxiety-like behavioral responses to stressors during periods of
AOD deprivation (George et al., 2007; Olive, Koenig, Nannini, &
Hodge, 2002). Stressors also potently instigate relapse in rodents
(i.e., stress-induced reinstatement; Mantsch, Baker, Funk, Lê, &
Shaham, 2016). These stress-induced behaviors are largely dependent on central nervous system (CNS) mechanisms involving
corticotropin-releasing factor (CRF) and norepinephrine (NE),
among other neurotransmitters, in the central extended amygdala
(Koob & Le Moal, 2008a). Rodent models posit that repeated
homeostatic adjustments in brain stress systems to acute periods of
AOD intoxication eventually lead to long-lasting, compensatory
allostatic changes in the structures and circuits involved in behavioral and emotional response to stressors (i.e., stress neuroadaptations; Koob & Le Moal, 2008a).
In humans, these stress neuroadaptations are hypothesized to
result in dysregulated emotional response to stressors on cessation
of use and provide the strong motivational press for further use that
manifests as craving and increased risk for relapse when stressed
(Baker, Piper, McCarthy, Majeskie, & Fiore, 2004; Koob & Le
Moal, 2008a). AOD-dependent individuals report elevated negative affect (e.g., anxiety) when abstinent, particularly in response
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to stressors (H. C. Fox, Bergquist, Hong, & Sinha, 2007; McKee
et al., 2011) and at increasing levels before AOD lapses during quit
attempts (Berkman, Dickenson, Falk, & Lieberman, 2011; Kenford et al., 2002). Furthermore, laboratory stressor-induced craving
has been shown to predict shorter time to relapse among AOD
patients (Higley et al., 2011; Sinha, Garcia, Paliwal, Kreek, &
Rounsaville, 2006). The majority of biological studies of the stress
response in human AOD samples have focused on measures of
hypothalamic-pituitary-adrenocortical-axis peripheral nervous system functioning (e.g., salivary cortisol; al’Absi, 2006; Sinha,
2008). However, rodent models clearly implicate neuroadaptations
in extrahypothalamic CRF/NE circuits as a critical mechanism for
sensitized stressor-induced behaviors in addiction. Human addiction research has not sufficiently focused on these CNS mechanisms to date. Moreover, cross-species “bench-to-bedside” research is common but often done with methods that are so
divergent across species that much gets lost in translation.
Startle potentiation provides a noninvasive, psychophysiological index of heightened defensive response to stressors. It has been
employed with rodents, nonhuman primates, and humans using
highly parallel methods and measures, positioning it as an attractive, truly translational measure (Davis, Walker, Miles, & Grillon,
2010; Grillon & Baas, 2003). Rodent models of startle potentiation
measured specifically during unpredictable stressors have confirmed involvement of NE and CRF sensitive pathways through
the lateral divisions of the central amygdala and bed nucleus of the
stria terminalis (BNST; Davis et al., 2010). These are the same
CNS circuits that show sensitized stress neuroadaptations following chronic AOD use and mediate stress-induced relapse in rodents. In this study, we focus on the contrast of startle potentiation
during unpredictable versus predictable stressors to test predictions
from rodent models about CNS stress neuroadaptations in human
alcoholics. This explicit focus on the unpredictable (vs. predictable) startle potentiation contrast uses the predictable condition to
control for overall differences in defensive reactivity across stressors to allow more precise targeting of mechanisms selectively
recruited by unpredictable stressors (Davis et al., 2010). Such
control is particularly important to evaluate group differences
when groups are not randomly assigned (e.g., alcoholics vs.
healthy controls). Startle potentiation during unpredictable (vs.
predictable) stressors has proven sensitive to the stress response–
dampening effects of alcohol in previous related research (e.g.,
Bradford, Shapiro, & Curtin, 2013; Moberg & Curtin, 2009).
We predicted that alcoholics in early protracted abstinence
would display sensitized response to unpredictable stressors, manifest as selectively elevated startle potentiation to unpredictable
(vs. predictable) stressors. This prediction in humans rests on the
substantial evidence base from rodent models reviewed here and
elsewhere (Kaye et al., in press; Koob & Le Moal, 2008a). Our
observations that a single acute administration of alcohol selectively reduces human startle potentiation to unpredictable (vs.
predictable) stressors provides evidence that alcohol may impact
these stress mechanisms and provide a press for compensatory
neuroadaptation among alcoholics following chronic heavy use
(Bradford et al., 2013; Hefner & Curtin, 2012; Hefner, Moberg,
Hachiya, & Curtin, 2013; Moberg & Curtin, 2009). Furthermore,
we have previously demonstrated that 24-hr nicotine-deprived
smokers display increased response to unpredictable stressors
(Hogle, Kaye, & Curtin, 2010).

We also examined four focal individual differences to guide
future research into the potential causes, correlates, and consequences of the predicted sensitized response to unpredictable stressors in alcoholics. Specifically, we tested for covariation across
alcoholics in the size of their unpredictable (vs. predictable) startle
potentiation and (a) alcohol-related problems, to document the
clinical consequences; (b) presence of a withdrawal syndrome, to
establish a clinical symptom correlate of this effect; (c) duration of
abstinence, to evaluate the stability of this effect across alcoholics
at different points in their recovery, and (d) quantity of alcohol use,
to begin to examine potential causes of the effect.

Method
Following recommendations about research transparency (Simmons, Nelson, & Simonsohn, 2012), we have reported how we
determined our sample size, all data exclusions, all manipulations,
and all measures in the study. Following emerging open science
guidelines (Schönbrodt, Maier, Heene, & Zehetleitner, 2015), we
have made the data, analysis scripts, questionnaires, and other
study materials associated with this report publicly available via
Open Science Framework. These materials can be accessed at
https://osf.io/ykmuh. In addition, recent high-profile articles have
highlighted concerns about the robustness and replicability of
scientific research (Ioannidis, 2005; Open Science Collaboration,
2015; Simmons, Nelson, & Simonsohn, 2011). In particular, excessive researcher degrees of freedom have been targeted as one
important contributor to these problems. To reduce concern about
researcher degrees of freedom impacts on our primary results, we
report robustness analyses. This allows for increased confidence
that conclusions about our primary results are not dependent on
selection of one specific analytic strategy.

Participants
We recruited 115 participants (58 alcoholics and 57 nonalcoholic controls) via flyers, online advertisements, and word of
mouth. We required those in the alcoholic group to meet criteria
for alcohol dependence according to the Diagnostic and Statistical Manual of Mental Disorders (4th ed., text rev.; DSM–IV–
TR; American Psychiatric Association, 2000). Alcoholics also
had to self-report abstinence from alcohol for a minimum of 1
week but no more than 2 months at the time of their experimental session. We required participants in the nonalcoholic
control group to report no lifetime history of alcohol dependence or current alcohol abuse. We excluded participants from
both groups if they reported lifetime history of illicit substance
dependence, lifetime history of any severe and persistent mental
illness (e.g., bipolar disorder, schizophrenia, or other psychotic
disorders), current use of any medication known to affect the
startle response, or any medical condition that contraindicated
their safe participation. We compensated participants with $25
per hour.
We determined the sample size for this experiment to provide
adequate power to test the critical contrast between alcoholic
versus control participants for unpredictable versus predictable
startle potentiation. Specifically, we selected a target sample size
of 128 participants (64 per group) to provide 80% power to detect
a moderate effect size (d ⫽ .5) increase in unpredictable (vs.
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predictable) startle potentiation among alcoholics relative to controls using a two-tailed alpha of .05 (Cohen, 1992). We terminated
data collection early when we reached a sample size of 115
participants as a result of a slower recruitment rate than anticipated
and a deadline for project completion for the lead author’s dissertation requirement.
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Procedure
All procedures were approved by the Social and Behavioral Sciences Institutional Review Board at the University of Wisconsin—
Madison. We determined preliminary eligibility during a phone
screening. At a subsequent in-person screening session, participants
provided informed consent after receiving information about study
procedures and protections provided by the National Institutes of
Health’s Certificate of Confidentiality. A clinician conducted a
Timeline Follow-Back (Sobell & Sobell, 1992) to assess alcohol
use (last 28 days for control participants; last 28 days prior to their
most recent cessation of use for alcoholics). Finally, the clinician
conducted the Structured Clinical Interview for DSM Disorders—
Research Version (SCID–RV; First, Spitzer, Gibbon, & Williams,
2002) to assess for DSM–IV–TR alcohol use disorders and other
psychiatric conditions relevant to inclusion– exclusion criteria. Eligible participants were scheduled to return for an experimental
session.
At the experimental session, participants’ blood alcohol concentration (BAC) was assessed via breath test to confirm a BAC of
.00% as required for participation. Alcoholics also reported their
baseline alcohol craving (Love, James, & Willner, 1998), which
was used to determine a safe level of craving for end-of-session
release.
We next assessed participants’ startle reactivity during a series
of 12 cues (i.e., colored squares) presented on a computer monitor.
Each cue was presented for 5 s with a variable intertrial interval
(ITI; range ⫽ 15–20 s). Eight startle-eliciting acoustic probes were
presented during the cues. An additional two probes were presented during the ITIs to reduce probe predictability, and three
probes were presented at the start of this procedure to habituate the
nonlinear portion of the startle response. Startle reactivity was
calculated as the mean startle magnitude to the eight probes
presented during the cues (see the Startle response section for
additional detail). Startle reactivity was included in all analyses of
startle potentiation to increase power to test predicted effects as
recommended by Bradford, Kaye, and Curtin (2014; see also
Bradford, Starr, Shackman, & Curtin, 2015; Kaye, Bradford, &
Curtin, 2016).
Following this, participants reported their subjective response to
a series of increasing intensity 200-ms-duration electric shocks
administered to their fingers (Hogle et al., 2010). Shock intensity
during the main task was set to each participant’s subjective
maximum tolerance threshold to minimize individual differences
in sensitivity. Participants next completed the main task (see the
Unpredictable–Predictable Stressor Task section). Participants
then completed a self-report battery of individual difference measures. Once finished, participants were debriefed, paid, and released. Alcoholics were released only after their alcohol craving
had returned to baseline.
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Unpredictable–Predictable Stressor Task
Participants completed eight blocks of trials in the unpredictable–
predictable stressor task (Hefner et al., 2013). In each block, participants viewed a series of cues (i.e., colored squares) presented in one of
four block types: predictable shock blocks, predictable no-shock
blocks, unpredictable shock blocks, and unpredictable no-shock
blocks. Participants were instructed about the specific cue–shock
contingencies in each block prior to task start. Participants completed two blocks of each block type in one of eight betweensubjects counterbalanced task block orders. A message indicating
block type was presented on the monitor at the onset of each block.
The color of the cues varied across the four block types to further
highlight the block type. The entire procedure required approximately 30 min to complete.
In the predictable shock blocks, participants were instructed that
the duration of all cues was 5 s, separated by an intertrial interval
(ITI; range ⫽ 10 –20 s). They were instructed that each cue would
coterminate with an electric shock (.25 s prior to cue offset) and
that no shocks would be administered at any other time. Therefore,
shock administration was temporally predictable and imminent
following cue onset (4.75 s after each cue) in these blocks. A total
of 10 predictable shock cues were presented.
In unpredictable shock blocks, participants were instructed that
the duration of cues would vary from 5 s to 3 min, separated by an
ITI (range ⫽ 10 –20 s). In fact, four discrete cue durations were
used (5, 20, 50, and 80 s). They were instructed that each cue
would coterminate with an electric shock (.25 s prior to cue offset).
Therefore, given that the duration of these cues was unknown,
shock administration was temporally unpredictable following cue
onset in these blocks. A total of 12 unpredictable cues (three times
per duration) were presented.1
We also included two predictable and two unpredictable noshock blocks. All parameters (e.g., number of cues, cue duration)
were identical to those of their matched shock blocks. However,
participants were instructed that no shocks would be administered
at any time during these no-shock blocks. These blocks were
included as a nonaversive control condition from which to calculate startle potentiation in shock blocks.

Measures
Startle response. We measured electromyographic (EMG)
startle response to acoustic probes (50 ms of 102 dB white noise
with near instantaneous rise time) administered 4.5 s after cue
onset during both predictable and unpredictable cues and at later
times 19.5, 49.5, and 79.5 s during unpredictable cues. A total of
24 probes (six times each) were presented at 4.5 s post cue onset
during a subset of predictable and unpredictable shock and no1
The differing number of cues across predictable and unpredictable
conditions followed from design decisions. Specifically, we wanted to
match the number of startle probes in the two primary conditions (six
probes during predictable shock cues and six probes at 4.5 s into unpredictable shock cues). However, we also included an additional six probes
at later time points in the unpredictable shock cues (two probes each at
19.5, 49.5, and 79.5 s) to allow us to test whether group differences in
startle potentiation persisted during unpredictable shock cues. As such, two
more unpredictable cues (12 total) were needed to allow for these additional startle probes during unpredictable cues to assess responding at later
time points.
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shock cues in the main task. Twelve probes (two times each) were
presented at 19.5, 49.5, and 79.5 s post cue onset during a subset
of the longer unpredictable shock and no-shock cues. An additional 24 probes were presented during ITIs across all blocks to
decrease probe predictability. Three probes were also presented at
the start of this procedure to habituate the nonlinear portion of the
startle response. Habituation and ITI probes were not included in
any analyses. Serial position of the probes was counterbalanced
within-subject.
We recorded EMG response to the acoustic startle probes
from two 4-mm Ag-AgCl sensors placed according to published
guidelines beneath the right eye over the orbicularis oculi
muscle (Blumenthal et al., 2005; van Boxtel, Boelhouwer, &
Bos, 1998). We sampled EMG activity at 2500 Hz with an
online bandpass filter (1–500 Hz) using NeuroScan SynAmps
bioamplifiers and Scan (Version 4.3). We performed offline
processing in Matlab using EEGLab (Delorme & Makeig, 2004)
and PhysBox plugins (Curtin, 2011). This processing included
epoching (⫺50 to 250 ms surrounding probe), high pass filtering (28 Hz, 4th-order Butterworth, zero phase shift), smoothing
(signal rectification followed by 30 Hz, 2nd-order Butterworth
low-pass filter, zero phase shift), and baseline correction. Startle magnitude was scored as the peak response between 20 and
100 ms post probe onset. We rejected trials containing artifact
consistent with standard practices from our laboratory (Kaye et
al., 2016). This included trials with deflections greater than
⫾20 V in the 50-ms preprobe baseline (i.e., unstable baseline)
and trials with mean activity ⱕ⫺10 V between 150 and 250
ms post probe onset (i.e., baseline overcorrection due to preepoch artifact). Startle potentiation was calculated as the increase in startle magnitude during shock cues relative to noshock cues in matched blocks. We tested our primary prediction
using startle potentiation at 4.5 s to allow for a matched
comparison across unpredictable and predictable cues. We evaluated startle potentiation at the later probe times during unpredictable cues to examine the stability of the primary effect.2
Self-report measures. All participants completed a selfreport battery including demographic information, Beck Anxiety
Inventory (BAI; Beck & Steer, 1990), Beck Depression Inventory
(BDI; Beck & Steer, 1987), Trait Fear-55 scale (Vizueta, Patrick,
Jiang, Thomas, & He, 2012), and Rutgers Alcohol Problems Index
(White & Labouvie, 1989). We used the SCID–RV to determine
alcohol-dependence diagnoses, presence of a withdrawal syndrome (absent, subthreshold, or present), and duration of abstinence. We assessed quantity of alcohol use (drinks per 28 days)
with the Timeline Follow-Back.3

Results
We accomplished data analysis and figure preparation with R (R
Development Core Team, 2015) within RStudio (RStudio, 2016)
using the lmSupport (Curtin, 2015) package.

Sample Characteristics by Group
We report and test group differences for sample characteristics
in Table 1. The groups were comparable on age, sex, race, ethnicity, and startle reactivity. As expected, significant group differences were observed for quantity of alcohol use and alcohol-

related problems. In addition, the two groups were significantly
different on trait fear, anxiety, and depression.

Startle Potentiation During Unpredictable Versus
Predictable Stressors
We analyzed startle potentiation at 4.5 s post cue onset in a
general linear model (GLM) with a between-subjects regressor for
group (alcoholic vs. control) and repeated measures for stressor
type (unpredictable vs. predictable). These GLMs included task
block order and startle reactivity following published recommendations and our standard laboratory practices (Bradford et al.,
2014). We also included measures of anxiety and depression (i.e.,
BAI, BDI) as covariates to increase power, given their empirically

2
We calculated Spearman-Brown– corrected split half (odd vs. even
trials) internal consistency for startle magnitude in all conditions at 4.5 s
post cue onset (unpredictable no-shock rsb ⫽ .96, predictable no-shock
rsb ⫽ .93, unpredictable shock rsb ⫽ .95, predictable shock rsb ⫽ .96) and
later times in unpredictable cues (unpredictable no-shock rsb ⫽ .95, unpredictable shock rsb ⫽ .94). We calculated Spearman-Brown– corrected
split half internal consistency for startle potentiation at 4.5 s post cue
(unpredictable rsb ⫽ .64, predictable rsb ⫽ .37) and at later times during
unpredictable cues (rsb ⫽ .52).
3
All participants also completed the Short Michigan Alcohol Screening
Test (Selzer, Vinokur, & van Rooijen, 1975), Fagerström Test for Nicotine
Dependence (Heatherton, Kozlowski, Frecker, & Fagerström, 1991), Externalizing Spectrum Inventory–100 (Venables & Patrick, 2012), Childhood Trauma Questionnaire—Short Form (Bernstein et al., 2003) and a
report of the typical quantity and frequency of their alcohol use. Alcoholic
participants also completed the Alcohol Dependence Scale (Skinner &
Horn, 1984) and a version of the clinician-administered Clinical Institute
Withdrawal Assessment for Alcohol—Revised (Sullivan, Sykora, Schneiderman, Naranjo, & Sellers, 1989) that was modified for self-report.
These measures were collected as part of a standard battery of questionnaires used in our laboratory for aims not directly relevant to the stress
neuroadaptation thesis tested in this study. Finally, we recorded several
peripheral physiology measures for future exploratory analyses not relevant to the current study. These measures are corrugator supercilii EMG,
heart rate, and skin conductance.
Participants also completed the Short form of the Positive and Negative
Affect Schedule (Short PANAS; Mackinnon et al., 1999) during the
experimental session to measure current mood, independent of the primary
unpredictable stressor task. Participants completed the PANAS–X at four
times during the experimental session: (a) prior to the initial startle reactivity assessment, (b) after the shock sensitivity assessment, (c) midpoint of
the unpredictable stressor task, and (d) after the unpredictable stressor task.
We analyzed the PANAS–X Negative Affect subscale in a GLM with a
between-subjects regressor for group (alcoholic vs. control) and repeated
measures for time (baseline vs. postshock sensitivity vs. midtask vs.
posttask). There was a significant effect of time, F(3, 318) ⫽ 4.33, p ⫽
.005, consistent with expected general increases in self-reported state
negative affect after receiving electric shock. However, there was no
significant main effect of group, t(106) ⫽ .77, p ⫽ .441, or Group ⫻ Time
interaction, F(3, 318) ⫽ .79, p ⫽ .499. We did not expect to observe group
differences on this measure for two reasons. First, the PANAS–X assesses
current mood rather than phasic reactivity to the stressors included in the
stressor task. Rodent affective neuroscience indicates that stress neuroadaptations in the CRF and NE mechanisms that are putatively indexed by
startle potentiation to unpredictable stressors support “dynamic, active
response to an acute stressor” rather than tonic, persistent negative mood
states (Koob & Zorrilla, 2012, p. 309; also see Heilig, Goldman, Berrettini,
& O’Brien, 2011). Second, the PANAS–X was not used to assess reactivity
selectively to unpredictable stressors but rather overall mood state at
various points during the experimental session.
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Table 1
Descriptive Statistics for Demographic, Affective, and Drinking Related Individual Difference
Measures by Group
Control
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Variable
Demographics
Age (in years)
Sex (male)
Race
African American
Native American
Asian
Caucasian
Other
Hispanic
Affective individual differences
Trait fear
Beck Anxiety Inventory
Beck Depression Inventory
Startle reactivity
Alcohol use and problems
Quantity of alcohol use (drinks/28 days)a
Alcohol-related problemsb
Duration of abstinence (days)
Withdrawal syndrome
Absent
Subthreshold
Present

M (SD)

Alcoholic
%

43.5 (9.0)

M (SD)

%

43.7 (11.6)
71.9

70.7

5.3
1.8
1.8
89.5
1.8
3.5

15.5
1.7
.0
81.0
1.7
5.2

p
.883
1.000
.386

1.000

48.7 (20.7)
3.6 (5.7)
4.6 (7.5)
111.1 (84.1)

61.1 (25.5)
9.2 (8.2)
10.1 (6.9)
128.4 (92.8)

.005ⴱⴱ
⬍.001ⴱⴱⴱ
⬍.001ⴱⴱⴱ
.297

11.9 (14.5)
2.2 (4.3)

204.3 (134.5)
53.5 (18.2)
32.4 (14.4)

⬍.001ⴱⴱⴱ
⬍.001ⴱⴱⴱ
15.5
19.0
65.5

Note. Internal consistency of all self-report questionnaires of affective individual differences and alcoholrelated problems was excellent, including trait fear (Cronbach’s ␣ ⫽ .94), Beck Anxiety Inventory (␣ ⫽ .94),
Beck Depression Inventory (␣ ⫽ .92), and Rutgers Alcohol Problem Index (␣ ⫽ .98). N ⫽ 115 (58 alcoholics).
a
Determined by Timeline Follow-Back (Sobell & Sobell, 1992) for the most recent 28 days for controls and the
last 28 days preceding cessation for alcoholics. b Assessed with the Rutgers Alcohol Problems Index (White
& Labouvie, 1989).
ⴱⴱ
p ⬍ .01. ⴱⴱⴱ p ⬍ .001.

verified relationship with startle potentiation in our task.4 We
excluded one GLM model outlier (i.e., studentized residual with
Bonferroni corrected p ⬍ .05; J. Fox, 1991) from all analyses
involving startle potentiation as the dependent measure. We include partial eta-square (p2) and raw GLM parameter estimates (b)
to document effect size. We present descriptives for startle magnitude and startle potentiation for all conditions in Table 2.
We first confirmed, as manipulation checks, significant overall
startle potentiation (p2 ⫽ .61, b ⫽ 29.9, 95% confidence interval
[CI: 24.5, 35.2]), t(80) ⫽ 11.11, p ⬍ .001, indicating that the shock
stressors elicited robust defensive reactivity. Startle potentiation
was also significant separately for unpredictable stressors (p2 ⫽
.55, b ⫽ 31.5, 95% CI [25.1, 37.9]), t(80) ⫽ 9.80, p ⬍ .001, and
predictable stressors (p2 ⫽ .50, b ⫽ 28.2, 95% CI [21.9, 34.5]),
t(80) ⫽ 8.89, p ⬍ .001. There was not a significant overall effect
of stressor type on startle potentiation (p2 ⫽ .01, b ⫽ 3.3, 95% CI
[⫺3.6, 10.2]), t(80) ⫽ .96, p ⫽ .341.
As predicted, the interaction between group and stressor type was
significant for startle potentiation (p2 ⫽ .06, b ⫽ 17.3, 95% CI [2.5,
32.1]), t(80) ⫽ 2.32, p ⫽ .023 (see Figure 1). This interaction
indicates that the size of startle potentiation during unpredictable (vs.
predictable) stressors was greater in the alcoholics relative to controls.
Within-subject tests of stressor type simple effects indicated that
alcoholics displayed significantly greater startle potentiation during

unpredictable than predictable stressors (p2 ⫽ .06, b ⫽ 11.9, 95% CI
[1.8, 22.1]), t(80) ⫽ 2.35, p ⫽ .021. In contrast, controls displayed
comparable startle potentiation across both stressor types (p2 ⫽ .01,
b ⫽ ⫺5.3, 95% CI [⫺15.4, 4.8]), t(80) ⫽ 1.05, p ⫽ .297.5
4
Covariates are an important tool to increase power to test focal group
effects in clinical and other research. We evaluated all individual difference
measures from the demographics and affect sections of Table 1 as potential
covariates. We did not consider individual difference variables related to
alcohol use–problems as covariates, because these variables are fundamentally related to the focal group variable and therefore their variance should
not be removed from primary analyses (Miller & Chapman, 2001). Covariates were selected if we confirmed that the specific covariate significantly
predicted either overall startle potentiation or the selective increase in
startle potentiation to unpredictable (vs. predictable) cues in GLMs that
included only the task order and startle reactivity factors. critically, group
was not included in these covariate selection analyses to avoid biasing
selection of covariates by their relationship with group.
5
Tests of between-groups simple effects are often not appropriate to
decompose an interaction, particularly when preexisting differences in
nonmanipulated grouping variables may confound these simple effects
(Rosnow & Rosenthal, 1995). Nonetheless, we still report these simple
group effects here for the interested reader. Specifically, the simple effect
tests of group on startle potentiation were not significant during either
unpredictable stressors (2p ⬍ .01, b ⫽ 6.0, 95% CI [⫺7.8, 19.8]), t(80) ⫽
.86, p ⫽ .390, or predictable stressors (2p ⫽ .03, b ⫽ ⫺11.3, 95% CI [24.9,
2.3]), t(80) ⫽ 1.65, p ⫽ .103.
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Table 2
Descriptive Statistics for Startle Magnitude and Potentiation by Stressor Type, Startle Probe Time, and Group
Predictable: Early

Unpredictable: Early

Unpredictable: Late

Group

No-shock

Shock

Potentiation

No-shock

Shock

Potentiation

No-shock

Shock

Potentiation

Alcoholic
Control

87.9 (4.1)
82.5 (4.1)

110.4 (5.8)
116.4 (5.8)

22.6 (4.7)
33.9 (4.7)

82.5 (3.5)
84.8 (3.4)

117.0 (5.6)
113.3 (5.6)

34.5 (4.7)
28.5 (4.7)

80.3 (3.9)
78.9 (3.9)

121.9 (5.2)
121.4 (5.2)

41.5 (5.1)
42.5 (5.1)
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Note. Data represent point estimates (and standard errors) for startle magnitude during no-shock and shock cues and startle potentiation (i.e., the difference
in startle magnitude between shock and no-shock cues) for early predictable, early unpredictable, and late unpredictable conditions from the general linear
model (GLM). This GLM adjusted for all covariates, including task order, startle reactivity, Beck Anxiety Inventory, and Beck Depression Inventory
(quantitative variables are mean-centered).

We conducted and report robustness analyses to evaluate the
predicted Group ⫻ Stressor Type interaction in several plausible
alternative analyses that could have been conducted to test this
effect. This allows for increased confidence that conclusions about
this interaction are not dependent on selection of any one specific
analytic strategy. First, we believe we reported the strongest test of
our primary hypothesis by using only the 4.5-s startle probe time
for unpredictable cues because this probe time matches the only
probe time used for the predictable cues. Nonetheless, the
Group ⫻ Stressor Type interaction remained significant and of

Figure 1. Startle potentiation by group and stressor type. Bars display
startle potentiation to predictable (white) and unpredictable (gray) shock
within each group (alcoholic vs. control). Confidence bars represent ⫾1
standard error for point estimates of startle potentiation from the general
linear model (GLM). This GLM adjusted for all covariates including task
block order, startle reactivity, Beck Anxiety Inventory, and Beck Depression Inventory (quantitative variables are mean-centered). The unpredictable versus predictable startle potentiation contrast was greater among
alcoholics than controls (p ⫽ .022). Moreover, this simple effect contrast
was significant among alcoholics (p ⫽ .021) but not controls (p ⫽ .291).
ⴱ
p ⬍ .05. Figure © 2016 by John Curtin, Daniel Bradford, Jesse Kaye, and
Christine Moberg under Creative Commons Attribution 4.0 International
Public License CC-By.

comparable size in an alternative analysis that contrasted mean
startle potentiation across the four probe times in unpredictable
cues (4.5, 19.5, 49.5, and 79.5 s) versus predictable cues (p2 ⫽ .05,
b ⫽ 13.8, 95% CI [.3, 27.3]), t(80) ⫽ 2.03, p ⫽ .045.
Second, covariates provide an important tool to increase statistical power and the precision of parameter estimation (Miller &
Chapman, 2001). We identified and used two covariates in the
analyses of startle potentiation in the primary analyses (Beck
Anxiety Inventory, Beck Depression Inventory; see footnote 3).
However, the Group ⫻ Stressor Type interaction remained significant and of comparable size without the Beck Anxiety Inventory
(p2 ⫽ .05, b ⫽ 15.8, 95% CI [.9, 30.7]), t(81) ⫽ 2.10, p ⫽ .039,
or the Beck Depression Inventory (p2 ⫽ .06, b ⫽ 17.4, 95% CI
[2.8, 32.0]), t(81) ⫽ 2.37, p ⫽ .020, in the model. Furthermore, we
confirmed that neither the Beck Anxiety Inventory nor the Beck
Depression Inventory moderated the Group ⫻ Stressor Type interaction (ps ⫽ .481 and .886, respectively). In our primary analysis, we selected only covariates that were significant predictors of
startle potentiation. Age, race, and trait Fear were not selected,
because each had only marginal (.10 ⬍ p ⬍ .05) effects. However,
the Group ⫻ Stressor Type interaction remained significant and of
comparable size if we included all three of these additional measures in the model (p2 ⫽ .05, b ⫽ 15.1, 95% CI [.0, 30.1]), t(74) ⫽
1.99, p ⫽ .050.
Third, we identified and removed one GLM model outlier from
the primary analyses of startle potentiation. Standard practice in
our laboratory is to trim (i.e., remove) model outliers from all
analyses because they excessively influence the standard errors of
parameter estimates and therefore negatively impact statistical
power and parameter estimation precision (Bradford et al., 2013;
Hefner et al., 2013; Kaye et al., 2016). However, the Group ⫻
Stressor Type interaction remained significant and of comparable
size when we retained this outlier in the analyses but winsorized it
to reduce its influence (Keselman, Algina, Lix, Wilcox, & Deering, 2008; Wilcox & Keselman, 2003; p2 ⫽ .05, b ⫽ 16.2, 95% CI
[.8, 31.6]), t(81) ⫽ 2.09, p ⫽ .040.
Fourth, task order did not moderate the Group ⫻ Stressor Type
interaction in the primary analysis, F(7, 80) ⫽ 1.07, p ⫽ .391. This
indicates that the magnitude of the Group ⫻ Stressor Type interaction does not vary across task orders. In addition, the Group ⫻
Stressor Type interaction remained significant (p2 ⫽ .04, b ⫽ 14.2,
95% CI [.2, 28.3]), t(94) ⫽ 2.01, p ⫽ .048, in an alternative
analysis where we modeled task order as additive with respect to
all effects of group.
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Finally, although not technically a robustness analysis, separate
analyses of startle magnitude during the no-shock cues were also
conducted to confirm that the Group ⫻ Stressor Type interaction
for startle potentiation did not result from group differences during
the no-shock cues. There were no main effects of group on startle
magnitude during no-shock cues overall (p2 ⬍ .01, b ⫽ 3.6, 95%
CI [⫺19.1, 26.2]), t(80) ⫽ .31, p ⫽ .756, or separately during
unpredictable no-shock cues (p2 ⬍ .01, b ⫽ ⫺2.2, 95% CI
[⫺12.3,7.8]), t(80) ⫽ .44, p ⫽ .658, or predictable no-shock cues
(p2 ⬍ .01, b ⫽ 5.3, 95% CI [⫺6.6, 17.3]), t(80) ⫽ .89, p ⫽ .378.
Equally important, the Group ⫻ Stressor Type interaction was not
significant for startle magnitude during the no-shock cues (p2 ⬍
.01, b ⫽ ⫺3.7, 95% CI [⫺12.3, 5.0]), t(80) ⫽ .85, p ⫽ .400.

Startle Potentiation Across Time During
Unpredictable Stressors
We expected that the group effect for startle potentiation at 4.5 s
during the unpredictable stressors would remain stable at later time
points probed within the unpredictable stressors. To test this, we
analyzed startle potentiation during unpredictable stressors in a
GLM with a between-subjects regressor for group (alcoholic vs.
control) and repeated measures for time (4.5 s vs. mean of 19.5,
49.5, 79.5 s). All covariates were included as described earlier.
Startle potentiation during unpredictable stressors was significant
at the later probe times (p2 ⫽ .64, b ⫽ 42.0, 95% CI [35.0, 48.9]),
t(80) ⫽ 12.01, p ⬍ .001, and significantly greater at the later probe
times than at 4.5 s (p2 ⫽ .11, b ⫽ 10.4, 95% CI [3.9, 17.0]),
t(80) ⫽ 3.17, p ⫽ .002. However, the Group ⫻ Time interaction
was not significant (p2 ⫽ .01, b ⫽ ⫺6.9, 95% CI [⫺21.1, 7.2]),
t(80) ⫽ .98, p ⫽ .332, suggesting that group effects for unpredictable stressors were comparable across the early versus later probe
times.

Potential Causes, Correlates, and Consequences of
Increased Unpredictable Startle Potentiation
In separate GLMs using only alcoholics, we analyzed startle
potentiation with between-subjects regressors for each target individual difference variable and repeated measures for stressor type
(unpredictable vs. predictable). These models included all covariates as described earlier. We focused on Individual Difference ⫻
Stressor Type interactions because they indicated that the size of
the selective increase in startle potentiation during unpredictable
(vs. predictable) stressors varied significantly by that individual
difference.
We observed a significant effect for alcohol-related problems
such that the unpredictable (vs. predictable) startle potentiation
contrast was greater among alcoholics who reported more alcoholrelated problems (p2 ⫽ .10, b ⫽ .6, 95% CI [.0, 1.2]), t(39) ⫽ 2.11,
p ⫽ .041 (see Figure 2, Panel A). We also observed a significant
linear effect for the withdrawal syndrome such that the selective
increase in startle potentiation during unpredictable (vs. predictable) stressors increased as alcoholics reported a more substantial
withdrawal syndrome (i.e., present ⬎ subthreshold ⬎ absent; p2 ⫽
.13, b ⫽ 33.2, 95% CI [4.6, 61.8]), t(38) ⫽ 2.35, p ⫽ .024 (see
Figure 2, Panel B). No significant interactions were observed for
duration of abstinence or quantity of alcohol use (ps ⫽ .587 and
.208, respectively; see Figure 2, Panels C and D).6
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Discussion
In this study, we observed the predicted sensitized response to
unpredictable stressors in human abstinent alcoholics, which manifested as selectively elevated startle potentiation to unpredictable
(vs. predictable) stressors. Equally important, the contrast between
unpredictable and predictable stressor startle potentiation used
here implicates a stress neuroadaptation in the same CRF and NE
mechanisms in the extended amygdala proposed by rodent behavioral neuroscience research. Future research in humans can
strengthen this latter claim about mechanism by direct pharmacologic manipulation of these neurotransmitter systems while
measuring unpredictable stressor startle potentiation in AODdependent users. However, research using such pharmacological
manipulations must also address inherent limitations associated
with systemic drug administration in humans (e.g., dose selection,
blood– brain barrier penetration).
Research that pharmacologically manipulates relevant neurotransmitter systems in humans can also simultaneously document the treatment efficacy for these pharmacotherapies to ameliorate stress-induced relapse regardless of its etiologic origin. In
fact, NE alpha1 antagonists and novel CRF antagonists have all
generated substantial interest recently for their treatment potential
(Koob & Zorrilla, 2012; Simpson et al., 2015; but see Kaye et al.,
in press, for a recent review). Of course, more precise targeting of
sources and coping strategies for unpredictable stressors may one
day increase the efficacy of psychological interventions as well.

Potential Mechanisms of Stress Neuroadaptation
Koob and others have proposed that a sensitized stress response
results, in part, from a between-systems stress neuroadaptation
where CNS stress system circuits are repeatedly recruited and
strengthened to offset drug effects within the reward system following opponent-process principles (Koob & Le Moal, 2008b;
Solomon & Corbit, 1973). In rodents, this mechanism is proposed
to operate broadly for many addictive drugs beyond alcohol. We
have now observed, consistent with the cross-drug thesis from
rodent models, preliminary evidence for a sensitized response to
unpredictable stressors among abstinent alcoholics (in the current
study), 24-hr nicotine-deprived smokers (Hogle et al., 2010), and
heavy daily marijuana users (Hefner, Starr, & Curtin, 2016).
Between-systems neuroadaptations provide one set of etiologic
mechanisms for sensitized response to unpredictable stressors in
addiction. Within-system neuroadaptations, where the primary cellular response within a specific system adapts to neutralize the
drug’s effects (Koob & Le Moal, 2008b) within that same system,
may also contribute to a sensitized response to unpredictable
6
We focused our analyses of individual difference moderators on four
specific individual differences that were relevant to the stress neuroadaptation model. Three (alcohol related problems, withdrawal, and quantity of
alcohol use) of these four individual differences were expected to significantly moderate the unpredictable versus predictable startle potentiation
contrast. The size of this contrast was not expected to vary by duration of
abstinence. Given our focus on only a few candidate moderators, we did
not correct the p values from these analyses for multiple comparisons. A
false discovery rate correction for the three predicted significant moderators yielded p values of .082, .082, and .587, respectively (Benjamini &
Hochberg, 1995). As such, the effects of these moderators should be
interpreted cautiously pending replication in independent samples.
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Figure 2. Individual Differences for unpredictable (vs. predictable) startle potentiation among alcoholics.
Black lines display the relationship between the size of the unpredictable minus predictable startle potentiation
difference score and each individual difference variable within the alcoholic group. Gray confidence bands (in
Panels A, C, D) and black confidence bars (in Panel B) represent ⫾1 standard error for point estimates of startle
potentiation from the general linear model (GLM). This GLM adjusted for all covariates including task block
order, startle reactivity, Beck Anxiety Inventory, and Beck Depression Inventory (quantitative variables are
mean-centered). ⴱ p ⬍ .05. Figure © 2016 John Curtin, Daniel Bradford, Jesse Kaye, and Christine Moberg under
Creative Commons Attribution 4.0 International Public License CC-By.

stressors. Whereas Koob et al. have discussed neuroadaptations
within the reward system in depth (e.g., Koob & Le Moal, 2008b),
the current study combines with other data from our laboratory to
implicate a possible within-system adaptation in the stress system
to repeated alcohol exposure (Kaye et al., in press). Specifically,
across a programmatic series of experiments (Bradford et al.,
2013; Hefner & Curtin, 2012; Hefner et al., 2013; Moberg &
Curtin, 2009), we have demonstrated that acute administration of
alcohol selectively reduces startle potentiation to unpredictable
(vs. predictable) stressors in humans (see Bradford et al., 2013, for
a discussion of implications for stress response– dampening the-

ory). Thus, allostatic neuroadaptations to repeated alcohol stress
response dampening may also contribute to the compensatory
sensitized response to unpredictable stressors observed in abstinent
alcoholics in this study. We hope these preliminary observations
encourage reverse translational studies to search for the neural
mechanisms of this potential within-stress system adaption in
rodent models (Koob, Lloyd, & Mason, 2009; Sinha, Shaham, &
Heilig, 2011). Cross-sectional and longitudinal studies with rodents may measure startle potentiation after both acute and chronic
alcohol administration to probe these opposing compensatory effects on stress response dampening and sensitization, respectively.

This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

UNPREDICTABLE STRESSORS IN ALCOHOL DEPENDENCE

This behavioral neuroscience research may be most sensitive to
detect stress neuroadaptations by focusing on the distinction between predictable versus unpredictable stressors. We and others
have recently made calls for an increased focus on this critical
feature of stressor predictability in refining rodent models of stress
neuroadaptation and stress-induced reinstatement (Kaye et al., in
press; Mantsch et al., 2016).
This study was initiated to test the rodent model thesis that
chronic alcohol use would cause sensitized response to unpredictable stressors via stress neuroadaptation in human alcoholics. Our
results are consistent with this thesis. However, the cross-sectional
measurement of startle potentiation in preexisting groups of alcoholics and healthy controls allows for other plausible interpretations. For example, increased startle potentiation to unpredictable
stressors may represent a premorbid risk factor for AOD use
disorders rather than a consequence of chronic AOD use (Gorka,
Lieberman, Phan, & Shankman, 2016; Rasmussen & Kincaid,
2015). In other research, Gorka, Nelson, and Shankman (2013)
observed that participants with comorbid panic and alcohol use
disorders displayed increased startle potentiation to unpredictable
stressors relative to both participants with only panic disorder and
healthy controls. They suggested that elevated startle potentiation
in panic disorder may motivate heavy alcohol use that contributes
to development of comorbid alcohol use disorder. Indeed, some
participants in the current study had comorbid mental health disorders (e.g., depression, anxiety disorders), which increases the
generalizability of our findings, but our study was not designed to
examine comorbidity specifically. Clearly additional research including longitudinal designs is required to adjudicate between
these and other competing interpretations.
We focused on the unpredictable versus predictable startle potentiation contrast to explicitly test for group differences selectively during unpredictable stressors over and above any possible
differences in generic threat responding. However, the observed
pattern of group means may represent independent contributions
from both this selective increase in response to unpredictable (vs.
predictable) stressors in alcoholics and other premorbid differences or neuroadaptations associated with reduced responding to
predictable stressors. Whereas responses to unpredictable stressors
are mediated by NE- and CRF-sensitive pathways through the
lateral divisions of the central amygdala and BNST, responses to
predictable stressors are mediated by an overlapping but separate
pathway through the medial division of the central amygdala
(mCeA). Of note, the BNST has inhibitory effects on the mCeA
(Campeau et al., 1997; Grillon et al., 2015; Haufler, Nagy, & Pare,
2013), which can manifest as attenuated startle potentiation or
other fear expression to predictable stressors (Grillon et al., 2015;
Kim et al., 2013; Meloni, Jackson, Gerety, Cohen, & Carlezon,
2006; Walker, Miles, & Davis, 2009). If stress neuroadaptations
lead to generally increased BNST activity in alcoholics, these
individuals could display a somewhat attenuated response to predictable stressors due to increased inhibitory effects of the BNST
on the mCeA. Grillon et al. (2015) recently demonstrated that,
consistent with this possibility, administration of a CRF antagonist
to healthy participants increased their startle potentiation to predictable stressors, presumably through decreased activation of the
CRF-sensitive BNST.
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Individual Differences in Possible
Stress Neuroadaptation
Our secondary analyses of alcoholics’ individual differences
clarify the nature of this increased response to unpredictable
stressors and highlights important next steps. To start, alcoholics who displayed greater unpredictable (vs. predictable) startle
potentiation also reported more alcohol-related problems.
Taken at face value, this relationship establishes unpredictable
startle potentiation as clinically relevant. As such, it may serve
as a marker of one dimension of addiction severity (Gorka et al.,
2016). Furthermore, it may be that individuals who experience
greater unpredictable startle potentiation may struggle more
with stronger urges and difficulty controlling their use in key
situations when problems begin to emerge. Future research
should clarify the causal relationship between unpredictable
startle potentiation and alcohol-related problems and measure
possible mediators such as drinking urge.
Unpredictable (vs. predictable) startle potentiation was
greater among alcoholics who reported a clinically significant
withdrawal syndrome. This connects this effect with a cardinal
diagnostic criterion for AOD use disorders (Baker et al., 2004;
Heilig, Egli, Crabbe, & Becker, 2010), the withdrawal syndrome. Given that negative affect is the motivational core of the
withdrawal syndrome (Baker et al., 2004), it may be that a
stress neuroadaptation contributes to both sensitized response to
unpredictable stressors and withdrawal-related negative affect.
In our study, we found no evidence that the relative increase in
unpredictable (vs. predictable) startle potentiation varied as a
function of duration of abstinence among alcoholics who had
abstained from between 1 week and 2 months. This is consistent
with other research that has suggested that stressors continue to
instigate AOD relapse well into protracted abstinence in humans (Brown et al., 1990; McKay, 1999) and rodents (Mantsch
et al., 2016). In contrast to the more transient physical symptoms of withdrawal, withdrawal-related negative affect may
also be long-lasting and contribute to later relapse among some
AOD users (Baker et al., 2004). Our study’s cross-sectional
design did not allow us to examine the temporal ordering of the
increased unpredictable (vs. predictable) startle potentiation,
alcohol use patterns, alcohol-related problems, and the emergence of the withdrawal syndrome. Future longitudinal research
in humans can clarify issues related to the relative onset,
developmental course, and persistence of these key features of
AOD use disorders. In particular, we believe that questions
about whether an activated withdrawal syndrome from acute
deprivation is sufficient or even necessary to observe increased
reactivity to unpredictable stressors are important to consider
immediately (for detailed review of these issues see Kaye et al.,
in press).
Quantity of alcohol use in the 28 days prior to cessation did
not predict the size of unpredictable (vs. predictable) startle
potentiation in this study. If this sensitized stress response
results from chronic alcohol use, it may be that a more comprehensive assessment aggregated over a longer time span is
necessary to detect the impact of drinking quantity. Alternatively, use characteristics other than quantity may be more
critical to its development. For example, rodent models have
suggested that particular patterns of episodic drinking (e.g.,
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repeated binging and withdrawal) rather than overall quantity
may be necessary to promote allostatic changes in stress-related
neurocircuitry (Griffin, Lopez, & Becker, 2009; O’Dell, Roberts, Smith, & Koob, 2004).
Of course, increased confidence in these individual differences as well as the mechanism(s) that account for increased
unpredictable (vs. predictable) startle potentiation overall in
abstinent alcoholics requires replication with varied research
designs. We hope that such research proceeds in parallel with
both humans and animal models as facilitated by the use of
startle potentiation in cross-species translational research. Such
a program of research holds high promise for rapid bidirectional
translation between basic research on mechanism and applications in the pharmacologic and psychosocial treatment of AOD
use disorders (Kaye et al., in press).
Bidirectional translation can also occur between laboratory
and more naturalistic research on stressors in the “real world,”
with a different set of opportunities and challenges. For example, the stressors in the current task were temporally unpredictable, but real-world stressors may incorporate unpredictability
in alternative, often complex ways. For this reason, we have
developed alternative laboratory tasks that manipulate how
predictable the stressor may be with respect to probability
(Hefner & Curtin, 2012), intensity (Bradford et al., 2013), or
location (Bradford, Motschman, Starr, & Curtin, 2017). These
features (e.g., probabilistic and temporal uncertainty) can be
combined to increase stressor unpredictability (Moberg & Curtin, 2009). This previous research has suggested that acute
alcohol administration selectively reduces response when these
stressors are unpredictable, regardless of its source, but the
impact of chronic AOD use in these tasks has yet to be considered in a clinical sample. Other researchers have recently
noted that the effects of alcohol on response to unpredictable
stressors in social drinkers also appear to extend beyond manipulations of electric shock to more real-world situations that
include inherent unpredictability, such as in most social interactions (e.g., Sayette, 2017; see Fairbairn & Sayette, 2014, for
a review).
Other important characteristics of real-world stressors besides predictability can also be manipulated in the laboratory.
For example, stressor intensity (Bradford et al., 2013; Moberg,
Weber, & Curtin, 2011) or controllability (Bradford, Shireman,
Schneck, & Curtin, n.d.; Maier, 2015) may have influences on
AOD-related behavior. Stressors may become less predictable if
appraisal processes are degraded by distractors, and this too can
be modeled in the laboratory (e.g., Curtin, Patrick, Lang, Cacioppo, & Birbaumer, 2001). Finally, naturalistic research can
complement these laboratory approaches by taking advantage
of rapidly developing mobile technologies that allow for realtime measurement of subjective emotional response, behavior,
and physiology combined with important contextual information provided by GPS location services and indices of peer-topeer interactions in the real world (Curtin, Zhu, Gustafson, &
Alagoz, 2015; Harari et al., 2016). All of these approaches can
and should be marshaled to better understand and treat the
contributions of unpredictable stressors to the etiology and
maintenance of AOD use disorders.
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