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Abstract
Background: Anxiety during early alcohol abstinence, likely resulting from neural 
changes caused by chronic alcohol use, contributes to high relapse rates. Studies in 
rodents show heightened activation during early abstinence in the bed nucleus of the 
stria terminalis (BNST)—a neural hub for anxiety—and its extended anxiety-related 
corticolimbic network. Despite the clinical importance of early abstinence, few stud-
ies investigate the underlying neural mechanisms.
Methods: To address this gap, we investigated brain function in early alcohol absti-
nence (EA = 20, 9 women) relative to controls (HC = 20, 11 women) using an unpredict-
able threat task shown to engage the BNST and corticolimbic brain regions involved in 
anxiety and alcohol use disorder (AUD). Group, anxiety, and sex were predictors used 
to determine whole-brain activation and BNST functional connectivity.
Results: We found widespread interactions of group × anxiety and group × anxi-
ety × sex for both activation and BNST connectivity during unpredictable threat. In the 
EA group, higher anxiety was correlated with activation in the BNST, rostral anterior 
cingulate cortex (ACC), insula (men only), and dorsal ACC (men only). In the HC group, 
higher anxiety was negatively correlated with activation in the BNST, nucleus accum-
bens, thalamus, and insula (men only). For connectivity, anxiety was positively cor-
related in EA and negatively correlated in HC, between the BNST and the amygdala, 
ventromedial prefrontal cortex (PFC), and dorsomedial PFC; EA men showed stronger 
BNST-vmPFC connectivity than HC men.
Conclusions: These novel findings provide preliminary evidence for alterations in the 
BNST and anxiety-related corticolimbic brain regions in early alcohol abstinence, add-
ing to growing literature in humans supporting the BNST's role in anxiety and sex-
dependent effects of chronic alcohol use.
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INTRODUC TION

Alcohol use disorder (AUD) is a common, debilitating mental health 
disorder. Rates of AUD have doubled since 2019, with nearly 30 mil-
lion Americans having AUD in 2022 (SAMHSA, 2022). Recovery, or 
abstinence, from AUD is possible but remains difficult, with nearly 
half of individuals relapsing in the first year of abstinence (Kushner 
et al., 2000). One driver of high relapse rates is thought to be the 
heightened anxiety that emerges during early abstinence, where 
withdrawal symptoms have subsided and negative affect emerges. 
Anxiety is likely the result of neural changes in the stress response 
system caused by chronic alcohol exposure (Koob & Volkow, 2016). 
Early abstinence is a critical period of recovery, yet little is known 
about the neural mechanisms underlying this phase of AUD.

Numerous studies report that the bed nucleus of the stria 
terminalis (BNST)—a central hub for anxiety responses—exhibits 
heightened activation during early abstinence. The BNST is part 
of an extended anxiety-related corticolimbic network, termed 
here the “BNST network,” that includes brain regions with estab-
lished structural and functional connectivity with the BNST (Avery 
et  al.,  2014). The BNST network includes the amygdala, anterior 
hippocampus, hypothalamus, anterior insula, and ventromedial pre-
frontal cortex. These brain regions also have known associations 
with AUD and anxiety and this network has heightened activation 
during abstinence. For example, acute withdrawal after chronic 
intermittent alcohol exposure increases activation of the BNST 
(i.e., increased c-Fos, decreased neuronal firing threshold), and 
the increased BNST activation persists for 2–5 weeks in rodents 
(Centanni et al., 2019; Francesconi et al., 2009; Kash et al., 2009; 
Marcinkiewcz et al., 2016; Pleil et al., 2015; Silberman et al., 2013; 
Wills et al., 2012). Negative affect behaviors, like decreased time 
spent in open arms of an elevated-plus maze and increased immo-
bile time in forced swim test, emerge at 2 weeks and persist for at 
least 4 weeks (Holleran & Winder, 2017). Inhibiting insular cortex 
inputs into the BNST decreases negative affect-like behaviors, as 
indicated by decreased latency to feed in a novelty-suppressed 
feeding task (Centanni et al., 2019), pointing to the importance of 
a BNST-corticolimbic network. BNST network alterations are also 
observed in humans during early alcohol abstinence; for example, 
we recently reported that a BNST network has stronger structural 
connectivity in abstinent women compared to control women; men 
did not exhibit group differences (Flook et al., 2021). Interestingly, 
an investigation of BNST intrinsic functional connectivity in early 
abstinence also showed weaker BNST network connectivity in ab-
stinent men, compared to control men, and a positive correlation 
between BNST-amygdala connectivity and anxiety in abstinent 
men and women (Flook et al., 2023). Together, evidence in rodents 
and humans suggests that chronic alcohol exposure alters activa-
tion and connectivity of the BNST, likely contributing to anxiety 
symptoms during early abstinence. While structural connectivity 
and intrinsic functional connectivity findings in AUD suggest differ-
ences in the underlying neural circuitry, a major gap in knowledge 
is whether differences are observed during functionally relevant 

tasks, as task-based fMRI studies provide greater power for reveal-
ing differences in emotion or threat processing (Zhao et al., 2023).

Translational tasks of unpredictable threat are vital for investi-
gating neural components of anxiety during early alcohol abstinence. 
Preclinical studies support unpredictable threat as a viable model for 
investigating anxiety, as it produces anxiety-like behavior in rodents 
and engages an anxiety-related network containing the BNST and 
prefrontal cortex (Glover et  al.,  2020; Goode et  al.,  2019; Luyten 
et al., 2012; Ressler et al., 2020). Previous studies of unpredictable 
threat in AUD show stronger startle responses to unpredictable 
threat (Gorka et  al.,  2020; Moberg et  al.,  2017) and greater acti-
vation of the insula and anterior cingulate cortex to unpredictable 
and predictable threat—regions within the BNST network (Gorka 
et al., 2020; Moberg et al., 2017). These data support unpredictable 
threat as a valuable task for probing anxiety in AUD. However, to 
our knowledge, no previous studies have investigated responses to 
unpredictable threat in early abstinence, or the role of the BNST 
network in these responses.

To address this knowledge gap, we investigated neural activation 
during unpredictable threat in adults in early abstinence compared 
to controls. The first aim of this study is to determine whether brain 
activation during unpredictable threat is altered in early abstinence. 
The second aim is to investigate alterations in BNST functional con-
nectivity during unpredictable threat, as our group and others have 
previously demonstrated changes in structural and functional con-
nectivity in early abstinence from AUD (Flook et  al.,  2021, 2023; 
Padula et al., 2015; Radoman et al., 2024; Rivas-Grajales et al., 2018; 
Ruiz et al., 2013; Sawyer et al., 2017, 2019). Sex and anxiety are in-
cluded in the analyses based on previous evidence that BNST ac-
tivation and connectivity are correlated with anxiety and differ by 
sex (Becker & Koob, 2016; Flook et al., 2021, 2023). This study is 
an important step toward understanding the mechanisms underlying 
heightened anxiety in early abstinence.

METHODS

Participants

Participants consisted of adults 21–40 years of age with an AUD in 
early abstinence (EA = 20) and light social drinkers with no history of 
AUD as controls (HC = 20). Psychiatric diagnoses of all participants 
(exclusions outlined below) were determined using the Structured 
Clinical Interview for DSM-IV (First,  1997). Interviews were con-
ducted by trained study personnel and were confirmed by a study 
psychiatrist (MB).

Participants in the EA group were recruited using commu-
nity advertisements, a recruitment registry, and referrals from a 
local treatment facility. Participants in the EA group had to meet 
criteria for an AUD immediately prior to the current period of 
abstinence and have been abstinent for 30–180 days at the in-
terview day. While acute withdrawal typically subsides within 
3–7 days in humans, we selected 30 days based on preclinical 
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findings that affective disturbances do not emerge immediately 
after acute withdrawal; instead, affective disturbances emerge 
around 2 weeks (Holleran & Winder, 2017). We selected the upper 
range based on a combination of evidence from humans that (1) 
negative affect is often sustained (Heilig et al., 2010; Holleran & 
Winder, 2017) and (2) recruitment feasibility, as it is challenging to 
recruit people in early abstinence within a narrow window. Other 
studies of abstinence in AUD have similar, and often broader, win-
dows. For example, Camchong et al. (2013a, 2013b) had a “short-
term abstinence” group that was abstinent for 42–105 days, and 
Orban et al. (2013) included a range of 15–893 days of abstinence. 
Exclusion criteria for the EA group included: (1) current drug or 
alcohol use (except nicotine); (2) current psychiatric disorder, ex-
cept anxiety or depressive disorder; (3) current use of psychoac-
tive medications (past 6 weeks) other than a stable dose of SSRI or 
SNRI; (4) significant medical illness (e.g., cancer) or neurological 
illness (e.g., brain abnormality); and (5) any MRI safety risk (e.g., 
metal in body).

Controls were light social drinkers recruited using a large insti-
tutional registry and were defined as individuals with at least one 
standard drink in the past year, no drinking period that met cri-
teria for AUD, and no episodes of binge drinking in the past year. 
Exclusion criteria for the controls included: (1) current or lifetime 
psychiatric disorder, including alcohol or substance use disorders 
(except nicotine); (2) current use of psychoactive medications 
(6 months); (3) significant medical (e.g., cancer) or neurological 
illness (e.g., brain abnormality); and (4) any MRI safety risk (e.g., 
metal in body).

All participants were required to screen negative on a urine 
drug screen (Triage Drugs of Abuse Panel, Biosite Diagnostics, San 
Diego, CA), an alcohol breath screen (Intoximeters, Inc, St Louis, 
Missouri), and a urine ethyl glucuronide (EtG) test on both study 
days. The sample reported here is the same as previously reported 
studies on structural and intrinsic functional connectivity (Flook 
et  al.,  2021, 2023). Vanderbilt University Institutional Review 
Board approved the study, and written informed consent was ob-
tained after providing participants with a complete description of 
the study.

Alcohol and anxiety measures

Alcohol use was also evaluated using the Alcohol Use Disorders 
Identification Test (AUDIT) (Babor et al., 2001). Extent of lifetime 
drinking was assessed using the Lifetime Drinking History Scale, 
and timeline follow-back methods were used to establish the cur-
rent period of alcohol abstinence for EA participants (Skinner & 
Sheu, 1982).

Anxiety scores were assessed using reliable and valid ques-
tionnaires that measured multiple domains of anxiety (e.g., social 
anxiety, worry). Each measure had good internal reliability in this 
sample (Cronbach's alphas provided in parentheses). The question-
naires included: State–Trait Anxiety Inventory (⍺ = 0.94) (Spielberger 

et al., 1983), Brief Fear of Negative Evaluation (⍺ = 0.95) (Leary, 1983), 
Beck Anxiety Inventory (⍺ = 0.94) (Beck et  al.,  1988), Intolerance 
of Uncertainty (⍺ = 0.97) (Carleton et  al.,  2007), Liebowitz Social 
Anxiety Scale (⍺ = 0.97) (Liebowitz,  1987), and Penn State Worry 
Questionnaire (⍺ = 0.95) (Meyer et  al.,  1990). The anxiety mea-
sures were correlated for both groups (average r = 0.50); therefore, 
a composite anxiety score was created by averaging standardized 
scores (M = 0, SD = 1; see Table 1) for each questionnaire. Therefore, 
the composite anxiety scores represent broad domains of anxiety. 
Herein, these composite scores are referred to as “anxiety scores.”

Unpredictable threat task

We used an event-related cued anticipation task with unpredictable 
and predictable threat conditions to determine neurobehavioral 
responses during threat anticipation (Feola, McHugo, et  al.,  2021; 
Feola, Melancon, et al., 2021). Images were presented using Eprime 
software (Version 2.0, Psychology Software Tools, Sharpsburg, PA). 
Participants were trained to associate three different cues (colored 
shapes) with three different events: (1) a predictable neutral cue 
(purple diamond) was always followed by a neutral face; (2) a pre-
dictable threat cue (blue square) was always followed by a fear face; 
and (3) an unpredictable threat cue (yellow circle) was either fol-
lowed by a neutral face or a fear face (Figure 1). Fear face images 
(i.e., threat images) and neutral face images were selected from the 
Karolinska Directed Emotional Faces database (40 women/40 men) 
(Lundqvist et al., 1998) and were presented using Eprime software 
(Version 2.0, Psychology Software Tools, Sharpsburg, PA). Following 
training, participants underwent four runs with 24 cues per run 
(6 min each, eight images and cues per condition); total events per 
condition were as follows: 32 predictable neutral cues and images; 

TA B L E  1  Demographics of participants.

Early abstinence 
(n = 20)

Healthy 
control (n = 20)

Sex, n (% women) 9 (45%) 11 (55%)

Age, years (SD) 31.0 (5.8) 29.0 (4.4)

Race, n (%)

White 16 (80%) 14 (70%)

Black 2 (11%) 2 (10%)

Other 1 (5%) 4 (20%)

Hispanic/Latino, n (%) 1 (5%) 2 (10%)

AUDIT, mean (SD)* 25.9 (9.2) 2.8 (1.8)

Length of abstinence, days 
(SD)

127.4 (47. 8) –

Anxiety score, mean (SD)* 0.62 (0.76) −0.62 (0.37)

Nicotine use (current), n 
(%)*

6 (30%) 0 (0%)

Abbreviations: AUDIT, Alcohol Use Disorder Identification Test; SD, 
standard deviation.
*Significant difference between groups at p < 0.05. Sex refers to sex 
assigned at birth.
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32 predictable threat cues and images; 32 unpredictable cues, 16 
unpredictable threat images, 16 unpredictable neutral images. Cues 
and images were presented for 1 s each, with a 5- to 8-s jittered in-
terstimulus interval (mean = 6 s) to evoke an anticipatory period. A 
fixation cross was presented for the first and last 20 s of each run 
to provide a baseline measurement of brain activation. To ensure 
attention, participants were asked to push a single button each time 
they saw a cue and image. Average accuracy and response time for 
all trials are presented in the Supporting Information.

Functional imaging

Data collection and processing

Data were collected at the Vanderbilt University Institute of Imaging 
Science (VUIIS) on a Phillips 3 T MRI scanner with a 32-channel head 
coil. Functional MRI data were acquired using a sequence optimized 
for measuring signal in subcortical regions: 2 × 2.5 × 2.5 mm slices; an 
80 × 80 matrix (reconstructed to 128 × 128); a 2 s TR; 28 ms TE; 90° 
flip angle, SENSE factor = 2. This sequence was designed specifically 
to avoid signal dropout in the amygdala and BNST and was previously 
used to measure amygdala and BNST activation (Feola et al., 2023). 
An automated higher-order shim procedure was applied to minimize 
possible magnetic field inhomogeneities. For anatomical verification, 
we collected a standard anatomical (T1-weighted) image.

Functional data were preprocessed using the following steps: 
slice time correction; realignment; co-registration; normalization 
into SPM EPI space; high pass filter; and smoothing (6 mm FWHM). 
For each subject, motion was assessed, and functional images 
were visually inspected for artifacts, signal dropout, and coverage. 

Individual runs were excluded for excessive motion (> 3 mm). One 
run was removed for two participants (2 HC), and two runs were 
removed for two participants (1 EA, 1 HC).

Brain activation

Since our primary goal was to characterize brain activation in early 
abstinence using the unpredictable threat task, we chose a whole-
brain approach. Individual participant GLMs were estimated for 
each cue and image type (cues: predictable neutral, predictable 
threat, and unpredictable; images: predictable neutral, predictable 
threat, unpredictable neutral, unpredictable threat). Given our inter-
est in the BNST and planned BNST connectivity analyses, we also 
performed analysis of BNST activation.

Functional connectivity of the BNST

Whole-brain functional connectivity analyses were performed with 
the bilateral BNST as the seed region using our published BNST 
mask (Avery et  al.,  2014). Functional connectivity was calculated 
using gPPI (Friston et al., 1997; McLaren et al., 2012). BNST loca-
tion was verified via visual inspection by comparing the BNST on the 
T1W image and the BNST mask (Avery et al., 2014).

Power analyses

Sample size was determined a priori as part of the grant applica-
tion that supported data collection (R21AA025385). The proposed 

F I G U R E  1  Unpredictable threat task. Participants were trained to associate three cues (colored shapes) with different events: predictable 
neutral face (purple diamond); predictable threat face (blue square); unpredictable neutral or threat face (yellow circle).

Anticipation

4-9.5 sec 1 sec 1 sec 

Cue Image

Predictable Neutral

Anticipation

4-9.5 sec 1 sec 1 sec 

Cue Image

Predictable Threat

Anticipation

4-9.5 sec 1 sec 1 sec 

Cue Image

Unpredictable Threat

OR

Image
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sample size (N = 40; 20 subjects per group) was determined to give 
80% power to detect medium-large effects (Cohen's d = 0.60) for the 
group comparison. We proposed exploratory analysis of sex differ-
ences and acknowledged the sample size was only powered to find 
large effect sizes (Cohen's d > 1.1).

Statistical analyses

The primary analysis focused on unpredictable versus predictable con-
trasts for whole-brain activation and BNST functional connectivity. The 
comparisons included: (1) unpredictable versus predictable neutral cues, 
defined as unpredictable cue minus predictable neutral cue; (2) unpre-
dictable versus predictable threat cues, defined as unpredictable cue 
minus predictable threat cue; (3) unpredictable versus predictable neutral 
images, defined as unpredictable neutral images minus predictable neu-
tral images; and (4) unpredictable versus predictable threat images, de-
fined as unpredictable threat images minus predictable threat images. 
We chose to investigate cues and images separately, as they represent 
unique components of threat processing: brain responses to cues re-
flect anticipation of an upcoming event (threat or neutral), while brain 
responses to images reflect processing of the images (threat/neutral). 
Evidence that the cues (anticipation) and images engage distinct net-
works has been demonstrated by others (e.g., Klumpers et al., 2017). We 
focused on unpredictable versus predictable contrasts, as prior research 
indicates that individuals with an AUD show enhanced startle during un-
predictable (vs. predictable) aversive events (Gorka et al., 2016, 2020; 
Moberg et al., 2017). A multiple regression was performed with group 
(EA/HC), anxiety score, and sex (men/women) as predictors in SPM12, 
along with all interactions. Whole-brain analyses were investigated for 
these contrasts using SPM cluster-based thresholding for whole-brain 
p < 0.05 (p < 0.005 and k > 90 for activation; p < 0.005 and k > 100 for 
connectivity). Significant group × anxiety × sex interactions in whole-
brain activation were also followed up with functional connectivity 
analyses; these results are presented in the Supporting Information. All 
significant whole brain and BNST connectivity results were followed up 
with exploratory linear mixed model analyses in the EA group, which 
included days abstinent in the model; these results are presented in 
the Supporting Information. For the BNST activation analyses, percent 
signal change was extracted for the bilateral BNST, and a linear mixed 
model (controlling for hemisphere) was performed to test for group, sex, 
and anxiety for each of the planned contrasts. Effect sizes are provided 
for significant main effects and interactions.

RESULTS

Sample characteristics and behaviors

Participants did not differ on primary demographics (age, sex, race; 
Table  1). As expected, EA participants had higher AUDIT, anxiety 
scores, and nicotine use than HC participants. No main effects or in-
teractions with sex were detected (p's > 0.05); See Table S1 for details.

All participants had acceptable button push accuracy. There 
were no significant differences in accuracy or reaction time between 
groups (EA/HC or men/women) and no correlations with anxiety 
scores (see Figure S1).

Brain activation

Activation during cues

Unpredictable versus predictable neutral
For the BNST, there was a group × anxiety interaction (p = 0.05, 
d = 0.74). BNST activation was negatively correlated with anxiety in 
the HC group (r = −0.68) but not correlated in the EA group (r = −0.08). 
For the whole-brain analysis, there was a group × anxiety interaction 
in the left nucleus accumbens and caudate (voxels = 243, p = 0.022, 
Z = 3.99, xyz = −12, 16, −14, d = 1.62) and left postcentral gyrus (vox-
els = 376, p = 0.006, Z = 3.61, xyz = −60, −10, 38, d = 1.43). Post hoc 
analyses revealed that higher anxiety levels in the HC group were 
negatively correlated with activation in the left accumbens and cau-
date (r = −0.74) and left postcentral gyrus (r = −0.75). We also found a 
main effect of anxiety in the left putamen, where higher anxiety levels 
were negatively correlated with activation (Supporting Information).

Unpredictable versus predictable threat
There were no significant differences for the BNST. For the whole-
brain, there was a group × anxiety × sex interaction in the left 
postcingulate cortex (voxels = 453, p = 0.002, Z = 3.65, xyz = −10, 
−46, 32, d = 1.45; Figure  2), left mid-occipital lobe (voxels = 237, 
p = 0.020, Z = 3.80, xyz = −40, −68, 24, d = 1.53), and right superior 
frontal gyrus (voxels = 174, p = 0.042, Z = 3.70, xyz = 18, 46, −14, 
d = 1.48; Figure 2). Post hoc analyses by sex in the postcingulate cor-
tex showed a group × anxiety interaction in men (t = 2.941, p = 0.010), 
but not in women (p = 0.083); the interaction in men was driven by 
a positive correlation between anxiety and activation in HC men 
(r = 0.76), but not EA men (r = 0.12). Post hoc analyses by sex in the 
mid-occipital lobe showed a group × anxiety interaction in women 
(t = −3.148, p = 0.028), but not in men (p = 0.068). The interaction in 
women was driven by a negative correlation between anxiety and 
activation in HC women (r = −0.75), but not EA women (r = 0.34). 
Post hoc analyses by sex in the right superior frontal gyrus did not 
reveal a significant group × anxiety interaction in men (p = 0.920) or 
women (p = 0.059). Post hoc functional connectivity analysis with 
the postcingulate cortex as a seed is described in the Supporting 
Information. We also found an anxiety × sex interaction in the right 
calcarine sulcus (Supporting Information).

Activation during images

Unpredictable versus predictable neutral
There were no significant BNST differences. For the whole-brain, 
there was a group × anxiety interaction in the rostral anterior 
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cingulate cortex (rACC) and thalamus (medial pulvinar and ven-
tral posterolateral regions) (rACC: voxels = 245, p = 0.013, Z = 3.84, 
xyz = −14, 50, 4, d = 1.55; thalamus: voxels = 346, p = 0.004, Z = 4.31, 

xyz = 10, −26, 2, d = 1.79; voxels = 181, p = 0.029, Z = 3.71, xyz = −14, 
−24, 4, d = 1.48). In the EA group, higher anxiety levels were posi-
tively correlated with rACC activation (r = 0.59). In the HC group, 

F I G U R E  2  Group × anxiety × sex interaction during unpredictable versus predictable threat cues and images. HC men with higher anxiety 
exhibited greater postcingulate activation during cues and lesser insula and dACC activation during images. Activation refers to eigenvariate 
of postcingulate (xyz = −10, 46, 32), insula (xyz = 46, −4, −16), and dACC clusters (xyz = −2, 26, 24). EA, early abstinence; HC, healthy control; 
dACC, dorsal anterior cingulate cortex.
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higher anxiety levels were negatively correlated with activation 
in the rACC (r = −0.54) and thalamus (r = −0.57). We also found a 
group × anxiety interaction in the cerebellum, and an anxiety × sex 
interaction in the right calcarine sulcus and left occipital lobe/cu-
neus (Supporting Information).

Unpredictable versus predictable threat
For the BNST, there was a group × anxiety interaction (p = 0.005, 
d = 1.09); BNST activation was positively correlated with anxi-
ety in the EA group (r = 0.50) and negatively correlated in the HC 
group (r = −0.59). For the whole-brain, there was a group × anxi-
ety × sex interaction in the insula and dorsal ACC (dACC) (insula: 
voxels = 627, p < 0.001, Z = 3.96, xyz = 46, −4, −16, d = 1.61; dACC: 
voxels = 307, p = 0.004, Z = 3.34, xyz = −2, 26, 24, d = 1.30; Figure 2). 
The group × anxiety interaction was significant in men (insula: 
p = 0.001; dACC: p = 0.016), but not in women (insula: p = 0.187; 
dACC: p = 0.074). Men in the EA group showed a positive correlation 
between anxiety and insula (r = 0.83) and dACC (r = 0.73) activation, 
and men in the HC group showed a negative correlation between 
anxiety and insula activation (r = −0.71). Post hoc functional con-
nectivity analyses with insula and dACC seeds are described in the 
Supporting Information.

Functional connectivity of the BNST

Connectivity during cues

Unpredictable versus predictable neutral
There was a group × anxiety interaction in the ventromedial pre-
frontal cortex (vmPFC), amygdala, and dorsomedial PFC (dmPFC) 
(vmPFC: voxels = 287, p = 0.003, Z = 3.82, xyz = −6, 52, −16, d = 1.53; 
amygdala: voxels = 246, p = 0.006, Z = 4.05, xyz = 26, 0, −14, d = 1.65; 
dmPFC: voxels = 475, p < 0.001, Z = 4.22, xyz = −12, 50, 36, d = 1.74; 
voxels = 171, p = 0.018, Z = 3.59, xyz = 22, 52, 22, d = 1.42; Figure 3). 
In the EA group, anxiety was positively correlated with BNST con-
nectivity with the vmPFC (r = 0.30), amygdala (r = 0.29), and dmPFC 
(r = 0.44). In the HC group, anxiety was negatively correlated with 
BNST connectivity (BNST-vmPFC: r = −0.26, BNST-amygdala: 
r = −0.37, BNST-dmPFC: r = −0.41).

There was also a group × sex interaction in the vmPFC, mediodor-
sal thalamus, and dorsolateral PFC (dlPFC) (vmPFC: voxels = 319, 
p = 0.002, Z = 3.57, xyz = −6, 52, −14, d = 1.41; thalamus: voxels = 156, 
p < 0.001, Z = 4.06, xyz = −6, −24, 2, d = 1.48; dlPFC: voxels = 215, 
p = 0.009, Z = 4.01, xyz = −18, 28, 42, d = 1.63). The BNST-vmPFC in-
teraction was driven by differences in men; EA men had stronger 
BNST-vmPFC connectivity than HC men (Figure 3). The group × sex 
differences in BNST connectivity with the mediodorsal thalamus and 
dlPFC were driven by differences in women; EA women had weaker 
BNST-mediodorsal thalamus and stronger BNST-dlPFC connectivity 
than HC women (Figure S2). We also found an anxiety × sex interac-
tion in several brain regions including the hippocampus, amygdala, 
and vmPFC (Table S2).

Unpredictable versus predictable threat
There was a group × anxiety interaction for BNST-vmPFC connec-
tivity (voxels = 456, p = 0.001, Z = 4.41, xyz = 8, 52, −10, d = 1.95; 
Figure 4), with a positive correlation in the EA group (r = 0.41) and a 
negative correlation in the HC group (r = −0.15).

There was a group × sex interaction in the vmPFC and ventrolat-
eral thalamus (vmPFC: voxels = 418, p = 0.001, Z = 4.55, xyz = 8, 52, 
−10, d = 1.93; thalamus: voxels = 159, p = 0.032, Z = 4.04, xyz = 16, 
−2, −2, d = 1.65; Figure 4). Among men, EA men had stronger BNST-
vmPFC and weaker BNST-ventrolateral thalamus connectivity than 
HC men. Among women, EA women had weaker BNST-vmPFC and 
BNST-ventrolateral thalamus connectivity than HC women.

We detected an anxiety × sex interaction in several brain regions, 
including the thalamus and vmPFC; see Table S3 for details.

Connectivity during images

Unpredictable versus predictable neutral
We found a main effect of sex in the anterior cingulate cortex; see 
Supporting Information Results Section for details.

Unpredictable versus predictable threat
There were no significant main effects or interactions in BNST func-
tional connectivity during unpredictable versus predictable threat 
images.

DISCUSSION

The goal of the present study was to determine whether people 
in early abstinence from alcohol use disorder (AUD) have differ-
ent neural responses to unpredictable threat compared to healthy 
adults. We found that activation and functional connectivity of the 
BNST network is altered during early abstinence, and that anxiety 
and sex play a role in these alterations. Thus, our findings from a 
small sample of alcohol abstinent adults reveal the significant impact 
of anxiety and sex on neural activation during early abstinence from 
alcohol, extending decades of research in animal models and recent 
studies in humans.

The first major study finding was that adults in early abstinence 
from an AUD displayed altered activation to unpredictable threat in 
multiple regions of the BNST network, and that these relations were 
dependent on anxiety and sex. The BNST and its anxiety-related 
corticolimbic network coordinate responses to stress and anxiety, 
and are also implicated in stress-induced reinstatement in rodents 
and risk of relapse in humans (Alvarez et al., 2015; Avery et al., 2016; 
Flook et al., 2020; Huang et al., 2010; Paulus et al., 2001; Torrisi 
et al., 2015). Group differences in several brain regions were depen-
dent on anxiety, while group differences in the cingulate cortex and 
insula were dependent on both anxiety and sex. For unpredictable 
threat cues, anxiety was negatively correlated with activation in 
the BNST, nucleus accumbens, and caudate in the healthy controls, 
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whereas the EA group failed to show this pattern. Additionally, men 
in the HC group with higher anxiety exhibited lesser posterior cingu-
late activation than EA men. For unpredictable threat images, anxi-
ety was positively correlated in HC and negatively correlated in EA 
in the BNST, rACC, and thalamus. EA men with higher anxiety also 
exhibited greater insula and dACC activation than HC men. A prior 
study in humans with a current AUD reported greater insula and 
dACC activation during unpredictable threat, which also predicts 
future problematic drinking in young adults (Gorka et  al.,  2023). 
In addition, insula activation during unpredictable threat was also 
associated with using alcohol to cope with negative affect (Gorka 
et  al.,  2020, 2023). The consistent elevation of insula and dACC 

activation during unpredictable threat across different phases of 
AUD may represent both the consequence of brain changes asso-
ciated with heavy alcohol use and a biological risk factor for AUD. 
Additionally, the sex differences in brain activation were specific 
to men—to our knowledge, no other studies have investigated the 
effect of sex on unpredictable threat processing in early abstinence 
from an AUD. The findings of the current study may give insight into 
the neural mechanisms responsible for a myriad of sex differences 
that exist in AUD: drinking patterns, time to escalation to an AUD, 
and stress-related relapse (Barker & Taylor, 2019; Flores-Bonilla & 
Richardson, 2020; Peltier et al., 2019). Future longitudinal studies 
investigating sex differences during the transition from AUD to 

F I G U R E  3  Group × anxiety and group × sex interactions in BNST functional connectivity during unpredictable versus predictable neutral 
cues. HC with higher anxiety exhibited weaker BNST-vmPFC and BNST-amygdala functional connectivity. EA men had stronger BNST-
vmPFC connectivity than HC men. Connectivity refers to average eigenvariate of the vmPFC (Group × Anxiety xyz = −6, 52, −16; Group × Sex 
xyz = −6, 52, −14) and amygdala clusters. BNST, bed nucleus of the stria terminalis; EA, early abstinence; HC, healthy control; vmPFC, 
ventromedial prefrontal cortex.
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early alcohol abstinence will be critical for understanding BNST 
network alterations that may contribute to clinically meaningful 
outcomes.

The second major study finding was that adults in early absti-
nence displayed altered BNST functional connectivity during un-
predictable threat cues, which was dependent on anxiety and sex. 
EA women had weaker BNST-vmPFC functional connectivity to un-
predictable threat cues, while EA men had stronger BNST-vmPFC 
functional connectivity during unpredictable neutral cues. We also 
found that during unpredictable (vs. predictable) neutral and threat 
cues, higher anxiety scores in the HC group showed weaker BNST-
vmPFC functional connectivity than in the EA group. These find-
ings are consistent with our previous report on intrinsic connectivity 

(Flook et  al.,  2023). BNST-vmPFC connectivity regulates stress 
responding and anxiety, and its consistent relation across imaging 
modalities may represent a critical feature of alcohol abstinence in 
men that decreases their likelihood of stress-induced relapse (Erol 
& Karpyak, 2015; Motzkin et al., 2015). Interestingly, EA women in 
our study displayed weaker BNST network functional connectivity. 
Weaker BNST network functional connectivity may account for 
greater stress-induced relapse in women, as EA women may lack sig-
nificant regulatory connections from the BNST that are critical for 
managing anxiety. Taken together, we propose that the connectivity 
findings, which highlight emotional regulatory connections from the 
BNST, may be critical neural nodes for tracking treatment response 
and progress.

F I G U R E  4  Group × anxiety and group × sex interactions in BNST functional connectivity during unpredictable versus predictable threat 
cues. HC with higher anxiety exhibited weaker BNST-vmPFC and BNST-amygdala functional connectivity. EA men had stronger BNST-
vmPFC connectivity than HC men. Connectivity refers to average eigenvariate of the vmPFC (Group × Anxiety xyz = −6, 52, −16; Group × Sex 
xyz = −6, 52, −14) and amygdala clusters. BNST, bed nucleus of the stria terminalis; EA, early abstinence; HC, healthy control; vmPFC, 
ventromedial prefrontal cortex.
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Several study limitations should be noted. First, our study has a 
modest sample size. While many investigations of AUD typically use 
large, publicly available datasets—to our knowledge, the available 
datasets rarely include individuals in this critical phase of early absti-
nence and do not include an unpredictable threat task. Thus, this sam-
ple and the use of the unpredictable threat paradigm are unique and 
fill a critical gap in our understanding of early abstinence. Additionally, 
the sample sizes within group and sex are relatively small; therefore, 
the sex-differences findings should be replicated using a larger sam-
ple. An important future direction is to investigate the impact of hor-
mone levels (estradiol, progesterone) in women to determine whether 
differences are specific to menstrual cycle phases. Second, a limita-
tion of the cued anticipation task is that there are half as many threat 
and neutral images that follow the unpredictable cue, relative to the 
predictable threat and neutral cues, which might result in less reliable 
estimates of the unpredictable image activations. While this is a natu-
ral consequence of this study design and similar to other cued antici-
pation tasks (e.g., Williams et al., 2015), it is different from some other 
unpredictable threat tasks (e.g., N-P-U tasks; Schmitz & Grillon, 2012).

Overall, these data extend prior research in animal models that 
show the BNST network is altered during early abstinence and con-
tributes to increased anxiety during this period. This small study also 
supports longstanding data that chronic alcohol use affects men and 
women differently, and that these differences continue during ab-
stinence. Taken together, anxiety severity and sex play a critical role 
in early abstinence from alcohol, emphasizing the need for a greater 
understanding of the neural mechanisms that occur during alcohol 
abstinence to improve treatment outcomes.

AUTHOR CONTRIBUTIONS
JUB and DGW conceptualized the project and JUB designed the pro-
ject; MS consulted on project design. Both DGW and JUB acquired 
funding for the study. EF, BF, and MB collected data for the project. 
MB provided oversight for clinical interviews. NLZ and JUB analyzed 
and interpreted data for the manuscript. NLZ and JUB wrote the 
first draft of the manuscript. NLZ, EF, BF, MS, MB, DGW, and JUB 
additionally edited and reviewed the study.

ACKNOWLEDG MENTS
The authors greatly appreciate the participants who donated their 
time and trust in the team.

FUNDING INFORMATION
This work was supported by NIAAA grants awarded to EF 
(F30AA027418), JUB & DGW (R21AA025385), and JUB 
(R01AA029127).

CONFLIC T OF INTERE S T S TATEMENT
The authors have nothing to disclose.

DATA AVAIL ABILIT Y S TATEMENT
The data generated and analyzed during the current study are 
not currently publicly available but can be requested from the 

corresponding author prior to public availability. Data will be up-
loaded to a public repository after publication of this manuscript.

ORCID
Nicole L. Zabik   https://orcid.org/0000-0003-2433-9597 
Marisa M. Silveri   https://orcid.org/0000-0001-9668-8548 
Danny G. Winder   https://orcid.org/0000-0002-6185-4769 
Jennifer Urbano Blackford   https://orcid.
org/0000-0002-0261-4845 

R E FE R E N C E S
Alvarez, R.P., Kirlic, N., Misaki, M., Bodurka, J., Rhudy, J.L., Paulus, M.P. 

et al. (2015) Increased anterior insula activity in anxious individuals 
is linked to diminished perceived control. Translational Psychiatry, 5, 
e591. Available from: https://​doi.​org/​10.​1038/​tp.​2015.​84

Avery, S.N., Clauss, J.A. & Blackford, J.U. (2016) The human BNST: func-
tional role in anxiety and addiction. Neuropsychopharmacology, 41, 
126–141. Available from: https://​doi.​org/​10.​1038/​npp.​2015.​185

Avery, S.N., Clauss, J.A., Winder, D.G., Woodward, N., Heckers, S. & 
Blackford, J.U. (2014) BNST neurocircuitry in humans. NeuroImage, 
91, 311–323. Available from: https://​doi.​org/​10.​1016/j.​neuro​image.​
2014.​01.​017

Babor, T.F., Higgins-Biddle, J.C., Saunders, J.B. & Monteiro, M.G. (2001) 
AUDIT: the alcohol use disorders identification test: guidelines for use 
in primary health care (No. WHO/MSD/MSB/01.6a). Geneva: World 
Health Organization.

Barker, J.M. & Taylor, J.R. (2019) Sex differences in incentive motivation 
and the relationship to the development and maintenance of alco-
hol use disorders. Physiology & Behavior, 203, 91–99. Available from: 
https://​doi.​org/​10.​1016/j.​physb​eh.​2017.​09.​027

Beck, A.T., Epstein, N., Brown, G. & Steer, R.A. (1988) An inventory for 
measuring clinical anxiety: psychometric properties. Journal of 
Consulting and Clinical Psychology, 56, 893–897. Available from: 
https://​doi.​org/​10.​1037/​0022-​006X.​56.6.​893

Becker, J.B. & Koob, G.F. (2016) Sex differences in animal models: focus 
on addiction. Pharmacological Reviews, 68, 242–263. Available from: 
https://​doi.​org/​10.​1124/​pr.​115.​011163

Camchong, J., Stenger, A. & Fein, G. (2013a) Resting-state synchrony 
during early alcohol abstinence can predict subsequent relapse. 
Cerebral Cortex, 23, 2086–2099. Available from: https://​doi.​org/​10.​
1093/​cercor/​bhs190

Camchong, J., Stenger, V.A. & Fein, G. (2013b) Resting state synchrony in 
long-term abstinent alcoholics with versus without comorbid drug 
dependence. Drug and Alcohol Dependence, 131, 56–65. Available 
from: https://​doi.​org/​10.​1016/j.​druga​lcdep.​2013.​04.​002

Carleton, R.N., Norton, M.A.P.J. & Asmundson, G.J.G. (2007) Fearing the 
unknown: a short version of the intolerance of uncertainty scale. 
Journal of Anxiety Disorders, 21, 105–117. Available from: https://​
doi.​org/​10.​1016/j.​janxd​is.​2006.​03.​014

Centanni, S.W., Morris, B.D., Luchsinger, J.R., Bedse, G., Fetterly, 
T.L., Patel, S. et  al. (2019) Endocannabinoid control of the 
insular-bed nucleus of the stria terminalis circuit regulates neg-
ative affective behavior associated with alcohol abstinence. 
Neuropsychopharmacology, 44, 526–537. Available from: https://​
doi.​org/​10.​1038/​s4138​6-​018-​0257-​8

Erol, A. & Karpyak, V.M. (2015) Sex and gender-related differences in 
alcohol use and its consequences: contemporary knowledge and 
future research considerations. Drug and Alcohol Dependence, 156, 
1–13. Available from: https://​doi.​org/​10.​1016/j.​druga​lcdep.​2015.​
08.​023

Feola, B., Flook, E.A., Gardner, H., Phan, K.L., Gwirtsman, H., Olatunji, B. 
et al. (2023) Altered bed nucleus of the stria terminalis and amyg-
dala responses to threat in combat veterans with posttraumatic 

 29937175, 2024, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acer.15407 by U

niversity O
f M

assachusetts, W
iley O

nline L
ibrary on [23/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-2433-9597
https://orcid.org/0000-0003-2433-9597
https://orcid.org/0000-0001-9668-8548
https://orcid.org/0000-0001-9668-8548
https://orcid.org/0000-0002-6185-4769
https://orcid.org/0000-0002-6185-4769
https://orcid.org/0000-0002-0261-4845
https://orcid.org/0000-0002-0261-4845
https://orcid.org/0000-0002-0261-4845
https://doi.org/10.1038/tp.2015.84
https://doi.org/10.1038/npp.2015.185
https://doi.org/10.1016/j.neuroimage.2014.01.017
https://doi.org/10.1016/j.neuroimage.2014.01.017
https://doi.org/10.1016/j.physbeh.2017.09.027
https://doi.org/10.1037/0022-006X.56.6.893
https://doi.org/10.1124/pr.115.011163
https://doi.org/10.1093/cercor/bhs190
https://doi.org/10.1093/cercor/bhs190
https://doi.org/10.1016/j.drugalcdep.2013.04.002
https://doi.org/10.1016/j.janxdis.2006.03.014
https://doi.org/10.1016/j.janxdis.2006.03.014
https://doi.org/10.1038/s41386-018-0257-8
https://doi.org/10.1038/s41386-018-0257-8
https://doi.org/10.1016/j.drugalcdep.2015.08.023
https://doi.org/10.1016/j.drugalcdep.2015.08.023


1726  |    ZABIK et al.

stress disorder. Journal of Traumatic Stress, 36, 359–372. Available 
from: https://​doi.​org/​10.​1002/​jts.​22918​

Feola, B., McHugo, M., Armstrong, K., Noall, M.P., Flook, E.A., 
Woodward, N.D. et  al. (2021) BNST and amygdala connectivity 
are altered during threat anticipation in schizophrenia. Behavioural 
Brain Research, 412, 113428. Available from: https://​doi.​org/​10.​
1016/j.​bbr.​2021.​113428

Feola, B., Melancon, S.N.T., Clauss, J.A., Noall, M.P., Mgboh, A., Flook, 
E.A. et  al. (2021) Bed nucleus of the stria terminalis and amyg-
dala responses to unpredictable threat in children. Developmental 
Psychobiology, 63, e22206. Available from: https://​doi.​org/​10.​
1002/​dev.​22206​

First, M.B. (1997) Structured clinical interview for the DSM-IV axis I dis-
orders: SCID/IP version 2.0. New York: Biometrics Research Dept., 
New York State Psychiatric Institute.

Flook, E.A., Feola, B., Avery, S.N., Winder, D.G., Woodward, N.D., 
Heckers, S. et al. (2020) BNST-insula structural connectivity in hu-
mans. NeuroImage, 210, 116555. Available from: https://​doi.​org/​10.​
1016/j.​neuro​image.​2020.​116555

Flook, E.A., Feola, B., Benningfield, M.M., Silveri, M.M., Winder, D.G. & 
Blackford, J.U. (2021) Alterations in connectivity of the bed nucleus 
of the stria terminalis during early abstinence in individuals with al-
cohol use disorder. Alcoholism: Clinical and Experimental Research, 45, 
1028–1038. Available from: https://​doi.​org/​10.​1111/​acer.​14596​

Flook, E.A., Feola, B., Benningfield, M.M., Silveri, M.M., Winder, D.G. & 
Blackford, J.U. (2023) Alterations in BNST intrinsic functional con-
nectivity in early abstinence from alcohol use disorder. Alcohol and 
Alcoholism, 58, 298–307. Available from: https://​doi.​org/​10.​1093/​
alcalc/​agad006

Flores-Bonilla, A. & Richardson, H.N. (2020) Sex differences in the neu-
robiology of alcohol use disorder. Alcohol Research, 40, 4. Available 
from: https://​doi.​org/​10.​35946/​​arcr.​v40.2.​04

Francesconi, W., Berton, F., Repunte-Canonigo, V., Hagihara, K., 
Thurbon, D., Lekic, D. et al. (2009) Protracted withdrawal from al-
cohol and drugs of abuse impairs long-term potentiation of intrinsic 
excitability in the juxtacapsular bed nucleus of the stria terminalis. 
The Journal of Neuroscience, 29, 5389–5401. Available from: https://​
doi.​org/​10.​1523/​JNEUR​OSCI.​5129-​08.​2009

Friston, K.J., Buechel, C., Fink, G.R., Morris, J., Rolls, E. & Dolan, R.J. 
(1997) Psychophysiological and modulatory interactions in neuro-
imaging. NeuroImage, 6, 218–229. Available from: https://​doi.​org/​
10.​1006/​nimg.​1997.​0291

Glover, L.R., McFadden, K.M., Bjorni, M., Smith, S.R., Rovero, N.G., 
Oreizi-Esfahani, S. et al. (2020) A prefrontal-bed nucleus of the stria 
terminalis circuit limits fear to uncertain threat. eLife, 9, e60812. 
Available from: https://​doi.​org/​10.​7554/​eLife.​60812​

Goode, T.D., Ressler, R.L., Acca, G.M., Miles, O.W. & Maren, S. (2019) 
Bed nucleus of the stria terminalis regulates fear to unpredictable 
threat signals. eLife, 8, e46525. Available from: https://​doi.​org/​10.​
7554/​eLife.​46525​

Gorka, S.M., Kreutzer, K.A., Petrey, K.M., Radoman, M. & Phan, K.L. 
(2020) Behavioral and neural sensitivity to uncertain threat in in-
dividuals with alcohol use disorder: associations with drinking be-
haviors and motives. Addiction Biology, 25, e12774. Available from: 
https://​doi.​org/​10.​1111/​adb.​12774​

Gorka, S.M., Lieberman, L., Phan, K.L. & Shankman, S.A. (2016) 
Association between problematic alcohol use and reactivity to 
uncertain threat in two independent samples. Drug and Alcohol 
Dependence, 164, 89–96. Available from: https://​doi.​org/​10.​1016/j.​
druga​lcdep.​2016.​04.​034

Gorka, S.M., Radoman, M., Jimmy, J., Kreutzer, K.A., Manzler, C. & Culp, S. 
(2023) Behavioral and brain reactivity to uncertain stress prospec-
tively predicts binge drinking in youth. Neuropsychopharmacology, 
48, 1194–1200. Available from: https://​doi.​org/​10.​1038/​s4138​6-​
023-​01571​-​x

Heilig, M., Egli, M., Crabbe, J. & Becker, H. (2010) Acute withdrawal, 
protracted abstinence and negative affect in alcoholism: are they 
linked? Addiction Biology, 15, 169–184. Available from: https://​doi.​
org/​10.​1111/j.​1369-​1600.​2009.​00194.​x

Holleran, K.M. & Winder, D.G. (2017) Preclinical voluntary drinking mod-
els for alcohol abstinence-induced affective disturbances in mice. 
Genes, Brain and Behavior, 16, 8–14. Available from: https://​doi.​org/​
10.​1111/​gbb.​12338​

Huang, M.M., Overstreet, D.H., Knapp, D.J., Angel, R., Wills, T.A., 
Navarro, M. et  al. (2010) Corticotropin-releasing factor (CRF) 
sensitization of ethanol withdrawal-induced anxiety-like behav-
ior is brain site specific and mediated by CRF-1 receptors: rela-
tion to stress-induced sensitization. Journal of Pharmacology and 
Experimental Therapeutics, 332, 298–307. Available from: https://​
doi.​org/​10.​1124/​jpet.​109.​159186

Kash, T.L., Baucum, A.J., Conrad, K.L., Colbran, R.J. & Winder, D.G. 
(2009) Alcohol exposure alters NMDAR function in the bed nucleus 
of the stria terminalis. Neuropsychopharmacology, 34, 2420–2429. 
Available from: https://​doi.​org/​10.​1038/​npp.​2009.​69

Klumpers, F., Kroes, M.C.W., Baas, J.M.P. & Fernández, G. (2017) How 
human amygdala and bed nucleus of the stria terminalis may drive 
distinct defensive responses. The Journal of Neuroscience, 37, 
9645–9656. Available from: https://​doi.​org/​10.​1523/​JNEUR​OSCI.​
3830-​16.​2017

Koob, G.F. & Volkow, N.D. (2016) Neurobiology of addiction: a neuro-
circuitry analysis. Lancet Psychiatry, 3, 760–773. Available from: 
https://​doi.​org/​10.​1016/​S2215​-​0366(16)​00104​-​8

Kushner, M.G., Abrams, K. & Borchardt, C. (2000) The relationship be-
tween anxiety disorders and alcohol use disorders: a review of 
major perspectives and findings. Clinical Psychology Review, 20, 
149–171. Available from: https://​doi.​org/​10.​1016/​s0272​-​7358(99)​
00027​-​6

Leary, M.R. (1983) A brief version of the fear of negative evaluation scale. 
Personality and Social Psychology Bulletin, 9, 371–375. Available 
from: https://​doi.​org/​10.​1177/​01461​67283​093007

Liebowitz, M.R. (1987) Social phobia. Modern Problems of 
Pharmacopsychiatry, 22, 141–173. Available from: https://​doi.​org/​
10.​1159/​00041​4022

Lundqvist, D., Flykt, A. & Öhman, A. (1998) Karolinska directed emo-
tional faces. PsycTESTS Dataset, 91, 630. Available from: https://​
doi.​org/​10.​1037/​t2773​2-​000

Luyten, L., Casteels, C., Vansteenwegen, D., Kuyck, K., Koole, M., Laere, 
K.V. et al. (2012) Micro-positron emission tomography imaging of 
rat brain metabolism during expression of contextual conditioning. 
The Journal of Neuroscience, 32, 254–263. Available from: https://​
doi.​org/​10.​1523/​JNEUR​OSCI.​3701-​11.​2012

Marcinkiewcz, C.A., Mazzone, C.M., D'Agostino, G., Halladay, L.R., 
Hardaway, J.A., DiBerto, J.F. et al. (2016) Serotonin engages an 
anxiety and fear-promoting circuit in the extended amygdala. 
Nature, 537, 97–101. Available from: https://​doi.​org/​10.​1038/​
natur​e19318

McLaren, D.G., Ries, M.L., Xu, G. & Johnson, S.C. (2012) A general-
ized form of context-dependent psychophysiological interactions 
(gPPI): a comparison to standard approaches. NeuroImage, 61, 
1277–1286. Available from: https://​doi.​org/​10.​1016/j.​neuro​image.​
2012.​03.​068

Meyer, T.J., Miller, M.L., Metzger, R.L. & Borkovec, T.D. (1990) 
Development and validation of the penn state worry question-
naire. Behaviour Research and Therapy, 28, 487–495. Available from: 
https://​doi.​org/​10.​1016/​0005-​7967(90)​90135​-​6

Moberg, C.A., Bradford, D.E., Kaye, J.T. & Curtin, J.J. (2017) Increased 
startle potentiation to unpredictable stressors in alcohol depen-
dence: possible stress neuroadaptation in humans. Journal of 
Abnormal Psychology, 126, 441. Available from: https://​doi.​org/​10.​
1037/​abn00​00265​

 29937175, 2024, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acer.15407 by U

niversity O
f M

assachusetts, W
iley O

nline L
ibrary on [23/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/jts.22918
https://doi.org/10.1016/j.bbr.2021.113428
https://doi.org/10.1016/j.bbr.2021.113428
https://doi.org/10.1002/dev.22206
https://doi.org/10.1002/dev.22206
https://doi.org/10.1016/j.neuroimage.2020.116555
https://doi.org/10.1016/j.neuroimage.2020.116555
https://doi.org/10.1111/acer.14596
https://doi.org/10.1093/alcalc/agad006
https://doi.org/10.1093/alcalc/agad006
https://doi.org/10.35946/arcr.v40.2.04
https://doi.org/10.1523/JNEUROSCI.5129-08.2009
https://doi.org/10.1523/JNEUROSCI.5129-08.2009
https://doi.org/10.1006/nimg.1997.0291
https://doi.org/10.1006/nimg.1997.0291
https://doi.org/10.7554/eLife.60812
https://doi.org/10.7554/eLife.46525
https://doi.org/10.7554/eLife.46525
https://doi.org/10.1111/adb.12774
https://doi.org/10.1016/j.drugalcdep.2016.04.034
https://doi.org/10.1016/j.drugalcdep.2016.04.034
https://doi.org/10.1038/s41386-023-01571-x
https://doi.org/10.1038/s41386-023-01571-x
https://doi.org/10.1111/j.1369-1600.2009.00194.x
https://doi.org/10.1111/j.1369-1600.2009.00194.x
https://doi.org/10.1111/gbb.12338
https://doi.org/10.1111/gbb.12338
https://doi.org/10.1124/jpet.109.159186
https://doi.org/10.1124/jpet.109.159186
https://doi.org/10.1038/npp.2009.69
https://doi.org/10.1523/JNEUROSCI.3830-16.2017
https://doi.org/10.1523/JNEUROSCI.3830-16.2017
https://doi.org/10.1016/S2215-0366(16)00104-8
https://doi.org/10.1016/s0272-7358(99)00027-6
https://doi.org/10.1016/s0272-7358(99)00027-6
https://doi.org/10.1177/0146167283093007
https://doi.org/10.1159/000414022
https://doi.org/10.1159/000414022
https://doi.org/10.1037/t27732-000
https://doi.org/10.1037/t27732-000
https://doi.org/10.1523/JNEUROSCI.3701-11.2012
https://doi.org/10.1523/JNEUROSCI.3701-11.2012
https://doi.org/10.1038/nature19318
https://doi.org/10.1038/nature19318
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1016/0005-7967(90)90135-6
https://doi.org/10.1037/abn0000265
https://doi.org/10.1037/abn0000265


    | 1727ABSTINENCE IMPACTS HUMAN BNST NETWORK

Motzkin, J.C., Philippi, C.L., Wolf, R.C., Baskaya, M.K. & Koenigs, M. 
(2015) Ventromedial prefrontal cortex is critical for the regu-
lation of amygdala activity in humans. Biological Psychiatry, 77, 
276–284. Available from: https://​doi.​org/​10.​1016/j.​biops​ych.​
2014.​02.​014

Orban, C., McGonigle, J., Kalk, N.J., Erritzoe, D., Waldman, A.D., Nutt, 
D.J. et al. (2013) Resting state synchrony in anxiety-related circuits 
of abstinent alcohol-dependent patients. The American Journal of 
Drug and Alcohol Abuse, 39, 433–440. Available from: https://​doi.​
org/​10.​3109/​00952​990.​2013.​846348

Padula, C.B., Anthenelli, R.M., Eliassen, J.C., Nelson, E. & Lisdahl, K.M. 
(2015) Gender effects in alcohol dependence: an fMRI pilot study 
examining affective processing. Alcoholism: Clinical and Experimental 
Research, 39, 272–281. Available from: https://​doi.​org/​10.​1111/​
acer.​12626​

Paulus, M.P., Hozack, N., Zauscher, B., McDowell, J.E., Frank, L., Brown, 
G.G. et  al. (2001) Prefrontal, parietal, and temporal cortex net-
works underlie decision-making in the presence of uncertainty. 
NeuroImage, 13, 91–100. Available from: https://​doi.​org/​10.​1006/​
nimg.​2000.​0667

Peltier, M.R., Verplaetse, T.L., Mineur, Y.S., Petrakis, I.L., Cosgrove, K.P., 
Picciotto, M.R. et al. (2019) Sex differences in stress-related alco-
hol use. Neurobiology of Stress, 10, Article 100149. Available from: 
https://​doi.​org/​10.​1016/j.​ynstr.​2019.​100149

Pleil, K.E., Rinker, J.A., Lowery-Gionta, E.G., Mazzone, C.M., McCall, N.M., 
Kendra, A.M. et al. (2015) NPY signaling inhibits extended amygdala 
CRF neurons to suppress binge alcohol drinking. Nature Neuroscience, 
18, 545–552. Available from: https://​doi.​org/​10.​1038/​nn.​3972

Radoman, M., Fogelman, N., Lacadie, C., Seo, D. & Sinha, R. (2024) 
Neural correlates of stress and alcohol Cue-induced alcohol crav-
ing and of future heavy drinking: evidence of sex differences. 
AJP, 181, 412–422. Available from: https://​doi.​org/​10.​1176/​appi.​
ajp.​20230849

Ressler, R.L., Goode, T.D., Evemy, C. & Maren, S. (2020) NMDA receptors 
in the CeA and BNST differentially regulate fear conditioning to 
predictable and unpredictable threats. Neurobiology of Learning and 
Memory, 174, 107281. Available from: https://​doi.​org/​10.​1016/j.​
nlm.​2020.​107281

Rivas-Grajales, A.M., Sawyer, K.S., Karmacharya, S., Papadimitriou, G., 
Camprodon, J.A., Harris, G.J. et al. (2018) Sexually dimorphic struc-
tural abnormalities in major connections of the medial forebrain 
bundle in alcoholism. NeuroImage: Clinical, 19, 98–105. Available 
from: https://​doi.​org/​10.​1016/j.​nicl.​2018.​03.​025

Ruiz, S.M., Oscar-Berman, M., Sawyer, K.S., Valmas, M., Urban, T. & 
Harris, G.J. (2013) Drinking history associations with regional white 
matter volumes in alcoholic men and women. Alcoholism: Clinical 
and Experimental Research, 37, 110–122. Available from: https://​doi.​
org/​10.​1111/j.​1530-​0277.​2012.​01862.​x

SAMHSA. (2022) Center for Behavioral Health Statistics and Quality. 
2022 National Survey on Drug Use and Health. Table 5.9A—Alcohol 
Use Disorder in Past Year among Persons Aged 12 or Older, by Age 
Group and Demographic Characteristics: Numbers in Thousands. 
Available from https://​www.​samhsa.​gov/​data/​sites/​​defau​lt/​files/​​
repor​ts/​rpt42​728/​NSDUH​Detai​ledTa​bs2022/​NSDUH​Detai​ledTa​
bs2022/​NSDUH​DetTa​bsSec​t5pe2​022.​htm?s=​5.​9&#​tab5.​9a 
[Accessed 24th May 2023]

Sawyer, K.S., Maleki, N., Urban, T., Marinkovic, K., Karson, S., Ruiz, S.M. 
et al. (2019) Alcoholism gender differences in brain responsivity to 
emotional stimuli. eLife, 8, e41723. Available from: https://​doi.​org/​
10.​7554/​eLife.​41723​

Sawyer, K.S., Oscar-Berman, M., Barthelemy, O.J., Papadimitriou, G.M., 
Harris, G.J. & Makris, N. (2017) Gender dimorphism of brain reward 
system volumes in alcoholism. Psychiatry Research: Neuroimaging, 
263, 15–25. Available from: https://​doi.​org/​10.​1016/j.​pscyc​hresns.​
2017.​03.​001

Schmitz, A. & Grillon, C. (2012) Assessing fear and anxiety in humans 
using the threat of predictable and unpredictable aversive events 
(the NPU-threat test). Nature Protocols, 7, 527–532. Available from: 
https://​doi.​org/​10.​1038/​nprot.​2012.​001

Silberman, Y., Matthews, R.T. & Winder, D.G. (2013) A corticotropin re-
leasing factor pathway for ethanol regulation of the ventral teg-
mental area in the bed nucleus of the stria terminalis. The Journal 
of Neuroscience, 33, 950–960. Available from: https://​doi.​org/​10.​
1523/​JNEUR​OSCI.​2949-​12.​2013

Skinner, H.A. & Sheu, W.J. (1982) Reliability of alcohol use indices. 
The lifetime drinking history and the MAST. Journal of Studies on 
Alcohol, 43, 1157–1170. Available from: https://​doi.​org/​10.​15288/​​
jsa.​1982.​43.​1157

Spielberger, C.D., Gorsuch, R.L., Luschene, R., Vagg, P.R. & Jacobs, G.A. 
(1983) Manual for the state-trait anxiety inventory (form Y).

Torrisi, S., O'Connell, K., Davis, A., Reynolds, R., Balderston, N., Fudge, 
J.L. et  al. (2015) Resting state connectivity of the bed nucleus 
of the stria terminalis at ultra-high field. Human Brain Mapping, 
36, 4076–4088. Available from: https://​doi.​org/​10.​1002/​hbm.​
22899​

Williams, L.E., Oler, J.A., Fox, A.S., McFarlin, D.R., Rogers, G.M., Jesson, 
M.A. et  al. (2015) Fear of the unknown: uncertain anticipation 
reveals amygdala alterations in childhood anxiety disorders. 
Neuropsychopharmacology, 40, 1428–1435. Available from: https://​
doi.​org/​10.​1038/​npp.​2014.​328

Wills, T.A., Klug, J.R., Silberman, Y., Baucum, A.J., Weitlauf, C., Colbran, 
R.J. et al. (2012) GluN2B subunit deletion reveals key role in acute 
and chronic ethanol sensitivity of glutamate synapses in bed nu-
cleus of the stria terminalis. Proceedings of the National Academy of 
Sciences of the United States of America, 109, E278–E287. Available 
from: https://​doi.​org/​10.​1073/​pnas.​11138​20109​

Zhao, W., Makowski, C., Hagler, D.J., Garavan, H.P., Thompson, W.K., 
Greene, D.J. et al. (2023) Task fMRI paradigms may capture more 
behaviorally relevant information than resting-state functional 
connectivity. NeuroImage, 270, 119946. Available from: https://​doi.​
org/​10.​1016/j.​neuro​image.​2023.​119946

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Zabik, N.L., Flook, E.A., Feola, B., 
Benningfield, M.M., Silveri, M.M., Winder, D.G. et al.  (2024) 
Bed nucleus of the stria terminalis network responses to 
unpredictable threat in early alcohol abstinence. Alcohol: 
Clinical and Experimental Research, 48, 1716–1727. Available 
from: https://doi.org/10.1111/acer.15407

 29937175, 2024, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/acer.15407 by U

niversity O
f M

assachusetts, W
iley O

nline L
ibrary on [23/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.biopsych.2014.02.014
https://doi.org/10.1016/j.biopsych.2014.02.014
https://doi.org/10.3109/00952990.2013.846348
https://doi.org/10.3109/00952990.2013.846348
https://doi.org/10.1111/acer.12626
https://doi.org/10.1111/acer.12626
https://doi.org/10.1006/nimg.2000.0667
https://doi.org/10.1006/nimg.2000.0667
https://doi.org/10.1016/j.ynstr.2019.100149
https://doi.org/10.1038/nn.3972
https://doi.org/10.1176/appi.ajp.20230849
https://doi.org/10.1176/appi.ajp.20230849
https://doi.org/10.1016/j.nlm.2020.107281
https://doi.org/10.1016/j.nlm.2020.107281
https://doi.org/10.1016/j.nicl.2018.03.025
https://doi.org/10.1111/j.1530-0277.2012.01862.x
https://doi.org/10.1111/j.1530-0277.2012.01862.x
https://www.samhsa.gov/data/sites/default/files/reports/rpt42728/NSDUHDetailedTabs2022/NSDUHDetailedTabs2022/NSDUHDetTabsSect5pe2022.htm?s=5.9&#tab5.9a
https://www.samhsa.gov/data/sites/default/files/reports/rpt42728/NSDUHDetailedTabs2022/NSDUHDetailedTabs2022/NSDUHDetTabsSect5pe2022.htm?s=5.9&#tab5.9a
https://www.samhsa.gov/data/sites/default/files/reports/rpt42728/NSDUHDetailedTabs2022/NSDUHDetailedTabs2022/NSDUHDetTabsSect5pe2022.htm?s=5.9&#tab5.9a
https://doi.org/10.7554/eLife.41723
https://doi.org/10.7554/eLife.41723
https://doi.org/10.1016/j.pscychresns.2017.03.001
https://doi.org/10.1016/j.pscychresns.2017.03.001
https://doi.org/10.1038/nprot.2012.001
https://doi.org/10.1523/JNEUROSCI.2949-12.2013
https://doi.org/10.1523/JNEUROSCI.2949-12.2013
https://doi.org/10.15288/jsa.1982.43.1157
https://doi.org/10.15288/jsa.1982.43.1157
https://doi.org/10.1002/hbm.22899
https://doi.org/10.1002/hbm.22899
https://doi.org/10.1038/npp.2014.328
https://doi.org/10.1038/npp.2014.328
https://doi.org/10.1073/pnas.1113820109
https://doi.org/10.1016/j.neuroimage.2023.119946
https://doi.org/10.1016/j.neuroimage.2023.119946
https://doi.org/10.1111/acer.15407

	Bed nucleus of the stria terminalis network responses to unpredictable threat in early alcohol abstinence
	Abstract
	INTRODUCTION
	METHODS
	Participants
	Alcohol and anxiety measures
	Unpredictable threat task
	Functional imaging
	Data collection and processing
	Brain activation
	Functional connectivity of the BNST

	Power analyses
	Statistical analyses

	RESULTS
	Sample characteristics and behaviors
	Brain activation
	Activation during cues
	Unpredictable versus predictable neutral
	Unpredictable versus predictable threat

	Activation during images
	Unpredictable versus predictable neutral
	Unpredictable versus predictable threat


	Functional connectivity of the BNST
	Connectivity during cues
	Unpredictable versus predictable neutral
	Unpredictable versus predictable threat

	Connectivity during images
	Unpredictable versus predictable neutral
	Unpredictable versus predictable threat



	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


