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ABSTRACT (245/250)
When extreme, anxiety—a state of distress and arousal prototypically evoked by uncertain danger—can
become debilitating. Uncertain anticipation is a shared feature of situations that elicit signs of anxiety
across disorders, species, and assays. Despite the profound significance of anxiety for human health and
wellbeing, the neurobiology of uncertain threat anticipation remains remarkably unsettled. Leveraging a
paradigm adapted from animal research and optimized for functional MRI, we examined the neural
circuits engaged during the anticipation of temporally uncertain and certain threat in 99 individuals.
Results revealed that uncertain and certain threat are anatomically co-localized in the neocortex and
extended amygdala (EA). Comparison of the two threat conditions demonstrated that this core network
can be fractionated, with fronto-cortical regions showing relatively stronger engagement during the
anticipation of uncertain threat, and the EA showing the reverse pattern. Although there is widespread
agreement that the bed nucleus of the stria terminalis and dorsal amygdala—the two major subdivisions
of the EA—play a critical role in orchestrating adaptive responses to potential danger, their precise
contributions to human anxiety have remained contentious. Follow-up analyses demonstrated that these
regions show statistically indistinguishable responses to uncertain and certain threat, indicating the need
to reformulate prominent models of anxiety, including the National Institute of Mental Health’s Research
Domain Criteria. These observations provide a framework for conceptualizing anxiety and fear, for
understanding the functional neuroanatomy of threat anticipation in humans, and for guiding the

development of more effective intervention strategies for pathological anxiety.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

J Hur et al,, Neurobiology of Uncertain Threat 3
INTRODUCTION

Anxiety is widely conceptualized as a state of distress, arousal, and vigilance that can be elicited by the
anticipation of uncertain danger (1-5). Anxiety lies on a continuum and, when extreme, can be
debilitating (6-8). As Daniel Defoe wrote in Robinson Crusoe, “fear of danger is 10,000 times more
terrifying than danger itself...and...the burden of anxiety greater, by much, than the evil which we are
anxious about” (9, p. 140). Anxiety disorders are the most common family of psychiatric illnesses and
existing treatments are inconsistently effective (7, 10-14), underscoring the urgency of developing a

clearer understanding of the neural systems engaged by uncertain threat anticipation.

Perturbation and recording studies in mice have begun to reveal the specific molecules and cellular
ensembles that underlie defensive responses to uncertain threat (3, 15, 16), but the relevance of these
discoveries to the complexities of human anxiety remains unclear. Humans and mice diverged ~75 MYA,
leading to marked behavioral, genetic, and neurobiological differences between the two species (17). The
role of neocortical regions that are especially well-developed in humans—including the midcingulate
cortex (MCC), anterior insula (Al), and dorsolateral prefrontal cortex (dIPFC)—remains particularly
opaque, reflecting equivocal or absent anatomical homologies and the use of disparate paradigms across

species (18-24).

In human research, anxiety has received considerably less scientific attention than other aspects of
emotion and motivation. The vast majority of human neuroimaging studies—including recent and on-
going mega-studies!—have relied on static photographs of emotion-expressing faces or, less commonly,

aversive images or Pavlovian threat cues. None of these approaches are suitable for understanding

1 ABCD (25), Duke Neurogenetics (26), Human Connectome Project (27), IMAGEN (28), Philadelphia Neurodevelopmental
Cohort (29), and UK Biobank (30).
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sustained states of distress and arousal elicited by the anticipation of uncertain threat. Preliminary work
using various kinds of uncertain threat tasks—including the unpredictable presentation of shocks,
aversive images, screams, and faces—has begun to reveal the broad contours of the neural systems
underlying human anxiety (3, 31-35). Yet progress has been slowed by paradigms that confound
variation in threat certainty with differences in perception (e.g. anticipation vs. presentation of shocks;
(34, 36-38)). These concerns are magnified in functional MRI (fMRI) studies, where samples are typically
small, hampering reproducibility (n<30; 32, 39); technical limitations abound (e.g. regressor collinearity),
making it difficult to disambiguate signals associated with the anticipation and presentation of threat;
reinforcers are relatively mild, threatening validity; and reinforcer delivery is often inconsistent. For
example, in one highly cited early study (38), the probability of shock delivery in the ‘certain threat’
condition was only 54%, thwarting decisive inferences (31, 32). In short—with the exception of a few
intensively scrutinized regions (e.g. amygdala; 12)—we know remarkably little about the distributed

brain circuitry underlying anxious states in humans.

The role of the central extended amygdala—a circuit encompassing the dorsal amygdala in the region of
the central nucleus (Ce) and the bed nucleus of the stria terminalis (BST)—remains particularly
contentious. Inspired by an earlier generation of gross perturbation studies in rodents (40), it is widely
believed that these two regions are functionally dissociable, with the amygdala mediating phasic
responses to clear-and-immediate danger and the BST mediating sustained responses to uncertain-or-
remote danger (36, 37, 41, 42). This ‘strict-segregation’ hypothesis has even been enshrined in the
National Institute of Mental Health’s (NIMH) Research Domain Criteria (RDoC) framework (43). Yet a
rapidly growing body of optogenetic, chemogenetic, and electrophysiological evidence gleaned from

animal models suggest that defensive responses to uncertain threat are assembled by microcircuits
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encompassing both regions (3, 12, 44-48). This work has motivated the competing hypothesis that the

dorsal amygdala and BST are both important substrates for human anxiety (3, 31).

To address these fundamental questions, we combined whole-brain fMRI with a novel threat-anticipation
task in a sample of 99 healthy adults. A multiband pulse sequence and advanced co-registration and
spatial normalization techniques enhanced our ability to resolve smaller subcortical regions
(Supplementary Method). Building on earlier neuroimaging work (37, 49), the Maryland Threat
Countdown (MTC) paradigm is an fMRI-optimized version of temporally uncertain threat assays that
have been validated using fear-potentiated startle and acute pharmacological manipulations in mice (50,
51), rats (52), and humans (53), maximizing its translational relevance. As shown in Fig. 1, the MTC
paradigm takes the form of a 2 (Valence: Threat/Safety) x 2 (Temporal Certainty: Uncertain/Certain)
randomized event-related design. On Certain Threat trials, subjects saw a descending stream of integers
(e.g. 30, 29, 28...) for 18.75 s, a duration sufficient to enable the dissection of onset-evoked from sustained
hemodynamic responses. To ensure robust emotion induction, this anticipatory epoch (‘countdown’)
always culminated with the delivery of a multi-modal reinforcer, consisting of a noxious electric shock,
unpleasant photograph (e.g. mutilated body), and thematically related audio clip (e.g. scream). Uncertain
Threat trials were similar, but the integer stream was randomized and presented for an uncertain and
variable duration (8.75-32.5 s; M=18.75 s). Thus, on Uncertain Threat trials, subjects knew that the threat
was coming, but they did not know when it would occur. Safety trials were similar, but terminated with
the delivery of benign stimuli (e.g. just-perceptible electrical stimulation). Comparison of the perceptually
well-matched anticipatory epochs afforded a rigorous means of isolating neural circuits recruited during
the anticipation of uncertain threat, unlike traditional fear conditioning or ‘threat-of-shock’ paradigms

(32, 54).
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RESULTS

Uncertain Threat anticipation elicits robust symptoms and signs of anxiety

As shown in Fig. 1, threat anticipation markedly increased subjective symptoms (in-scanner ratings) and
objective signs (skin conductance) of anxiety, and this was particularly evident when the timing of
aversive stimulation was uncertain (Valence x Certainty, ps<.001; Uncertain Threat > Certain Threat,
ps<.001; see Supplementary Results). These results confirm the validity of the MTC paradigm for

understanding the neural circuits underpinning anxiety.

Uncertain Threat anticipation recruits a distributed network of subcortical and cortical regions

As detailed in the Supplement, a voxelwise GLM was used to identify brain regions recruited during the
anticipation of temporally Uncertain Threat (Uncertain Threat > Uncertain Safety; FDR g<.05, whole-
brain corrected). As shown in Fig. 2, this highlighted a widely distributed network of regions previously
implicated in the expression and regulation of human fear and anxiety (3, 32, 54, 55), including the MCC;
Al extending into the frontal operculum (FrO); dIPFC extending to the frontal pole (FP); brainstem
encompassing the periaqueductal grey (PAG); basal forebrain in the region of the BST; and dorsal
amygdala in the region of the central and medial nuclei. Heightened activity during the anticipation of
Uncertain Threat was also evident in the orbitofrontal cortex, basal ganglia, hippocampus, and
ventrolateral amygdala in the region of the lateral nucleus (Supplementary Table 1). Consistent with
prior work (e.g. 49, 56), Uncertain Threat anticipation was also associated with reduced activity in a set of
midline regions that resembled the default mode network (e.g. anterior rostral sulcus, postcentral gyrus,
and precuneus), as well as the posterior insula and parahippocampal gyrus (Supplementary Table 2).
Reduced activity was also observed in the most rostral tip of the amygdala, underscoring the functional

heterogeneity of this complex structure (3, 38, 57-60).
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Figure 2. The anticipation of Uncertain and Certain Threat recruits broadly similar networks. Key regions (cyan
arrowheads) showing significantly elevated activity during the anticipation of Uncertain Threat (left column) and Certain
Threat (center column) compared to their respective control conditions. Voxels showing significantly increased activity in both
contrasts are depicted in the right column. BST and dorsal amygdala images are masked to highlight significant voxels in
extended amygdala (green). Coronal insets depict the thresholded statistical parametric maps without the additional mask.
Taken together, these observations indicate that these regions are sensitive to both temporally certain and uncertain threat..
Abbreviations—Ant., anterior; BST, bed nucleus of the stria terminalis; dIPFC, dorsolateral prefrontal cortex; FrO, frontal
operculum; L, left; PAG, periaqueductal grey; WB, whole-brain corrected.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 9
Uncertain Threat anticipation elicits sustained hemodynamic activity
Anxiety is often conceptualized as a sustained state (1, 4, 5, 61), and it is tempting to interpret regions of
enhanced activity (e.g. Fig. 2) through this lens. But do we actually see evidence of sustained responses
during the anticipation of Uncertain Threat? Although a wide variety of other signals are physiologically
plausible (e.g. 44, 62) (Fig. S2), the vast majority of fMRI studies never address this question; they
instead assume the shape of the hemodynamic response and focus on estimates of response magnitude
(‘activation’). To address this ambiguity, we used a finite impulse response (FIR) approach to estimate
responses elicited by the anticipation of Uncertain Threat and Uncertain Safety on a moment-by-moment
(1.25 s) basis. Doing so revealed significantly sustained activity across key cortical (MCC, Al/FrO,
dIPFC/FP) and subcortical (PAG, BST, dorsal amygdala) regions for the first time (Uncertain Threat >

Uncertain Safety; 6.25-30 s; Fig. 3 and Supplementary Table 3).

sustained response: boorar model nmitches signol

a B B ©

BOLD Signal (arbitrary)

4

fix= 712
T = 52556

- on- and offset reponse: mismatch —— Observed Signal
e 72 —— Smoothed Signal
Tae 52556 --=-- Model

Supplementary Fig. S2. Interpretive ambiguities of canonical HRF modeling. The canonical approach to fMRI analysis
models the amplitude of anticipatory activity (solid black line) under the assumption that it approximates a ‘boxcar-like’
square-wave shape (dotted line; convolution of a canonical HRF with task duration). In some cases, such as the upper-left panel,
the hemodynamic signal and the model will match. But in others, it won’t. Importantly, a variety of physiologically plausible
hemodynamic responses can produce similarly strong and statistically significant results (T = 52.556 in this example),
highlighting the importance of modeling the BOLD signal on a TR-by-TR basis.
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Certain Threat anticipation recruits an anatomically and functionally similar network
Having identified a distributed neural circuit sensitive to Uncertain Threat, we used a parallel approach
to identify regions recruited during the anticipation of Certain Threat (Certain Threat > Certain Safety;
FDR ¢<.05, whole-brain corrected). As shown in Fig. 2, results were similar to those found for Uncertain
Threat (Supplementary Tables 4-5). In fact, a minimum conjunction analysis (Logical ‘AND;’ (63))
revealed voxelwise co-localization in every key cortical and subcortical region, including the BST and
dorsal amygdala (Fig. 2 and Supplementary Table 6). FIR results provided additional evidence of
functional convergence across conditions, with all but one of these key regions—the PAG—showing
sustained levels of heightened hemodynamic activity during the anticipation of Certain Threat (Fig. S4;
Supplementary Table 7). Taken together, these results suggest that this network of subcortical and

cortical regions is sensitive to multiple kinds of threat anticipation, both certain and uncertain.

The threat anticipation network can be fractionated into subdivisions

To determine whether regions recruited during threat anticipation are sensitive to temporal uncertainty,
we directly compared the Uncertain and Certain Threat conditions (FDR g<.05, whole-brain corrected).
This indicated that the threat anticipation network can be fractionated into subdivisions. As shown in Fig.
4, key cortical regions (MCC, Al/FrO, and dIPFC/FP) showed a further increase in activity during the
anticipation of Uncertain Threat (Supplementary Table 8). In contrast, the BST and dorsal amygdala
showed the reverse pattern, with relatively greater activity during the anticipation of Certain Threat

(Supplementary Table 9). The PAG did not discriminate the two threat conditions.
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Figure 4. The threat anticipation network can be fractionated into subdivisions. The midcingulate cortex, anterior
insula/frontal operculum, and dIPFC showed greater activity during the anticipation of Uncertain Threat (left column),
whereas the BST and dorsal amygdala showed greater activity during the anticipation of Certain Threat (center column).
Thresholds and other conventions are identical to Fig. 3. The right column depicts moment-by-moment (every TR; 1.25 s)
hemodynamic responses during the anticipation of Uncertain Threat (solid red line) and Certain Threat (broken red line). Data
were extracted from the local maxima of key clusters (black-and-white asterisks in the left and center columns) identified using
a canonical HRF GLM approach. Given the temporal resolution and autocorrelation of the hemodynamic signal, data were
averaged for 3 windows (TR-1 to TR-5, TR-6 to TR-10, and TR-11 to TR-15), spanning a total of 15 measurements (18.75 s).
Windows are indicated by broken vertical lines. Shaded envelopes depict the standard error of the mean. Significant
differences are indicated by the black asterisks in the right panels (ps<.05; Supplementary Table 10). Abbreviations—Ant.,
anterior; BST, bed nucleus of the stria terminalis; dIPFC, dorsolateral prefrontal cortex; FrO, frontal operculum; L, left; PAG,
periaqueductal grey.
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Uncertain and Certain Threat anticipation elicit statistically equivalent responses in the extended
amygdala

Our results indicate that the BST and dorsal amygdala—the two major subdivisions of the EA—respond
similarly to threat anticipation. Both regions show significantly elevated activity during threat
anticipation, and this is evident whether or not the timing of aversive stimulation is uncertain (Fig. 2).
Furthermore, both regions showed parallel increases in activity during the anticipation of Certain Threat
(Fig. 4). Yet it remains possible that the BST and the amygdala exhibit subtler differences in threat
sensitivity. To rigorously test this, we directly compared regional responses to the 3 threat contrasts
shown in Figs. 3 and 4 (equivalent to testing Region x Condition interactions; see the Supplementary
Method for details). As shown in Fig. 5, mean differences were small to very-small and all non-significant
(Supplementary Table 11). Likewise, the proportion of subjects showing numerically greater activity in
either region never exceeded 55% (Fig. 5). Naturally, these results do not license claims of regional
equivalence. While it is impossible to demonstrate that the true difference in regional activity is zero, the
two one-sided tests (TOST) procedure provides a well-established and widely used statistical framework
for testing whether mean differences (here, in regional activity) are small enough to be considered
equivalent (64, 65). For present purposes, we considered differences smaller than a ‘medium’
standardized effect (Cohen’s d,=.35) statistically equivalent. Results revealed significant equivalence for
each of the threat contrasts (ps=.001-.03; Fig. 5 and Supplementary Table 11). Although these
statistical results clearly do not demonstrate that the amygdala and the BST are functionally
interchangeable, they do enable us to decisively reject strong claims of functional segregation (i.e. that

the BST is sensitive to uncertain danger, whereas the amygdala is not).
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Figure. 5. The BST and dorsal amygdala show statistically equivalent
responses during threat anticipation. Direct comparison of BST and amygdala
responses for each threat contrast (see the Supplementary Method for details).
While it is impossible to demonstrate that the true difference in regional
hemodynamic activity is zero, the two one-sided tests (TOST) procedure provides a
well-established and widely used statistical framework for testing whether mean
differences in regional activity are small enough to be considered equivalent (64,
65). Results revealed significant equivalence for all contrasts. Figure depicts the
data (black points; individual participants), density distribution (bean plots),
Bayesian 95% highest density interval (HDI; colored bands), and mean (black bars)
for each condition. HDIs permit population-generalizable visual inferences about
mean differences and were estimated using 1,000 samples from a posterior
Gaussian distribution. Inset ring plots indicate the percentage of subjects showing
greater activity in the BST compared to the dorsal amygdala for each contrast.
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DISCUSSION

Uncertain threat anticipation is the prototypical trigger of anxiety (2), a core theme that cuts across
disorders, species, and assays, including novelty, darkness, and other so-called ‘diffuse’ threats. Despite
the profound significance of anxiety for human health and wellbeing, the neural systems recruited by
uncertain threat have remained incompletely understood. Leveraging a translationally relevant paradigm
optimized for fMRI signal decomposition (Fig. 1), our results reveal that the anticipation of temporally
uncertain aversive stimulation recruits a distributed network of fronto-cortical (MCC, Al/FrO, and
dIPFC/FP) and subcortical (PAG, BST, and dorsal amygdala) regions (Fig. 2), mirroring robust changes in
subjective emotional experience and objective autonomic physiology (Fig. 1). Using a FIR approach, close
inspection of fMRI signal dynamics in these regions revealed sustained activity during the anticipation of
Uncertain Threat (Fig. 3). Analyses focused on the anticipation of temporally Certain Threat revealed a
remarkably similar pattern, with voxels sensitive to both kinds of threat evident in key cortical and
subcortical regions (Figs. 2 and S4). Collectively, these observations suggest this network is sensitive to
both certain and uncertain threat. Direct comparison of the two threat conditions demonstrated that the
threat anticipation network can be fractionated: cortical regions showed relatively greater activity during
the anticipation of Uncertain Threat, whereas the BST and dorsal amygdala showed relatively greater
activity during the anticipation of Certain Threat (Fig. 4). While there is widespread agreement that the
BST and dorsal amygdala play a critical role in orchestrating adaptive responses to danger, their precise
contributions to human anxiety have remained contentious (3, 36, 66). Our results suggest that these
regions respond similarly to different kinds of threat (Figs. 2 and 4). In fact, the present findings
rigorously demonstrate that the BST and dorsal amygdala exhibit statistically indistinguishable
hemodynamic responses to threat anticipation across a variety of ‘head-to-head’ comparisons (Fig. 5),

reinforcing the possibility that they make similar contributions to human anxiety (3, 44).
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Since the time of Freud (67), the distinction between certain (fear’) and uncertain (‘anxiety’) danger has
been a key feature of prominent models of emotion and psychiatric disease (1-5, 43, 68). Our findings
show that the brain regions recruited during the anticipation of Certain and Uncertain Threat are
anatomically co-localized at the voxelwise level (Fig. 2). This common threat anticipation network
encompasses subcortical regions—including the PAG, BST, and dorsal amygdala—that are critical for
assembling appropriate defensive responses to uncertain threat in animals (3, 12, 69). But it also includes
fronto-cortical regions—including the MCC, AI/Fr0O, and dIPFC/FP—that have received less empirical
attention and are difficult or impossible to study in rodents (18-24). These frontal regions have
traditionally been associated with the controlled processing and regulation of emotion, cognition, and
action (70-75) and more recently implicated in the conscious experience of emotion (i.e. feelings) (76).
As described in more detail in Fig. S5, the present results are well aligned with recent coordinate-based
meta-analyses of neuroimaging studies of both ‘fear’ (54) and ‘anxiety’ (32). Across studies collectively
encompassing hundreds of subjects, this body of research shows that the anticipation of certain threat
(Pavlovian threat cues; the prototypical ‘fear’ stimulus in laboratory studies) and uncertain threat
(instructed ‘threat-of-shock’) recruit an overlapping network of core regions, including the BST,

consistent with the present within-subjects results.
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Supplementary Figure S5. Certain and uncertain threat elicit broadly similar patterns of neural activity. Figure
summarizes the results of two coordinate-based meta-analyses of functional neuroimaging studies. Top-left inset depicts the
results for 27 ‘fear conditioning’ studies (N=677), highlighting regions showing consistently greater activity during the
anticipation of certain threat (CS+ > CS-) (71). Bottom-right inset depicts the results for 18 ‘threat-of-shock’ studies (N=693),
highlighting regions showing consistently greater activity during the anticipation of uncertain threat (Threat > Safe) (5). Visual
inspection of the results (red clusters) suggests that the anticipation of certain and uncertain threat elicits qualitatively similar
patterns, including heightened activity in the region of the BST. This impression is reinforced by the substantial correlation
between the two whole-brain patterns, r = .69. Note: The pattern correlation was estimated in Neurovault (72) using a brain-
masked, 4-mm transformation of the publicly available, vectorized meta-analytic maps. For illustrative purposes, every 10t
voxel is depicted in the scatter plot. Abbreviations—BST, bed nucleus of the stria terminalis; L, left hemisphere; R, right
hemisphere.
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Our results provide fresh insight into the functional architecture of the threat anticipation network,
demonstrating that fronto-cortical regions prefer Uncertain over Certain Threat, whereas the BST and
dorsal amygdala show the reverse preference—a difference in degree, not in kind. In contrast to prior
research, trivial differences cannot account for this nuance; the two threat conditions were pseudo-
randomly intermixed and nearly identical in terms of their perceptual, nociceptive, motor, and statistical
features (Fig. 1). So, what might explain the observed regional preferences? Aside from temporal
certainty, the most conspicuous difference between the threat conditions is the degree of cognitive
scaffolding. During Certain Threat trials, the descending stream of integers provides a precise and
predictable index of momentary changes in threat imminence, encouraging a reactive, stimulus-bound
cognitive mode. During Uncertain Threat trials this support is absent, necessitating a greater reliance on
the kinds of sustained, endogenous representations that are the hallmark of fronto-cortical regions (77,
78). A second notable difference between the two threat conditions is the intensity of anxiety. Consistent
with prior work (37, 79-81), the anticipation of Uncertain Threat was associated with greater distress
and arousal (Fig. 1). The observed increase in fronto-cortical activity could reflect either heightened
anxiety or compensatory processes aimed at downregulating distress and arousal. Testing these non-
exclusive hypotheses will require a multi-pronged approach that encompasses carefully optimized tasks
and mechanistic interventions (e.g. transcranial magnetic stimulation, acute anxiolytic challenges, explicit
regulation manipulations). Multivariate classifier approaches are likely to be useful for linking specific
facets of anxiety, such as feelings, to variation in the function of the threat anticipation network, and

determining whether this reflects expressive or regulatory processes (82-84).

The present results add to a growing body of evidence indicating that the BST and dorsal amygdala, while
certainly not interchangeable (cf. Fig. 4, right column), are more alike than different (3, 31).

Anatomically, the BST and dorsal amygdala are characterized by similar patterns of connectivity, cellular
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composition, neurochemistry, and gene expression (58). Both regions are poised to trigger defensive
responses to threat via dense projections to brainstem and subcortical effector regions (58, 85).
Consistent with this perspective, neuroimaging studies in monkeys and humans have documented similar
physiological responses in the two regions to a broad spectrum of threats, including sustained exposure
to novelty (‘diffuse’ threat; 86, 87) and intruder threat (88, 89); brief exposure (800 ms) to aversive
images (90); an unpredictably approaching tarantula (91); and ‘jump-scares’ in horror movies (34)2.
Work in rodents reinforces the hypothesis that the BST and dorsal amygdala (Ce) are crucial substrates
for human anxiety, showing that specific microcircuits within and between these two regions bi-
directionally control defensive responses to a range of threatening cues and contexts (3, 12, 44-48).
Notably, work using a variant of the MTC paradigm in mice demonstrates that cannabinoid projections
from the Ce to the BST are necessary for mounting defensive responses to temporally uncertain shock
(51), consistent with the present conclusions. While our understanding remains far from complete, these
observations collectively underscore the need to revise models of anxiety—including the NIMH RDoC
framework—that imply a strict regional segregation of certain and uncertain threat processing (4, 43). At
minimum, the present results imply that the magnitude of regional differences in threat reactivity is small,

conditional on known perceptual confounds or unknown moderators, or simply non-existent.

In conclusion, the neural networks recruited by uncertain and certain threat are not categorically
different, at least when viewed through the macroscopic lens of fMRI. We see evidence of anatomical co-
localization, not segregation. This shared threat anticipation system can be functionally fractionated, with
fronto-cortical regions showing relatively stronger engagement during the anticipation of uncertain
threat, and the BST and dorsal amygdala showing the reverse pattern. Across a range of comparisons, the

BST and dorsal amygdala evinced statistically equivalent responses during the anticipation of certain and

2 https://identifiers.org/neurovault.collection:6237 and personal communication with Dr. Matthew Hudson (2/14/2020).
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uncertain threat, reinforcing the possibility that they make similar contributions to human anxiety. These
observations provide a novel framework for conceptualizing fear and anxiety, and for guiding the
development of mechanistic work in humans and animals aimed at developing more effective
intervention strategies for extreme anxiety (12, 92, 93). A relatively large sample, well-controlled task,
and advanced techniques for fMRI data acquisition and processing enhance confidence in the robustness

and translational relevance of these results.
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METHODS

As detailed in the Supplement, neuroimaging, behavioral, and psychophysiological data were collected,

processed, and analyzed using well-established approaches.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 22

ACKNOWLEDGEMENTS

Authors acknowledge assistance and critical feedback from M. Barstead, D. Bradford, ]. Curtin, L.
Friedman, J. Furcolo, C. Gorgolewski, D. Holley, C. Kaplan, C. Lejuez, B. Nacewicz, S. Padmala, L. Pessoa, S.
Rose, members of the Affective and Translational Neuroscience laboratory, the staff of the Maryland
Neuroimaging Center, and the Office of the Registrar (University of Maryland). This work was supported
by the California National Primate Center; National Institutes of Health (DA040717, MH107444);
University of California, Davis; and University of Maryland, College Park. Authors declare no conflicts of

interest.

AUTHOR CONTRIBUTIONS

AJ.S. KA.D, and J.F.S. designed the study. J.F.S. developed and optimized the imaging paradigm. K.A.D.
managed data collection and study administration. K.A.D., ]J.F.S., AS.A, J.K, and RM.T. collected data.
K.AD, J.H,and AJ.S. processed and analyzed phenotypic data. J.F.S. developed data processing and
analytic software. J.H.,, J.F.S,, H.CK, and RM.T. processed imaging data. J.F.S, J.H., AJ.S, and A.S.F.
developed the analytic strategy. J.F.S., ].H.,, and A.].S. analyzed data. J.H., A].S., ].F.S,, and A.S.F. interpreted
data. J.H,, J.E.S,, A.S.F., and AJ.S. wrote the paper. ].H., M.K,, and A].S. created figures. ].H., H.C.K,, and A.].S.
created tables. A.].S. funded and supervised all aspects of the study. All authors contributed to reviewing

and revising the paper and approved the final version.

DATA SHARING

Raw data have been or will be made available via the National Institute of Mental Health’s RDoC Database.

Key statistical maps and regions-of-interest have been or will be uploaded to NeuroVault.org.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 23
REFERENCES

1. Davis M, Walker DL, Miles L, & Grillon C (2010) Phasic vs sustained fear in rats and humans: Role
of the extended amygdala in fear vs anxiety. Neuropsychopharmacology 35:105-135.

2. Grupe DW & Nitschke JB (2013) Uncertainty and anticipation in anxiety: an integrated
neurobiological and psychological perspective. Nat Rev Neurosci 14:488-501.

3. Fox AS & Shackman AJ (2019) The central extended amygdala in fear and anxiety: Closing the gap
between mechanistic and neuroimaging research. Neuroscience Letters 693:58-67.

4. LeDoux JE & Pine DS (2016) Using neuroscience to help understand fear and anxiety: A two-
system framework. Am ] Psychiatry 173:1083-1093.

5. Mobbs D (2018) The ethological deconstruction of fear(s). Current Opinion in Behavioral Sciences
24:32-37.

6. Salomon JA, et al. (2015) Disability weights for the Global Burden of Disease 2013 study. Lancet
Glob Health 3:e712-723.

7. Craske MG, et al. (2017) Anxiety disorders. Nat Rev Dis Primers 3:17024.

8. Conway CC, et al. (2019) A Hierarchical Taxonomy of Psychopathology can reform mental health
research. Perspectives on Psychological Science 14:419-436.

9. DeFoe D (1719/2018) Robinson Crusoe (SeaWolf Press, Orinda, CA).

10.  Griebel G & Holmes A (2013) 50 years of hurdles and hope in anxiolytic drug discovery. Nat Rev
Drug Discov 12:667-687.

11.  Gordon JA & Redish AD (2016) On the cusp. Current challenges and promises in psychiatry.
Computational psychiatry: New perspectives on mental illness, eds Redish AD & Gordon JA (MIT

Press, Cambridge, MA), pp 3-14.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 24
Hur ], Stockbridge MD, Fox AS, & Shackman A] (2019) Dispositional negativity, cognition, and
anxiety disorders: An integrative translational neuroscience framework. Progress in Brain
Research 247:375-436.
Global Burden of Disease Collaborators (2016) Global, regional, and national incidence, prevalence,
and years lived with disability for 310 diseases and injuries, 1990-2015: a systematic analysis for
the Global Burden of Disease Study 2015. Lancet 388:1545-1602.
U.S. Burden of Disease Collaborators (2018) The state of US health, 1990-2016. Burden of diseases,
injuries, and risk factors among US states. JAMA 319:1444-1472.
Headley DB, Kanta V, Kyriazi P, & Pare D (2019) Embracing complexity in defensive networks.
Neuron 103:189-201.
Franklin TB (2019) Recent advancements surrounding the role of the periaqueductal gray in
predators and prey. Front Behav Neurosci 13:60.
Van Essen DC, et al. (2019) Cerebral cortical folding, parcellation, and connectivity in humans,
nonhuman primates, and mice. Proceedings of the National Academy of Sciences 116:26173-26180.
Preuss TM (1995) Do rats have prefrontal cortex? The Rose-Woolsey-Akert program reconsidered.
J Cog Neurosci 7:1-24.
Roberts AC & Clarke HF (2019) Why we need nonhuman primates to study the role of
ventromedial prefrontal cortex in the regulation of threat- and reward-elicited responses.
Proceedings of the National Academy of Sciences 116:26297-26304.
Vogt BA & Paxinos G (2014) Cytoarchitecture of mouse and rat cingulate cortex with human
homologies. Brain Struct Funct 219:185-192.
Shackman AJ], et al. (2016) Dispositional negativity: An integrative psychological and

neurobiological perspective. Psychological Bulletin 142:1275-1314.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

22.

23.

24.

25.

26.

27.

28.

29,

30.

31.

32.

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 25
Vogt BA, et al. (2013) Cingulate area 32 homologies in mouse, rat, macaque and human:
Cytoarchitecture and receptor architecture. ] Comp Neurol 521:4189-4204.
Carlén M (2017) What constitutes the prefrontal cortex? Science 358:478-482.
Roberts A (2020) Prefrontal regulation of threat-elicited behaviors: A pathway to translation.
Annual Review of Psychology 71:357-387.
Casey B]J, et al. (2018) The Adolescent Brain Cognitive Development (ABCD) study: Imaging
acquisition across 21 sites. Dev Cogn Neurosci 32:43-54.
Elliott ML, et al. (2019) Poor test-retest reliability of task-fMRI: New empirical evidence and a
meta-analysis. bioRxiv:681700.
Barch DM, et al. (2013) Function in the human connectome: task-fMRI and individual differences
in behavior. Neuroimage 80:169-189.
Albaugh MD, et al. (2019) Amygdalar reactivity is associated with prefrontal cortical thickness in a
large population-based sample of adolescents. PLoS One 14:e0216152.
Satterthwaite TD, et al. (2016) The Philadelphia Neurodevelopmental Cohort: A publicly available
resource for the study of normal and abnormal brain development in youth. Neuroimage
124:1115-11109.
Miller KL, et al. (2016) Multimodal population brain imaging in the UK Biobank prospective
epidemiological study. Nat Neurosci 19:1523-1536.
Shackman AJ & Fox AS (2016) Contributions of the central extended amygdala to fear and anxiety.
Journal of Neuroscience 36:8050-8063.
Chavanne AV & Robinson O] (under review) The overlapping neurobiology of adaptive and

pathological anxiety: a meta-analysis of functional neural activation.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 26
Pedersen WS, Muftuler LT, & Larson CL (in press) A high-resolution fMRI investigation of BNST
and centromedial amygdala activity as a function of affective stimulus predictability, anticipation,
and duration. Social Cognitive and Affective Neuroscience.
Hudson M, et al. (in press) Dissociable neural systems for unconditioned acute and sustained fear.
Neurolmage:116522.
Herrmann M], et al. (2016) Phasic and sustained brain responses in the amygdala and the bed
nucleus of the stria terminalis during threat anticipation. Hum Brain Mapp 37:1091-1102.
Klumpers F, Kroes MCW, Baas |, & Fernandez G (2017) How human amygdala and bed nucleus of
the stria terminalis may drive distinct defensive responses. ] Neurosci 37:9645-9656.
Somerville LH, et al. (2013) Interactions between transient and sustained neural signals support
the generation and regulation of anxious emotion. Cereb Cortex 23:49-60.
Alvarez RP, Chen G, Bodurka ], Kaplan R, & Grillon C (2011) Phasic and sustained fear in humans
elicits distinct patterns of brain activity. Neuroimage 55:389-400.
Poldrack RA, et al. (2017) Scanning the horizon: towards transparent and reproducible
neuroimaging research. Nat Rev Neurosci 18:115-126.
Davis M (2006) Neural systems involved in fear and anxiety measured with fear-potentiated
startle. Am Psychol 61:741-756.
Avery SN, Clauss JA, & Blackford JU (2016) The human BNST: Functional role in anxiety and
addiction. Neuropsychopharmacology 41:126-141.
Naaz F, Knight LK, & Depue BE (2019) Explicit and ambiguous threat processing: Functionally
dissociable roles of the amygdala and bed nucleus of the stria terminalis. ] Cogn Neurosci 31:543-

559.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 27
Clark LA, Cuthbert B, Lewis-Fernandez R, Narrow WE, & Reed GM (2017) Three approaches to
understanding and classifying mental disorder: ICD-11, DSM-5, and the National Institute of
Mental Health's Research Domain Criteria (RDoC). Psychol Sci Public Interest 18:72-145.
Gungor NZ & Paré D (2016) Functional heterogeneity in the bed nucleus of the stria terminalis.
Journal of Neuroscience 36:8038-8049.
Pomrenze MB, et al. (2019) A corticotropin releasing factor network in the extended amygdala for
anxiety. ] Neurosci 39:1030-1043.
Pomrenze MB, et al. (2019) Dissecting the roles of GABA and neuropeptides from rat central
amygdala CRF neurons in anxiety and fear learning. Cell Rep 29:13-21 e14.
Griessner |, et al. (in press) Central amygdala circuit dynamics underlying the benzodiazepine
anxiolytic effect. Mol Psychiatry.
Pliota P, et al. (in press) Stress peptides sensitize fear circuitry to promote passive coping. Mol
Psychiatry.
Grupe DW, Wielgosz ], Davidson R], & Nitschke JB (2016) Neurobiological correlates of distinct
post-traumatic stress disorder symptom profiles during threat anticipation in combat veterans.
Psychol Med 46:1885-1895.
Daldrup T, et al. (2015) Expression of freezing and fear-potentiated startle during sustained fear
in mice. Genes Brain Behav 14:281-291.
Lange MD, et al. (2017) Cannabinoid CB1 receptors in distinct circuits of the extended amygdala
determine fear responsiveness to unpredictable threat. Mol Psychiatry 22:1422-1430.
Davis M, Walker DL, Miles L, & Grillon C (2010) Phasic vs sustained fear in rats and humans: role
of the extended amygdala in fear vs anxiety. Neuropsychopharmacology : official publication of the

American College of Neuropsychopharmacology 35(1):105.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 28
Hefner KR, Moberg CA, Hachiya LY, & Curtin J] (2013) Alcohol stress response dampening during
imminent versus distal, uncertain threat. Journal of abnormal psychology 122(3):756.
Fullana MA, et al. (2016) Neural signatures of human fear conditioning: An updated and extended
meta-analysis of fMRI studies. Molecular Psychiatry 21:500-508.
Qi S, etal (2018) How cognitive and reactive fear circuits optimize escape decisions in humans.
Proceedings of the National Acadademy of Sciences US A 115:3186-3191.
Choi JM, Padmala S, & Pessoa L (2012) Impact of state anxiety on the interaction between threat
monitoring and cognition. Neuroimage 59:1912-1923.
Yilmazer-Hanke DM (2012) Amygdala. The human nervous system, eds Mai JK & Paxinos G
(Academic Press, San Diego, CA), pp 759-834.
Fox AS, Oler JA, Tromp DP, Fudge JL, & Kalin NH (2015) Extending the amygdala in theories of
threat processing. Trends Neurosci 38:319-329.
Meyer C, Padmala S, & Pessoa L (2019) Dynamic threat processing. ] Cogn Neurosci 31:522-542.
Mobbs D, et al. (2007) When fear is near: threat imminence elicits prefrontal-periaqueductal gray
shifts in humans. Science 317:1079-1083.
Tye KM, et al. (2011) Amygdala circuitry mediating reversible and bidirectional control of anxiety.
Nature 471:358-362.
Gonzalez-Castillo ], et al. (2015) Task dependence, tissue specificity, and spatial distribution of
widespread activations in large single-subject functional MRI datasets at 7T. Cereb Cortex
25:4667-4677.
Nichols T, Brett M, Andersson ], Wager T, & Poline |B (2005) Valid conjunction inference with the
minimum statistic. Neuroimage 25:653-660.
Lakens D (2017) Equivalence tests: A practical primer for t tests, correlations, and meta-analyses.

Social Psychological and Personality Science 8:355-362.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 29
Lakens D, Scheel AM, & Isager PM (2018) Equivalence testing for psychological research: A
tutorial. Advances in Methods and Practices in Psychological Science 1:259-269.
Luyck K, Goode TD, Masson HL, & Luyten L (2019) Distinct activity patterns of the human bed
nucleus of the stria terminalis and amygdala during fear learning. Neuropsychology Review 29:181-
185.
Freud S (1920) A general introduction to psychoanalysis (Boni and Liveright, New York, NY).
Kimmel HD (1975) Conditioned fear and anxiety. Stress and anxiety, eds Spielberger CD & Sarason
IG (Hemispheric Publishing, Washington, DC), pp 189-210.
Fadok JP, Markovic M, Tovote P, & Liithi A (2018) New perspectives on central amygdala function.
Current Opinion in Neurobiology 49:141-147.
Koch SBJ, Mars RB, Toni I, & Roelofs K (2018) Emotional control, reappraised. Neurosci Biobehav
Rev 95:528-534.
Shackman A]J, et al. (2011) The integration of negative affect, pain and cognitive control in the
cingulate cortex. Nat Rev Neurosci 12:154-167.
Langner R, Leiberg S, Hoffstaedter F, & Eickhoff SB (2018) Towards a human self-regulation
system: Common and distinct neural signatures of emotional and behavioural control. Neurosci
Biobehav Rev 90:400-410.
Morawetz C, Bode S, Derntl B, & Heekeren HR (2017) The effect of strategies, goals and stimulus
material on the neural mechanisms of emotion regulation: A meta-analysis of fMRI studies.
Neurosci Biobehav Rev 72:111-128.
Dixon ML, et al. (2020) Emotion regulation in social anxiety disorder: Reappraisal and acceptance

of negative self-beliefs. Biological Psychiatry: Cognitive Neuroscience and Neuroimaging 5:119-129.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

J Hur et al, Neurobiology of Uncertain Threat 30
Kroes MCW, et al. (2019) Patients with dorsolateral prefrontal cortex lesions are capable of
discriminatory threat learning but appear impaired in cognitive regulation of subjective fear.
Social Cognitive and Affective Neuroscience 14:601-612.
Brown R, Lau H, & LeDoux JE (2019) Understanding the higher-rrder approach to consciousness.
Trends in Cognitive Sciences 23:754-768.
Knight RT & Grabowecky M (1995) Escape from linear time: Prefrontal cortex and conscious
experience. The cognitive neurosciences, ed Gazzaniga MS (MIT Press, Cambridge, MA).
Badre D & Nee DE (2018) Frontal cortex and the hierarchical control of behavior. Trends Cogn Sci
22:170-188.
Bennett KP, Dickmann ]S, & Larson CL (2018) If or when? Uncertainty's role in anxious
anticipation. Psychophysiology 55:€13066.
Grillon C, Baas JM, Cornwell B, & Johnson L (2006) Context conditioning and behavioral avoidance
in a virtual reality environment: effect of predictability. Biol Psychiatry 60:752-759.
Nelson BD & Shankman SA (2011) Does intolerance of uncertainty predict anticipatory startle
responses to uncertain threat? Int ] Psychophysiol 81:107-115.
Shackman A] & Wager TD (2019) The emotional brain: Fundamental questions and strategies for
future research. Neuroscience Letters 693:68-74.
Chang L], Gianaros PJ], Manuck SB, Krishnan A, & Wager TD (2015) A sensitive and specific neural
signature for picture-induced negative affect. PLoS Biol 13:e1002180.
Woo CW, Chang L], Lindquist MA, & Wager TD (2017) Building better biomarkers: brain models in
translational neuroimaging. Nat Neurosci 20:365-377.
Freese JL & Amaral DG (2009) Neuroanatomy of the primate amygdala. The human amygdala, eds

Whalen P] & Phelps EA (Guilford, NY), pp 3-42.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

86.

87.

88.

89.

90.

91.

92.

93.

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.25.964734; this version posted February 26, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

J Hur et al,, Neurobiology of Uncertain Threat 31
Kalin NH, Shelton SE, Fox AS, Oakes TR, & Davidson R] (2005) Brain regions associated with the
expression and contextual regulation of anxiety in primates. Biol Psychiatry 58:796-804.
Fox AS, Shelton SE, Oakes TR, Davidson R], & Kalin NH (2008) Trait-like brain activity during
adolescence predicts anxious temperament in primates. PLoS ONE 3:e2570.
Fox AS, et al. (2015) Intergenerational neural mediators of early-life anxious temperament.
Proceedings of the National Academy of Sciences USA 112:9118-9122.
Shackman A]J, et al. (2013) Neural mechanisms underlying heterogeneity in the presentation of
anxious temperament. Proceedings of the National Academy of Sciences of the United States of
America 110:6145-6150.
Brinkmann L, et al. (2018) Inter-individual differences in trait anxiety shape the functional
connectivity between the bed nucleus of the stria terminalis and the amygdala during brief threat
processing. Neuroimage 166:110-116.
Mobbs D, et al. (2010) Neural activity associated with monitoring the oscillating threat value of a
tarantula. Proceedings of the National Acadademy of Sciences USA 107:20582-20586.
Hur |, Tillman RM, Fox AS, & Shackman A] (2019) The value of clinical and translational
neuroscience approaches to psychiatric illness. Behavioral and Brain Sciences 42:e11.
Hur |, et al. (2018) Acute alcohol administration dampens central extended amygdala reactivity.

Scientific Reports 8:16702.


https://doi.org/10.1101/2020.02.25.964734
http://creativecommons.org/licenses/by-nc-nd/4.0/

