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Taking Action in the Face of Threat: Neural Synchronization
Predicts Adaptive Coping
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The ability to take action in the face of threat is highly diverse across individuals. What are the neural processes that determine individual
differences in the ability to cope with danger? We hypothesized that the extent of synchronization between amygdala, striatum, and
medial prefrontal cortex (mPFC) would predict successful active coping performance. To test this, we developed a novel computer task
based on the principals of Sidman avoidance. Healthy human participants learned through trial and error to move a marker between
virtual game board compartments once every 3 s to avoid mild shocks. Behaviorally, participants exhibited large individual differences.
Strikingly, both amygdala-mPFC and caudate-mPFC coupling during active coping trials covaried with final active coping performance
across participants. These findings indicate that synchronization between mPFC subregions, and both amygdala and caudate predicts
whether individuals will achieve successful active coping performance by the end of training. Thus, successful performance of adaptive
actions in the face of threat requires functional synchronization of a neural circuit consisting of mPFC, striatum, and amygdala. Malfunc-
tion in the crosstalk between these components might underlie anxiety symptoms and impair individuals’ ability to actively cope under

stress. This opens an array of possibilities for therapeutic targets for fear and anxiety disorders.
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Introduction

Why do some people freeze, whereas others take action in the face
of threat? Fear can precipitate stereotyped, involuntary reactions
or adaptive safety-seeking actions. People who interrupt a home
invasion, for instance, sometimes describe a sense of paralysis,
unable to move or speak. Others maintain the capacity for agency
and manage to call the police or defend themselves. What are the
neural processes that determine individual differences in the abil-
ity to cope with danger?

One animal paradigm that captures active coping (AC) is
Sidman active avoidance (Sidman, 1953), an effective tool for
studying brain regions that differentiate automatic from goal-
directed (instrumental) threat responses. In Sidman avoid-
ance, animals are placed in a two-compartment cage where
footshocks are scheduled at regular intervals. Initially, animals
freeze, expressing an innate defensive reaction. With training,
~80% of wild-type rodents (“good performers”) learn to
shuttle between compartments to prevent shock delivery. The
others (“poor performers”) remain still and continue to expe-
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rience shocks (Myers, 1959). A key feature of this protocol is
that action (shuttling) delays shock delivery, allowing control
over threats.

Animal studies report that the caudate (Allen, 1972; Allen and
Davison, 1973; Delacour et al., 1977; Hart et al., 1978; Wendler et
al., 2014), as well as the lateral and basal amygdala (Amorapanth
etal., 2000; Choi et al., 2010; Lazaro-Muifoz et al., 2010) contrib-
ute to active avoidance. The infralimbic cortex (a probable ho-
molog of human ventromedial prefrontal cortex; vmPFC)
facilitates AC by inhibiting central amygdala activity (Moscarello
and LeDoux, 2013), thus preventing the expression of stereo-
typed threat reactions, such as freezing (Choi et al., 2010; Lazaro-
Munoz et al., 2010; Moscarello and LeDoux, 2013). The brain
systems that mediate instrumental threat responses may be con-
served (Tricomi et al., 2004; Delgado et al., 2009), but the specific
processes that mediate incremental changes in human AC behav-
ior over time, and determine individual differences in perfor-
mance, are unknown. We hypothesized that the extent of
synchronization between amygdala, striatum, and mPFC would
predict successful AC performance.

To test this, we developed a novel computer task based on
the principals of Sidman avoidance. Participants learned
through trial and error to move a marker between virtual game
board compartments once every 3 s to avoid mild shocks
(Fig. 1A). For comparison, AC trials were intermixed with
“motor” trials, where participants were instructed to contin-
uously move the game marker and no aversive outcome was
delivered.
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A, lllustration of good and poor performance in a single AC trial. Participants need to move a marker from one side to the other every 3 s to avoid shock. B, Individual differences in AC

performance. Percentage of shocks avoided across 52 trials for each subject (BT, mean = 45.25, SD = 5.29); change in percentage of shocks avoided in the first versus second half of trials (B2); and
percentage of shocks avoided during the last six trials (B3, mean = 6.5, SD = 3.86). (, AC performance over time in good and poor learners. Mean number of aversive stimuli avoided per trial across
52 ACtrials in good learners (n = 14) and poor learners (n = 14). Subjects classified as good leaners avoided at least 50% (6 of 12) all possible aversive stimuli during the last six AC trials.

Materials and Methods

Subjects. Twenty-eight medically and psychiatrically healthy adults (mean
age 28.5 = 8.1 years, 14 women) participated in the experiment. The Insti-
tutional Review Board of the Icahn School of Medicine at Mount Sinai
approved the experimental protocol. All participants provided written in-
formed consent, and were remunerated for their participation.

Self-report forms. Before, during, and after the experimental task par-
ticipants rated their anxiety using a visual analog scale (Hornblow and
Kidson, 1976). After scanning, they completed the State-Trait Anxiety
Inventory (STAIL Spielberger, 1983), COPE inventory (Carver et al.,
1989), Barrat’s Impulsivity Scale (BIS; Patton, 1995), and the Intrinsic
Motivation Inventory (IMI) (Ryan, 1983), a scale designed to assess one’s
internal desire to perform well in a research study. We also administered
the third version of the Wide Range Achievement Test’s reading subscale
(WRAT-III, blue version), a neuropsychological test that estimates the
intelligence quotient (IQ); the scores of this scale are significantly corre-
lated with full-scale IQ as assessed by the comprehensive Wechsler Adult
Intelligence Scale (Wilkinson, 1993).

Experimental task. We generated a virtual game-board modeled after
the cages used in Sidman animal studies (Fig. 1A). The virtual game was
constructed using E-prime 2 (Psychology Software Tools) and MATLAB
software, composed of two distinct compartments connected by a nar-
row segment (the “bridge”). Participants used the arrow keys on a tradi-
tional keyboard (up, down, left, and right) to move a green marker within
the confines of the board during 52 AC and 20 motor control trials. Trials
lasted 6 s, separated by jittered intertrial intervals between 4 and 6 s in
length, and began when the game board and marker appeared. The game
board was blue or yellow, depending on trial type: AC trials were desig-
nated by one of the two colors and motor control trials by the other.

Color assignment (blue AC and yellow motor control trials or vice versa)
was pseudorandomized and counterbalanced across subjects. The mark-
er’s coordinates at the onset of each trial were randomly selected. The
aversive stimulus consisted of a lighting bolt image, which was accompa-
nied by a mild electric shock to the wrist in approximately one-third of
trials (18 trials).

We informed participants that they would experience two distinct trial
types: AC and motor control trials. Subjects then read the following
instructions: “During the (blue/yellow) trials, you may receive electric
shocks. You may also see lightning bolt images appear above the board. Your
job is to try to avoid the lightning bolts. You can avoid the lightning bolts by
moving the green marker around the game board. If you avoid the lightning
bolts, you will also avoid the shocks. During the (blue/yellow) trials, you will
not receive any shocks or see any lightning bolts. Your job is to move the
marker continuously throughout the trial. It is important to keep it moving.”

In AC trials, subjects had 3 s from trial start to move the marker from
one board compartment to the other. If they successfully crossed the
bridge between compartments, the game board briefly (200 ms) changed
color to purple, signaling effective AC. If they failed to cross the bridge
during the first 3 s, a lighting bolt icon appeared on the screen. The
participants had to cross the board a second time before the trial ended to
avoid a second lightning bolt. If participants remained in one compart-
ment throughout the six-second trial, they executed zero AC responses
and experienced two aversive stimuli. If they shuttled across the bridge
once, they executed one AC response and experienced one aversive stim-
ulus. If they crossed twice during a single trial, they executed two AC
responses and did not experience any aversive stimuli.

In approximately one-third of the AC trials, the lightening bolt was
paired with a mild electric shock. We selected this schedule of reinforce-
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cedure, the participant was first given a very mild
shock (10 V, 200 ms, 50 pulses/s), which was
gradually increased to a level the subject indi-
cated as “uncomfortable, but not painful”
(with a maximum level of 60 V).

During motor control trials, subjects never
experienced any aversive stimuli. By compar-
ing brain activity observed during AC training
trials to brain activity observed while subjects
processed similar visual stimuli and engaged in
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from that corresponding to perception and
physical movement (e.g., in the visual and mo-
tor cortices).

fMRI data acquisition. Functional data were
acquired on a Siemens Allegra 3.0 tesla scanner
during one run, ~14 min in length, using a
single-shot gradient echo T2*-weighted echo-
planar imaging sequence (flip angle = 90°,
echo time = 35 ms, repetition time = 2000 ms)
and 36 contiguous transversal interleaved

O
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Time(s)

14 slices with a voxel size of 3 mm” (field-of-
view = 192 cm). We also used a T1-weighted

P<0.05 corrected —-Active Coping +-SE

456 ——17.84

magnetization prepared rapid gradient echo

MERREESE protocol (176 sagittal slices, 256 X 256 matrix)

Figure 2.

contrast. ITl, Intertrial interval.

Table 1. Regions with different patterns of activity during AC compared with
motor trials (AC > motor)

Talairach
Region BA X y z k t (peak)
Active coping > motor
R anterior insula 13 4 12 9 135 7.53
L anterior insula 13 —33 21 9 37 8.17
RdIPFC 9 46 18 31 105 6.67
R caudate 10 6 12 83 6.43
RPMC 6 4 31 37 39 6.13
Motor > active coping
L mPFC 10 —4 48 2 291 =772
L posterior insula 13 —47 —19 20 139 —1750
R posterior insula 13 34 =25 19 19 —6.32
LPCC 23 -3 —57 21 247 —7.44
LIPL 40 —36 —38 40 92 —6.61
L dmPFC 8 —28 15 4 43 —6.44
LPHG 28 —20 —24 —6 20 —5.01
Ramygdala 22 -7 -7 16 —5.00
L SMA 6 —=10 —18 51 19 —4.87

R, Right; L, left; dIPFC,dorsolateral prefrontal cortex; PMC, primary motor cortex; mPFC, medial prefrontal cortex;
PCC, posterior cingulate cortex; IPL, inferior parietal lobule; dmPFC, dorsomedial prefrontal cortex; PHG, parahip-
pocampal gyrus; SMA, supplementary motor area.

ment because it enabled examination of brain activity during AC in the
absence of the physiological confound introduced by shock. Partial rein-
forcement also tends to slow learning rate (Dunsmoor et al., 2007), which
allowed us to reveal individual differences. Note that this schedule of
reinforcement differs from the one typically used in animal studies of
Sidman active avoidance, where animals are shocked every time they fail
to shuttle, which might complicate the comparison of our results to those
found in rodents.

Before scanning, the experimenter attached a stimulating bar electrode
to the participants’ nondominant wrist that would deliver the brief (200
ms), mild (10—60 V, 50 pulses/s) stabilized electric shocks from a Grass
Medical Instruments stimulator via magnetically shielded and grounded
cables during the experiment. Subjects set the intensity of the electric
shocks to be administered through a “work-up” procedure. In this pro-

Caudate and amygdala activity during AC versus motor trials. Statistical BOLD activation maps (left column) and
event-related averaging of BOLD time courses (right column), in caudate (4, B) and amygdala (C, D), revealed by the AC > motor

to record high-resolution (1 mm *) anatomical
images.

Behavioral data analysis. Each AC trial was
scored as zero, one, or two according to the
number of effective AC responses executed.
We then calculated, for each participant, the
total number of AC responses executed in: all AC trials, the first half of
AC trials (1-26), the second half of AC trials (27-52), and the last six AC
trials (trials 47-52).

We scored all self-report data and derived subscale scores per the
instructions of the instruments’ authors. We calculated: “state” and
“trait” anxiety summary scores from the STAI; the active coping, plan-
ning, suppression, restraint, instrumental social support, emotional so-
cial support, positive reinterpretation, acceptance, religion, venting,
denial, behavioral disengagement, mental disengagement, and substance
use subscales of the COPE; the attention, motor, self-control, cognitive
coping, and perseverance subscales, as well as the total score for the BIS;
and the interest/enjoyment, perceived competence, perceived choice,
and pressure/tension subscales, as well as the total score for the IMI.

We used Pearson correlation and independent samples ¢ tests to ex-
plore the relationships between these indices and avoidance behavior.
Because we considered all self-report analyses to be exploratory, we used
three different measures of avoidance in our correlation analysis: the
total number of aversive stimuli executed during the entire task, the total
number of aversive stimuli executed in the last six trials, and the differ-
ence in the number of aversive stimuli executed in the first half (AC trials
1-27) versus the second half (AC trials 28 —54) of avoidance trials.

fMRI data preprocessing. Functional imaging data preprocessing, com-
pleted with the BrainVoyager QX software package (Brain Innovation)
included: slice scan time correction, voxelwise linear detrending, in-
tensity normalization, high-pass filtering, motion correction, coreg-
istration, normalization to the Talairach template (Talairach and
Tournoux, 1998), and three-dimensional smoothing (6 mm full-
width at half-maximum).

fMRI modeling of brain activity. A first-level general linear model anal-
ysis (GLM) was conducted on the blood oxygen level-dependent
(BOLD) signal for each subject including three trial-type conditions (AC
with lightning bolt and shock, AC with lightning bolt only, and motor)
convolved with a standard canonical hemodynamic response function,
and six nuisance (motion) regressors, using Neuroelf version 9¢
(http://neuroelf.net/) and MATLAB software. In second-level analyses,
subjects were modeled as a random variable. To examine brain activity
related to AC, we used a contrast between AC trials with lightning bolt
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Figure 3.

Caudate and amygdala functional connectivity with mPFC during AC trials predict individual differences in final AC performance. Caudate (BA 10, green) and amygdala (BA 32/10,

orange) functional connectivity with mPFC correlated positively with performance in the last six trials (). The scatter plotsillustrate the correlation between amygdala-mPFC (B) and caudate-mPFC

(€) connectivity B values and the number of AC responses in the last six trials.

only and the motor control trials (AC > motor). To correct for multiple
comparisons, we used Alphasim as implemented in Neuroelf to identify
a cluster size threshold ensuring an FWE rate of p < 0.05 (Forman et al.,
1995; Bennett et al., 2009), corresponding to an uncorrected statistical
threshold of p < 0.0001 and a cluster size threshold of 15 voxels (405
mm?).

To determine whether activity in any of the regions-of-interest iden-
tified in the AC > motor contrast predicted AC performance, we ex-
tracted from each region the mean AC > motor BOLD differential and
tested for Pearson correlations with the sum of AC responses executed in
the last six trials.

Analyses of amygdala and caudate functional connectivity. We exam-
ined whether the level of functional coactivation between amygdala or
caudate with other brain regions during AC trials predicts final AC per-
formance. Specifically, we constructed GLM including the following re-
gressors: AC and motor trials, the time course of caudate or amygdala
seed region, and the product of the seed time course and the main AC
regressor. This last regressor enabled the estimation of the degree of
covariation between the seed’s time course and any voxel’s time course
during AC trials only. We next inserted into the models each subject’s
final AC score (last 6 trials), and generated second-level statistical maps
representing regions that showed significant correlations between final
AC scores and seed-functional connectivity values. As before, to correct
for multiple comparisons we used an Alphasim-derived cluster threshold
to ensure an FWE rate of p < 0.05. Here, the uncorrected statistical
threshold was p < 0.01 and the cluster size threshold was 77 voxels (2079
mm?).

Results

Behavior

Participants exhibited large individual differences in AC behavior
(Fig. 1B), successfully avoiding between 0 and 89% of aversive
stimuli. They also exhibited diverse patterns of change in behav-
ior over time: some participants avoided substantially more (up
to 68.5%) aversive stimuli in the second half of AC trials than in
the first half. Others evinced no improvement, or actually per-
formed worse in the later trials. By the end of the experiment,
during the last six trials, five participants had mastered the task,
executing every possible active coping response in the last six
trials. Two participants showed absolutely no evidence of learn-
ing, and executed no active coping responses. The remaining
participants exhibited various performance levels. Figure 1C de-
picts AC performance over time in “good” and “poor” learners.
Subjects were classified as “good learners” if they avoided at least

50% (6 of 12) of all possible aversive stimuli during the last six AC
trials.

Self reports

Subjects reported experiencing more anxiety during the task
compared with both before and after the task (F, o) = 7.31,p <
0.005). We examined whether the total number of aversive stim-
uli executed during the entire task, the total number of aversive
stimuli executed in the last six trials, or the difference in the
number of aversive stimuli executed in the first half (AC trials
1-27) versus the second half (AC trials 28 —54) of avoidance trials
correlated with any of the self-report scores. None of these cor-
relations survives correction for multiple comparisons. Impor-
tantly, IQ was not correlated with AC performance.

Neuroimaging results

Consistent with previous findings (Delgado et al., 2009; Mos-
carello and LeDoux, 2013; Wendler et al., 2014), BOLD responses
in right caudate were stronger during AC than motor trials, and
right amygdala showed an opposite pattern (Fig. 2; Table 1).
Strikingly, both amygdala-mPFC and caudate-mPFC coupling
during AC trials (i.e., B weights derived from the functional con-
nectivity models) covaried with final AC performance (the num-
ber of shocks avoided in the final six trials; Fig. 3). Specifically, the
B values representing functional connectivity between right cau-
date and mPFC (BA 10) were positively correlated with final AC
performance (7,6, = 0.64). Similarly, 8 values representing func-
tional connectivity between the right amygdala seed and a nearby,
more posterior, but partially overlapping, mPFC region (BA 32/
10) were positively correlated with final AC performance (7,4, =
0.52). Further, amygdala functional connectivity with the post-
central gyrus (BA 3), a primary somatosensory area, also covaried
with final AC performance (r,¢, = 0.55).

To validate the specificity of these results, we examined the
alternative hypothesis that BOLD activity rather than neural con-
nectivity would predict AC performance. This analysis did not
yield any significant results, suggesting that BOLD response am-
plitude does not readily explain AC behavior.

Discussion

In the current study, healthy adults completed an AC training
during fMRI scanning in which they learned, via trial and error,
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to repeatedly move a virtual marker between two game board
compartments to avoid mild electric shocks. We found that the
caudate, amygdala, and mPFC were involved in orchestrating AC
behavior. As a group, participants displayed more activation in
the right caudate and less activation in the right amygdala during
AC compared with motor control trials. Synchronization be-
tween mPFC subregions and both the amygdala and caudate pre-
dicted whether individuals would achieve successful AC
performance by the end of training.

We theorize that successful AC performance in the face of
threat relies on functional connectivity that synchronizes several
essential components: The caudate encodes action—outcome as-
sociations (Balleine and Dickinson, 1998; Tricomi et al., 2004;
Yin etal., 2005; Lau and Glimcher, 2007; Balleine and O’Doherty,
2010; Sharot et al., 2010), and the anterior mPFC (BA 10) is
involved in action selection during instrumental learning
(O’Doherty, 2011; Kovach et al., 2012). Thus, interactions be-
tween the caudate and anterior mPFC may expedite AC learning
by promoting experience-based adaption of behavior. The pos-
terior mPFC (BA 32), in turn, may enable AC by suppressing the
central nucleus of the amygdala. A parallel relationship between
the infralimbic cortex and the amygdala’s central nucleus exists in
rodents (Choi et al., 2010; Ldzaro-Mufioz et al., 2010; Moscarello
and LeDoux, 2013). Central nucleus suppression could prevent
the expression of conditioned threat responses (e.g., freezing)
that would otherwise interfere with adaptive coping. Central nu-
cleus suppression could also promote signaling in cortical regions
that organize and implement instrumental actions (such as the
postcentral gyrus; Gozzi et al., 2010).

It should be noted, however, that the mPFC region we ob-
served here (BA32) is dorsal to the one considered the human
homolog of the infralimbic cortex (vinPFC, which extends to
BA12/25). Human studies supporting this homology have typi-
cally used classical fear conditioning and extinction (Roy et al.,
2012). Tt is possible that a more dorsal region relates to aversive
instrumental learning in humans. Furthermore, in good per-
formers, we found a positive correlation between activity in this
region and amygdala during AC trials, whereas the above expla-
nation would predict an inverse correlation characterized by
mPFC activation and corresponding amygdala suppression. One
possibility is that glutamatergic cells in the mPFC project to and
stimulate inhibitory (GABAergic) cells in the amygdala (Pinard et
al., 2012) that should be more active when amygdala output is
suppressed. Alternatively, it is possible that activity in the fronto-
parietal control network is suppressing amygdala signaling indi-
rectly, with the mPFC acting as mediator (Cole et al., 2013;
Spreng et al., 2013). Notably, a recent study identified mPFC
GABAergic projections to the striatum and amygdala in mice
(Lee etal., 2014). Stimulation of striatal projections elicited acute
avoidance behavior, suggesting these inhibitory projections
might provide a rapid aversive signal that guides behavior.

The novel AC protocol we developed here is a form of active
instrumental learning because threatened subjects had to initiate
a specific action to prevent exposure to an aversive stimulus. This
differs from passive/inhibitory avoidance where subjects must
suppress a prepotent response to prevent exposure to an aversive
stimulus, or traditional reward instrumental learning where
subjects must initiate a specific action to receive an appetitive
stimulus. Our results show that aversive instrumental learning
engages many of the same regions engaged by reward instrumen-
tal learning, notably the caudate and mPFC. Given the overlap of
regions implicated, future studies should directly compare the
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neural substrates of AC with those of reward-based instrumental
learning.

Finally, our results parallel recent work on aversive Pavlovian-
instrumental transfer (PIT) in both rats (Campese et al., 2014;
McCueetal.,2014) and humans (Nadler etal., 2011; Geurts et al.,
2013; Lewis et al., 2013). In aversive PIT, Pavlovian threats facil-
itate instrumental avoidance, even when Pavlovian conditioning
occurs separately. These studies suggest that interactions between
PEC striatum, and amygdala mediate aversive PIT, allowing sub-
jects to actively cope with threats that normally trigger passive
defensive reactions. Our AC paradigm can be easily adapted to
study aversive PIT and potentially reveal subtle differences un-
derlying adaptive versus maladaptive coping responses.

In conclusion, our findings suggest that successful perfor-
mance of adaptive actions in the face of threat requires ongoing
functional synchronization of a neural circuit consisting of
mPFC, striatum, and amygdala. Malfunction in the crosstalk be-
tween these components might underlie anxiety symptoms and
impair individuals’ ability to actively cope under stress. This
opens an array of possibilities for therapeutic targets for fear and
anxiety disorders.
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