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Locus Coeruleus Activity Strengthens Prioritized Memories
Under Arousal
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Recent models posit that bursts of locus ceruleus (LC) activity amplify neural gain such that limited attention and encoding resources
focus even more on prioritized mental representations under arousal. Here, we tested this hypothesis in human males and females using
fMRI, neuromelanin MRI, and pupil dilation, a biomarker of arousal and LC activity. During scanning, participants performed a mone-
tary incentive encoding task in which threat of punishment motivated them to prioritize encoding of scene images over superimposed
objects. Threat of punishment elicited arousal and selectively enhanced memory for goal-relevant scenes. Furthermore, trial-level pupil
dilations predicted better scene memory under threat, but were not related to object memory outcomes. fMRI analyses revealed that
greater threat-evoked pupil dilations were positively associated with greater scene encoding activity in LC and parahippocampal cortex,
a region specialized to process scene information. Across participants, this pattern of LC engagement for goal-relevant encoding was
correlated with neuromelanin signal intensity, providing the first evidence that LC structure relates to its activation pattern during
cognitive processing. Threat also reduced dynamic functional connectivity between high-priority (parahippocampal place area) and
lower-priority (lateral occipital cortex) category-selective visual cortex in ways that predicted increased memory selectivity. Together,
these findings support the idea that, under arousal, LC activity selectively strengthens prioritized memory representations by modulating
local and functional network-level patterns of information processing.
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Adaptive behavior relies on the ability to select and store important information amid distraction. Prioritizing encoding of
task-relevant inputs is especially critical in threatening or arousing situations, when forming these memories is essential for
avoiding danger in the future. However, little is known about the arousal mechanisms that support such memory selectivity. Using
fMRI, neuromelanin MRI, and pupil measures, we demonstrate that locus ceruleus (LC) activity amplifies neural gain such that
limited encoding resources focus even more on prioritized mental representations under arousal. For the first time, we also show
that LC structure relates to its involvement in threat-related encoding processes. These results shed new light on the brain
mechanisms by which we process important information when it is most needed. j

ignificance Statement

Introduction under threatening or arousing conditions. Emotionally arousing

Adaptive behavior relies on the efficient selection and storage of ~ stimuli are preferentially attended and encoded, often at the cost
important information among competing inputs, particularly ~ of processing surrounding neutral information (Strange et al,,
2003; Hurlemann et al., 2005; Anderson et al., 2006; LaBar and
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2014; Lee et al., 2015) and impair memory of less salient neutral
information (Strange et al., 2003; Hurlemann et al., 2005; Sakaki
etal., 2014; Clewett etal., 2017a). Similar memory enhancements
have been reported in studies pairing shock with neutral images
(Dunsmoor et al., 2012; Schwarze et al., 2012; Dunsmoor et al.,
2015). Moreover, memory for neutral information benefits from
the receipt of reward or punishment (Adcock et al., 2006; Murty
etal., 2012; Weymar et al., 2013). An important open question is
whether, like emotional stimuli, threat of punishment enhances
memory for salient neutral stimuli by activating arousal-related
brain mechanisms.

Although the dopaminergic system facilitates reward-motivated
encoding (Adcock et al., 2006; Shohamy and Adcock, 2010), re-
cent findings suggest that dopamine does not support encoding
of neutral items incentivized by threat of punishment (Murty et
al., 2012). Instead, threat-motivated encoding appears to be
driven by the amygdala, a region that enhances emotional
memories via norepinephrine (NE) modulation (McGaugh and
Roozendaal, 2002; Strange and Dolan, 2004; McGaugh, 2013;
Markovic et al., 2014). Further, the LC coordinates processing of
a wide range of motivationally significant stimuli (Aston-Jones et
al., 1999; Berridge and Waterhouse, 2003; Mohanty et al., 2008;
Sara, 2009; Bouret and Richmond, 2015; Varazzani et al., 2015).
Therefore, the LC is well equipped to amplify task-relevant en-
coding when it is most needed.

Theoretical models posit that phasic LC activity enhances neural
gain such that strong inputs are further enhanced while weaker in-
puts are further inhibited (Usher et al., 1999; Aston-Jones and Co-
hen, 2005; Eldar et al., 2013). According to the recent “glutamate
amplifies noradrenergic effects” (GANE) model, neural gain is
achieved via local interactions between NE release and excitatory
glutamate transmission, which signals the activation strength of a
mental representation (Mather et al., 2016). In this framework,
local NE—glutamate interactions upregulate excitation in regions
transmitting important information, leading to more selective
neuronal processing and memory outcomes. These local excit-
atory effects are also thought to engage lateral inhibitory pro-
cesses that suppress weaker, competing inputs.

In this fMRI study, we tested GANE’s core prediction that arousal
recruits LC activity to enhance task-relevant memory representa-
tions and suppress task-irrelevant representations (Mather et al.,
2016). During scanning, participants performed a monetary incen-
tive encoding task in which they prioritized a background scene in
attention and memory while ignoring a transparent foreground ob-
ject. Sympathetic arousal was induced on some trials by threatening
to deduct money from a preset account if participants later forgot
loss-cued scenes. We hypothesized that pupil dilations, a bio-
marker of phasic LC activity (Murphy et al., 2014; Varazzani et
al., 2015; Joshi et al., 2016; Reimer et al., 2016), would predict
enhanced scene memory and impaired object memory. We also
hypothesized that pupil dilation would selectively modulate suc-
cessful scene encoding activity in LC and parahippocampal place
area (PPA), a region specialized to process scenes (Epstein and
Kanwisher, 1998), and queried whether such patterns were re-
lated to LC neuromelanin signal intensity (Keren et al., 2009).
Finally, we investigated whether threat-related LC activity ampli-
fies competition within relevant functional networks, yielding
greater memory selectivity under arousal.

Materials and Methods

Participants

Thirty-two healthy young adults were recruited from the University of
Southern California’s Psychology Subject Pool and nearby community
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to participate in this experiment. All participants provided written in-
formed consent approved by the University of Southern California Insti-
tutional Review Board and received monetary compensation for their
participation and performance on the task. All eligible individuals had
normal or normal-to-corrected vision and hearing and were not taking
B-blockers or psychoactive drugs. To limit the influence of sex hormones
(i.e., progesterone and estradiol) on the predicted memory and arousal
effects, female participants had to be: (1) using monophasic hormonal
contraceptives and (2) using those contraceptives for at least 3 months.
Female participants only completed the experiment on their active pill
days (days 8-21).

Six participants were excluded from data analysis: 2 participants fell
asleep during the scan; 1 participant had excessive head movement dur-
ing the scan (>2 mm); 2 participants violated recruitment criteria on the
day of their scan; and 1 participant failed to follow task instructions.
Because the focus of this study was on examining LC activity as indexed
by pupil dilation, an additional four participants were excluded due to
poor eye-tracking quality (e.g., pupil values were unattainable for > 50%
of the encoding trials). This resulted in 22 participants (M,,, = 22.18;
SD,,. = 2.44; 10 female) for all analyses.

age

Monetary incentive encoding task

Stimuli

The visual stimuli consisted of 96 neutral objects and 96 neutral scene
images selected from previous datasets (Gabrieli et al., 1997; Kensinger et
al., 2006) and the Internet. Objects consisted of animals or kitchen uten-
sils centered on a white background. Half of the scene images depicted
indoor scenes and the other half depicted outdoor scenes. Each of these
images was resized to be 300 X 300 pixels and rendered in grayscale.
From these images, 96 “overlap” stimuli were created by overlaying one
object image on top of one scene image; the object image was rendered
transparent using Adobe Photoshop 5.0 such that the foreground object
and background scene images were equally discernable. Each of the gray-
scale, unmerged object and scene stimuli were yoked with a categorically
similar but perceptually different image that served as a foil during the
recognition memory test. This resulted in a total of 192 scene and object
images.

To isolate cognitive-related changes in pupil dilation, image luminance
was normed across all of the task screens (i.e., overlap stimuli, fixation
crosses, scrambled images, and money symbols) using the SHINE toolbox in
MATLAB (Willenbockel et al., 2010). To model an “active baseline”
(Stark and Squire, 2001) in the fMRI analyses, scrambled overlap images
were generated by shuffling a 0.27° X 0.27° box in a random fashion.
Threat cues were accompanied by a negative buzzer sound acquired from
the International Affective Digitized Sounds (Sound ID #712; M, usal =
7.98, SD A ousal = 1625 My gience = 242, SDygience = 1.62; Bradley and
Lang, 2007). No sound was paired with the neutral money cues.

Task design

fMRI data were acquired during the monetary incentive encoding task.
The overall structure of the experiment was a 2 (priority: high vs low) X
2 (arousal: threat vs neutral) within-subjects design. There were a total of
96 encoding trials in the task, which were subdivided into four blocks of
24 trials each. Half of the trials in each block belonged to the threat
condition and the other half to the neutral condition. Stimulus order was
randomized across all blocks and the order of the arousal trials was
randomized within each block.

Encoding phase

During the task, participants were presented with a series of grayscale
“overlap” images of a transparent object overlaid on a background scene
(Fig. 1). At the beginning of each trial, participants were shown 1 of 2 gray
monetary symbols for 1 s. In the threat condition, a “no symbol” cued
participants that they would lose 50 cents if they forgot the upcoming
scene on the subsequent memory test. In the neutral condition, a gray
square symbol cued participants that, although they should still try to
memorize the background scene, they would not be punished for forget-
ting it later. To increase arousal on threat trials, each threat cue was
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Schematic trial from the monetary incentive encoding fMRI task. Each trial consisted of a money cue, a jittered interstimulus interval, an overlap image (scene/object combo), and a

distracter task. In this task, participants were instructed to prioritize each background scene in attention and memory while ignoring the transparent object. On half of the trials, participants were
motivated to encode the scenes by a threat cue (“no symbol”) accompanied by an arousing buzzer noise (threat condition). This symbol cued participants that they would lose 50 cents from a preset
account if they forgot the upcoming scene on a subsequent recognition memory test. On the other half of trials (neutral condition), participants saw an image of a square. On these trials, they were
instructed to try to memorize the scene as best as they could, but they had no additional incentive to do so. The red square denotes the 2.5 s stimulus-encoding period when brain activity was
analyzed. The scrambled overlap images were used to model an “active baseline” in the fMRI analyses and to prevent participants from rehearsing recent scenes. The top right panel shows a
schematic trial from the two-alternative forced choice memory test that was administered outside of the scanner ~15 min after encoding. Note that images are not drawn to scale.

accompanied by a highly arousing buzzer sound. The monetary cue was
followed by ajittered central fixation cross (2,4, or 6 s). After this variable
anticipation period, the overlap image appeared for 2.5 s.

To manipulate goal relevance participants were instructed to only fo-
cus on and memorize each scene in the overlap images while ignoring the
foreground object. To reduce the salience/priority of the object even
further, participants were told that their memory would not be tested for
any of the objects and that they were only meant to be a distraction. To
facilitate encoding and ensure participants were prioritizing the scenes,
they were also instructed to categorize each scene as indoors or outdoors
as quickly and accurately as possible when the overlap image appeared.
Regardless of the cue, participants were instructed to categorize and
memorize the exact scene image on each trial.

Following the overlap image, participants performed a brief scrambled-
image detection task, which was used to: (1) prevent memory rehearsal of
recent scenes and (2) provide an active baseline period that could be
modeled in the neuroimaging analyses. In this task, participants saw 3
scrambled overlap images for 1 s each, which were separated by 1 s
fixation cross screens in between. Participants had to respond with their
right hand as quickly as possible when they saw each scrambled image.
They pressed the left button when they saw the first scrambled image, the
right button when they saw the second scrambled image, and the left
button again for the third scrambled image. Each trial concluded with a
2-3 sjittered fixation cross, which served as the intertrial interval.

Memory test
Approximately 15 min after completing the monetary incentive encod-
ing task in the scanner, participants were administered a two-alternative

forced choice recognition memory test outside of the scanner (Fig. 1, top
right). To examine the differential effects of threat-related arousal on
memory for high versus lower priority images, we tested memory for all
scene and object images that appeared during the task. There were 192
memory trials (96 of each visual category) in total. Before beginning the
memory test, participants were told that their memory would be tested
for all objects and scenes and to try their best on every trial.

On each memory trial, one object or scene image from the encoding
task was displayed alongside a semantically similar but perceptually
different (e.g., shape, orientation, etc.) foil image. The order of stim-
ulus presentation was randomized and an equal number of old items
appeared on the left and right of the screen. Participants had to indi-
cate which of the two images they had seen in the scanner.

After each choice, participants were prompted to rate their confidence
in their memory accuracy according to one of three options: extremely
confident, somewhat confident, or just guessing. Participants had to
make their memory responses within 10 s and their confidence rating
within 5 s. If they failed to respond within these response deadlines, the
screen automatically advanced to the next trial and memory accuracy was
recorded as a miss. To prevent fatigue, the memory test was divided into
three blocks.

Procedure

Upon arriving for the experiment, participants provided written in-
formed consent and completed several pen-and-paper questionnaires.
Next, participants were given instructions for the monetary incentive
encoding task on a computer. To familiarize participants with the exper-
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iment, they completed six task practice trials and three memory test
practice trials before entering the scanner.

Scanning procedures took ~1 h. Inside the MRI scanner, participants
first completed the PPA/lateral occipital cortex (LOC) functional local-
izer task (see the “PPA/LOC section” for details), which was followed by
a T1-weighted high-resolution neuroanatomical scan. After the struc-
tural scan, participants completed four runs of the monetary incentive
encoding task, which lasted ~24 min. Between each run, participants
were reminded of the task instructions and to keep their head as still as
possible. Scanning concluded with an ~2 min neuromelanin-sensitive
weighted scan, which was used to help localize and delineate the LC in the
brainstem in each participant (Shibata et al., 2006; Keren et al., 2009;
Clewett et al., 2016).

After exiting the scanner and finishing the memory test, participants
completed a custom postexperiment questionnaire about how arousing
and unpleasant they found the buzzer sounds on threat trials and how
arousing they found the threat and neutral money cues. All ratings were
made on a 7-point scale ranging from 1 = not at all to 7 = very (see Table
1). To assess punishment-related motivation, participants also indicated
how motivated they were to memorize scenes on threat trials and neutral
trials separately by making a vertical hash mark along a line spectrum
ranging from “not motivated” on the left to “extremely motivated” on
the right. Motivation responses were converted to scores by measuring
the distance of the hash mark from the leftmost point (not motivated) in
centimeters. In addition, to ensure that participants prioritized the
scenes during the task, they were asked whether they tried to memorize
all of the scenes and objects.

MRI data acquisition
All neuroimaging data were acquired on a 3T Siemens PRISMA scanner
located at the University of Southern California Dana and David Dorn-
sife Neuroimaging Center. The visual stimuli were displayed on a liquid
crystal display monitor (1024 X 768 pixels at 60 Hz), which participants
viewed via a mirror attached to a 32-channel matrix head coil. A high-
resolution T1-weighted anatomical image (MPRAGE) was acquired to
aid with functional image coregistration (slices = 176 axial; TR/TE/TI =
2300 ms/2.26 ms/1060 ms; FOV = 256 mm; in-plane resolution = 1
mm?; slice thickness = 1 mm with no gap; bandwidth = 200 Hz/Px;
GRAPPA with acceleration factor = 2; duration: 6 min and 45 s).
Functional images for one run (190 volumes) of the localizer task and
four runs (183 volumes each) of the monetary incentive encoding task
were acquired using one echoplanar imaging sequence (TR/TE =
2000/25 ms, 41 interleaved slices with no gaps, FOV = 192 mm; FA =
90° 3 mm isotropic voxel size). After the monetary incentive encoding
task, we collected a neuromelanin-sensitive weighted MRI scan using a
T1-weighted fast spin echo imaging sequence (TR/TE = 750/12 ms,
FA = 120°, 1 average to increase SNR, 11 axial slices, FOV = 220 mm,
bandwidth = 220 Hz/Px, slice thickness = 2.5 mm, slice gap = 3.5 mm;
in-plane resolution = 0.429 X 0.429 mm?).

Memory analyses

Mean task and memory performance

To probe top-down attention during the monetary incentive encoding
task, we performed paired f tests on scene categorization accuracy and
reaction times comparing threat and neutral trials. To determine how
threat differentially influenced memory for high-priority and lower-
priority information, we performed a 2 (priority: high vs low) X 2
(arousal: threat vs neutral) repeated-measures (rm)ANOVA. Planned
two-tailed follow-up paired ¢ tests were also used to test whether, com-
pared with neutral trials, threat enhanced memory for scenes and im-
paired memory for objects. Memory performance was calculated as the
proportion of correctly remembered trials in each arousal trial type.

Memory codependency analysis

According to arousal-biased competition theory, arousal biases limited
mental resources toward prioritized representations such that goal-
relevant stimuli are even more likely to be remembered at the expense of
remembering their competing distracters (Mather and Sutherland,
2011). Therefore, to determine how threat-induced arousal influenced
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competitive memory tradeoffs at the trial level, we performed a memory
codependency analysis (Clewett et al., 2017a,b). Specifically, we investi-
gated how memory accuracy for each scene differed according to mem-
ory accuracy for its corresponding object. Each of the 96 trials from the
monetary incentive encoding task was categorized as one of four possible
outcomes: (1) remembered scene and forgot object, (2) forgot scene and
remembered object, (3) remembered both, or (4) forgot both. The fre-
quencies of each memory outcome were calculated for threat and neutral
conditions separately.

To test our main behavioral prediction that arousal enhances goal-
relevant memory selectivity rather than memory more globally (e.g.,
remembering both the scene and its corresponding object), we
performed a 2 (arousal: threat vs neutral) X 2 (memory outcome: re-
membered,,,.forgot .., vs remembered both) rmANOVA. Follow-up
two-tailed paired ¢ tests were used to examine the main effects of arousal
on selective versus global memory outcomes.

Eye tracking

Pupil dilation analysis. During fMRI scanning, pupil size was measured
continuously at 60 Hz using an infrared ASL model 504 eye-tracker
system (Applied Science Laboratories). To remove noisy or unreliable
samples, pupil data were preprocessed using the following steps: (1) an
upper and lower threshold for pupil diameter was applied by measuring
participants’ maximum pupil size while viewing a purely black screen
and minimum pupil size while viewing a purely white screen; (2A) eye
blinks and other artifacts were removed using a linear interpolation al-
gorithm that constrained interpolation to periods of data loss <1's; (2B)
interpolation was applied 100 ms before the first missing sample and
ended 100 ms after the last missing sample to account for rapid changes
in pupil size during blinks; and (3) trials with estimated pupil dilations
that were 3 SDs above or below the average pupil dilation were excluded
from analysis.

Stimulus-evoked pupil dilation responses were examined for two
events of interest: the money cue and the overlap stimulus. For the
money cue, average pupil diameter was estimated from 1-2.5 s after cue
onset. For the overlap stimulus, average pupil diameter was estimated
across a 1 s window centered upon the time point of the maximum pupil
size. The search window for the maximum pupil size was constrained to
1-2.5 s after scene onset, when the stimulus-evoked pupil response was
most apparent. To measure dilation, average pupil size during these pe-
riods was baseline normed by subtracting the average pupil size during
the 500 ms window before event onset. To examine the influence of
threat-related arousal on pupil dilation, we performed two-tailed
paired t tests comparing average pupil dilation between threat and
neutral trials during the cue and overlap stimulus periods separately.

Relationship between threat-evoked pupil responses and memory selec-
tivity. To determine whether pupil dilation responses were associated
with enhanced memory selectivity under threat, we performed hierarchi-
cal generalized linear modeling (HGLM) analyses using the glmer func-
tion in the lme4 library (Baayen et al., 2008). The parameters were
estimated with the maximum likelihood method in R (R Core Team,
2012). Each trial was used as a level 1 unit and each participant was used
as a level 2 unit.

Arousal condition (1 = threat, —1 = neutral) and mean pupil dilation
responses to the overlap image were group centered and modeled as the
level 1 predictors of trial-level memory outcomes. In two separate
HGLMs, we examined how threat-induced pupil dilation responses to
the overlap stimulus influenced scene (high priority) and object memory
(lower priority) independently (dependent variables: 1 = remembered
scene/object; 0 = forgot scene/object). The main effects of arousal and
overlap stimulus dilation and their interaction were included in these
models. Next, we performed two more HGLMs to query whether dila-
tions to the money cue interacted with dilations to the overlap stimulus
to influence memory outcomes. These HGLMs was the same as before,
but included an additional group-centered level 1 predictor for pupil
dilation to the money cues. The main effects of arousal, overlap stimulus
dilation, and money cue dilation were included in these models, along
with all two- and three-way interactions. Additional HGLMs were per-
formed to rule out the potential influence of other task or physiological
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predictors on memory, including baseline pupil size before the overlap
image, scene memory confidence ratings, and anticipation duration be-
tween the money cue and overlap stimulus.

Neuroimaging analyses

Image preprocessing

Image preprocessing was performed using FSL Version 5.0.4 (fMRIB
Software Library, www.fmrib.ox.ac.uk/fsl). The functional volumes were
preprocessed according to the following steps: motion correction using
MCFLIRT, removal of nonbrain tissue using BET, spatial smoothing
using a Gaussian kernel of 6 mm full-width-at-half-maximum, grand-
mean intensity normalization of the entire 4D dataset by a single multi-
plicative factor, and a high-pass temporal filter of 100 s. Structured noise
and physiological artifacts, such as extreme head motion, white matter/
CSF signal, and cardiac pulsation/respiratory artifacts located across the
whole brain, especially in the fourth ventricle, were identified and re-
moved from the dataset using a single-session independent component
analysis (ICA) (Beckmann et al., 2005). The criteria used for classifying
noise components have been described in more detail previously
(Clewett et al., 2013).

Next, two image registration procedures were used to query the effects
of arousal on scene encoding at the whole-brain level. For the conven-
tional alignment whole-brain analysis, each participant’s denoised mean
functional volume was coregistered to his or her T1-weighted high-
resolution anatomical image using brain-based registration. Anatomical
images were then coregistered to the 2 mm isotropic MNI-152 standard-
space brain using an affine registration with 12 degrees of freedom
(DOF). For the brainstem-specific analysis, we performed an additional
affine transformation with trilinear interpolation. In this step, registra-
tion was weighted by a binarized brainstem mask thresholded at 50%
tissue-type probability (Harvard—Oxford Probabilistic Atlas). Prior re-
search has shown that this technique is optimal for aligning voxels within
the brainstem (Napadow et al., 2006).

Pupil-parametric general linear models (GLMs) of subsequent
memory effects

Whole-brain analysis. Functional images were analyzed to determine how
threat-induced arousal affected perceptual and successful encoding-
related activity across the whole brain using a parametric GLM. We
created separate event-related regressors by modeling the onset times of
the monetary cues and the overlap stimuli with durations of 1 sand 2.5s,
respectively. Each task regressor was convolved with a dual-gamma ca-
nonical hemodynamic response function and their temporal derivatives
were used to model data. Importantly, fMRI analyses were focused on the
period when participants viewed the overlap image.

Trials were sorted by arousal type and scene memory outcome. A
lower-level GLM was then constructed for each participant using four
task regressors: (1) threat scene remembered, (2) threat scene forgotten,
(3) neutral scene remembered, and (4) neutral scene forgotten. To ex-
amine how putative LC activity modulated brain activity encoding, four
complementary task regressors were modeled to examine the parametric
relationship between trial-level pupil dilation and brain activity during
encoding. These parametric regressors were scaled according to the mag-
nitude of the pupil dilation response to each overlap stimulus. As a result,
the BOLD response was weighted more strongly on trials with larger
stimulus-evoked pupil responses than on trials with smaller pupil re-
sponses, thereby providing an index of phasic noradrenergic modulation
of local brain activity (Murphy et al., 2011). Pupil dilation values were
mean-centered across each fMRI run and input into the “strength” col-
umn of the three-column format EV files in FSL.

Eight additional regressors were included in the GLM: two task regres-
sors modeled activity during the money cue (threat and neutral) and six
nuisance regressors derived from the motion correction procedure ac-
counted for residual head motion. Three separate contrasts were created
to test for main effects of memory (remembered vs forgot), arousal
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(threat vs neutral), and an arousal-by-memory interaction effect: [threat
(remembered > forgot) — neutral (remembered — forgot)]. Whole-
brain statistical parametric brain maps were acquired separately for
images registered using the conventional approach and brainstem-
optimized approach.

From the lower-level statistical parametric maps, a second-level fixed-
effects analysis was performed across each participant’s functional runs.
The resulting contrast images were analyzed in higher-level mixed-effects
analysis using fMRIB’s local analysis of mixed effects (FLAME 1 + 2;
(Beckmann et al., 2003). A single group average for each of the contrasts
of interest was calculated using a one-sample ¢ test. To correct for mul-
tiple comparisons, Z-statistic images were thresholded using clusters de-
termined by Z > 2.3 and a corrected cluster significance threshold of p =
0.05 (Worsley, 2001). In addition, this entire procedure was repeated for
subsequent object memory outcomes to probe the specificity of arousal’s
effects on processing prioritized information.

PPA/LOC functional localizer. To examine how threat-induced arousal
differentially influenced encoding-related activity in visual category-
selective cortex, we performed a functional localizer task to delineate the
PPA (high-priority region) and LOC (lower-priority region) in the left
and right hemisphere of each participant. The localizer scan consisted of
48 scrambled objects, 48 objects, and 48 scene images. Scrambled images
of the intact stimuli were generated using the shuffling procedure de-
scribed in the “Stimuli” section. All images were resized to 300 X 300
pixels, gray-scaled, luminance-normed and displayed on a gray back-
ground. Image presentation was divided into six blocks lasting 60 s each.
These blocks were further subdivided into three miniblocks lasting 20 s
each in which a series of images from one of the three visual categories
was displayed on the screen (e.g., scrambled-only, object-only, or scene-
only). Each miniblock contained 8 images lasting 10 s and were separated
from each other by a 10 s fixation cross. Each image was displayed for 1 s,
followed by 250 ms fixation cross interstimulus interval. The order of
miniblocks was counterbalanced across participants. Participants were
instructed to view the images passively as if they were watching a movie.
Importantly, none of the stimuli from the localizer task were used in the
monetary incentive encoding task.

Region-of-interest (ROI) analyses for pupil-parametric GLM

Univariate PPA/LOC ROI analyses. ROI analyses were performed to de-
termine how threat modulated successful scene and object encoding-
related activity in high-priority (PPA) and low-priority (LOC) visual
category-selective cortex. The ROI masks for each PPA and LOC region
were defined individually from the localizer session as 6-mm-radius
spheres centered upon peak voxels in the ventral occipital and temporal
cortex that were most selective for objects (object block > scrambled
objects + scene blocks; Z = 2.57, uncorrected) and for scenes (scene
block > scrambled objects + object blocks; Z = 2.57, uncorrected),
respectively. Using this approach, the ROIs were definable for all partic-
ipants for both LOC (mean peak MNI voxel coordinates: left [—42 —71
—8]; right [47 —69 —8]) and PPA (mean peak MNI voxel coordinates:
left [—27 —47 —6]; right [27 —44 —9]). These peak coordinates for the
left and right PPA and LOC are displayed in standard space in Figure 6.

These functionally defined left/right PPA and left/right LOC masks
were aligned to each participant’s second-level statistical parametric
maps and used to extract percentage signal change of task-related activity
using FSL Featquery (www.fmrib.ox.ac.uk/fsl/feat5/featquery.html) To
test our main hypothesis that successful scene encoding relates to en-
hanced activity in scene-selective visual cortex (PPA) and reduced activ-
ity in the lower-priority object-selective visual cortex (LOC) under
arousal, we performed a 2 (region: PPA vs LOC) X 2 (hemisphere: left vs
right) X 2 (arousal: threat vs neutral) X 2 (memory: remember vs forgot)
rmANOVA.

Univariate LC and ventral tegmental area (VTA) ROI analyses. A final
ROI analysis for the LC was conducted using the same statistical proce-
dures as above. To localize and delineate the LC in each individual, LC
ROIs were hand drawn on each participant’s neuromelanin-sensitive
weighted image by two independent drawers using procedures described
in a previous study (Clewett et al., 2016). The interrater reliability was
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high (intra-class coefficient [ICC] range: 0.85-0.99). Bilateral LC ROIs
were manually defined as a ~1.29 mm wide by ~1.29 mm high (i.e., 3 X
3 voxels) in an axial slice located 7 mm below the inferior boundary of the
inferior colliculus. These masks were centered on the left and right voxels
with the highest signal intensities neighboring the corners of the fourth
ventricle. A dorsal pontine tegmentum (PT) reference ROI was defined
asa 10 X 10 voxel square located 6 voxels above the more ventral of the
2 LCs and equidistantly between them.

We were unable to delineate LCs in 6 participants due to a scan not
being collected (n = 2) or interspace registration issues (n = 4). For those
participants, we used a standard-space 2 SD LC mask derived from a
previous study (Keren et al., 2009). Each participant’s LC ROI trans-
formed into MNI 2 mm standard space using a slight variation of the
transformation steps used for the whole-brain brainstem-weighted
alignment procedure because the neuromelanin images had higher
resolution. Neuromelanin-to-standard-space transformation steps in-
cluded: (1) registering each participant’s neuromelanin scan to his/her
high-resolution anatomical scan using an affine transformation with 6
DOF; (2) registering each participant’s high-resolution anatomical scan
to the MNI standard 1 mm brain template using an affine transformation
with 12 DOF; (3) performing an additional registration by weighting the
T1-to-MNI 1 mm registration by a binarized MNI 1 mm standard-space
mask; and (4) registering the MNI 1 mm standard-space brain to the
MNI 2 mm standard-space brain to acquire a more sensitive, intermedi-
ate registration before transforming the LC ROIs to standard space. LC
percentage signal changes values were extracted and submitted to a
2 (arousal: threat vs neutral) X 2 (memory: remember vs forgot)
rmANOVA to examine the effects of threat on successful scene and object
encoding activity.

Although the VTA does not appear to support threat-motivated en-
coding processes (Murty et al., 2012), there are some indications that it
can be activated by threat cues more broadly (Knutson et al., 2000; Shige-
mune et al., 2014). Therefore, to determine whether the dopaminergic
system contributes to threat-enhanced memory selectivity, we also per-
formed a VTA ROI analysis on scene and object encoding activity. To
define this ROI, we thresholded and binarized a probabilistic VTA
anatomical mask from a prior study (Murty et al., 2014) at 50% and
extracted percentage signal change values. These values were then sub-
mitted to the same rmANOVA analysis as the LC ROL

PPA functional connectivity during encoding

Whole-brain analysis. To examine dynamic interactions between the PPA
(high-priority visual cortex) and the rest of the brain during encoding,
we performed a psychophysiological interaction (PPI) analysis (Friston
etal., 1997). The same lower-level GLM was used as before, but included
nine additional regressors (one physiological regressor and eight interaction
regressors). Whole-brain PPI analyses were performed for the left and right
PPA for object and scene subsequent memory effects separately.

The PPA physiological regressor was created aligning each partici-
pant’s left and right PPA to his/her preprocessed functional data and
extracting their mean activity time series. Eight interaction regressors
were used to model the interaction between the PPA time series regressor
and the pupil-modulated (parametric) and non-pupil-modulated (uni-
form scale) task-related regressors. As before, we tested for significant
main and interaction effects of arousal (threat vs neutral) and memory
(remember vs forgot) on whole-brain left and right PPA functional con-
nectivity patterns modulated by trial-level changes in pupil dilation to
the overlap stimulus. We applied the same multiple comparison correc-
tions as the whole-brain univariate GLM.

PPA functional connectivity ROI analysis. Based on our a priori predic-
tion that arousal amplifies competitive functional interactions between
the PPA and LOC (Lee et al., 2014), we also performed ROI analyses.
Using the same protocol as the whole-brain univariate GLM, each par-
ticipant’s left and right LOC was used to extract parameter estimates of
left and right PPA connectivity from their conventionally registered
whole-brain maps. The resulting parameter estimates were submitted to
a 2 (priority: high vs low) X 2 (PPA hemisphere: left vs right) X 2 (LOC
hemisphere: left vs right) X 2 (arousal: threat vs neutral) X 2 (memory:
remember vs forgot) rmANOVA. To optimize PPA connectivity esti-
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mates with the LC, each participant’s LC mask was used to extract pa-
rameter estimates from their brainstem-aligned maps. These PPA-LC
ROIs were then submitted to the same statistical analyses as the LOC
region but without an LC laterality factor.

Individual differences in brain-behavior relationships

In our final analyses, we queried the relationships between arousal’s ef-
fects on local and network-level brain processing, LC structure (i.e.,
CNR), and threat-related memory selectivity across all participants using
a Theil-Sen estimator, a robust linear correlation technique that is less
sensitive to outliers than parametric regressions (Wilcox, 2004). To this
end, we first computed threat-neutral difference scores for: (1) scene
memory, (2) object memory, and (3) the difference between the two (i.e.,
scene neutral; gain effect in memory).

These three threat-related memory measures were then linearly corre-
lated with LC contrast-to-noise values, LC and VTA ROI estimates, and
PPA-LOC functional connectivity estimates.

Relationship between LC functional activation and structure. First, we
examined whether LC signal contrast-to-noise ratio estimates, a putative
biomarker for LC neuronal density and structural integrity (Keren et al.,
2009, 2015), were associated with individual differences in LC-related
scene and object encoding activity. LC contrast-to-noise ratios were cal-
culated based on the mean LC signal intensity relative to the reference PT
signal intensity using the following formula: LCong = (LCipensity —
PTintensity)/P Tingensity (Sasaki et al., 2006; Shibata et al., 2006; Clewett et
al., 2016). The two raters’ left and right side estimates of LC contrast-to-
noise ratios were all averaged together to increase the signal-to-noise
ratio.

Four participants were excluded from this LC structure—function
correlation analysis: two participants had striping artifacts in their neu-
romelanin images that overlapped with the LC and two other partici-
pants did not have neuromelanin scans due to time constraints. Of the
remaining 18 participants with valid LC signal intensities, the overall
mean and SD for LC contrast-to-noise ratio (M = 0.19, SD = 0.045) was
comparable to values in prior work using this technique (Clewett et al.,
2016). Two robust correlations were performed between LC CNR values
and threat-related LC scene encoding activity and object encoding activ-
ity separately.

Relationship between LC/VTA functional activation and memory. In the
second robust regression analysis, we performed three robust regressions
between the threat-related noradrenergic and dopaminergic encoding
activity and memory: (1) threat-enhanced scene memory, (2) threat-
impaired object memory, and (3) the subtraction between the two (i.e.,
scene effect — object effect; “gain effect” in memory). LC and VTA ROI
estimates were modeled as predictors in the same robust regression to
control for multiple comparisons (p = 0.05, two-tailed).

Relationships between threat-related PPA functional connectivity during
successful encoding and memory. In the last regression analyses, we per-
formed the same three brain—behavior correlations as the LC/VTA ROI
analysis but using the PPA-LOC functional connectivity ROIs as pre-
dictors of memory performance. As before, to control for multiple
comparisons, all six PPA-LOC connectivity combinations (two PPA
hemispheres, two LOC hemispheres, and two item priority types) were
modeled as brain predictors of threat-impaired object memory, threat-
enhanced scene memory, and their difference (scene — object subtrac-
tion) in three separate robust regressions (significance level: p = 0.05,
two-tailed).

Results

Task performance

Arousal/motivation ratings and encoding results

As expected, participants rated the threat money cues as being
significantly more arousing than neutral money cues () =
7.25, p < 0.001). Participants also indicated being significantly
more motivated to memorize scenes on threat trials compared
with neutral trials (f,,) = 4.02, p = 0.001) (Table 1). Other
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statistical comparisons from paired ¢ tests for attention accuracy
(scene categorization), reaction times, and detection task perfor-
mance are also displayed in Table 1.

Memory performance

Mean memory performance results
To determine whether threat-related arousal differentially influ-
ences memory of high-and lower-priority information, we per-
formed a 2 (priority: high vs low) X 2 (arousal: threat vs neutral)
rmANOVA. Participants remembered significantly more goal-
relevant scenes than distracting objects (F(,,,, = 62.33, p <
0.001, nf, = 0.75; Fig. 2, top). Consistent with our main behav-
ioral prediction, threat-induced arousal had opposing effects on
memory for high- and lower-priority stimuli (F, ,,, = 15.32,p =
0.001, 17 = 0.42), with threat selectively enhancing high-priority
memories. Planned comparisons indicated that this arousal-by-
priority interaction effect on memory was
predominantly driven by significant A
threat-induced enhanced memory of 1

high-priority scenes (f,,, = 4.26, p < 8 09 -
0.001). In contrast, there was no signifi- S 08 -
cant threat-induced suppression of mem- € 07
ory of low-priority objects (¢,,, = —1.18, g 06 -
p = 0.25). However, separate one-tailed, X o5 -
one-sample t tests revealed that object s 04 -
memory was significantly above chance 5 03 -
on neutral trials (¢,,,) = 3.31, p = 0.003), S 0.2 -
but not on threat trials (¢,,, = 1.55, p = & 91 -

0.14), suggesting that floor effects for ob- 0 -
ject memory in the threat condition may

w

have limited the range for a meaningful s 17
statistical comparison. g 0.9
< 0.8 -
Memory codependency results >
To determine how threat-related arousal & 079
differentially influences memory selectiv- _Tg 0.6 1
ity at the trial level, we performed a 2 E 0.5 -
(memory outcome: remembered,, for- ° 0.4 -
g0topjece Vs Temembered both) X 2 (arous- .‘é 0.3 -
al: threat vs neutral) rmANOVA. Overall, <3 0.2
participants were significantly more likely DE_’ 0.1 1

to remember both stimuli than to remem- 0 -
ber the scene and forget its corresponding
object (F(, 5;) = 6.30, p = 0.02, m> = 0.23;
Fig. 2, bottom). There was no significant
interaction effect on trial frequency.

Planned paired ¢ tests revealed that
threat significantly enhanced memory for
scenes at the cost of memory for compet-
ing objects (¢,,, = 3.69, p = 0.006),
whereas threat had no effect on global suc-
cessful memory for paired scene and ob-
ject stimuli (t,,) = 0.90, p = 0.38). In addition, the results
indicated that participants were more likely to remember scene—
object pairs than to show a scene-biased memory tradeoff on neutral
trials (t,,) = —2.70, p = 0.013). Therefore, greater memory selec-
tivity under threat appeared to be driven by less narrowing of atten-
tional and encoding resources to neutral scenes.

Figure 2.

Pupil results

Event-related pupil dilation

Planned two-tailed paired ¢ tests revealed that pupil dilations were
significantly larger in response to money cues on threat compared
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Table 1. Monetary incentive encoding task performance and post-task ratings of
money cue arousal and motivation

Threat trials Neutral trials Significance

Arousal rating for money cue 3.95 (1.36) 1.59 (0.091) p < 0.007***
Motivation to memorize scenes 5.05(1.99) 2.52(2.16) p = 0.001**
Scene categorization accuracy 0.94 (0.08) 0.94 (0.05) ns.

Scene categorization RT 1181.56 (206.41) 1136 (139.08)  n.s.
Scrambled image #1 accuracy 0.91(0.09) 0.90 (0.08) ns.
Scrambled image #2 accuracy 0.96 (0.04) 0.96 (0.05) ns.
Scrambled image #3 accuracy 0.95 (0.05) 0.97 (0.04) n.s.
Scrambled image #1 RT 557.18 (77.87) 542.86 (81.29) ns.
Scrambled image #2 RT 325.02 (52.19) 318.05 (46.54) ns.
Scrambled image #3 RT 324.2 (48.48) 319.98 (48.25) ns.

Motivation ratings for memorizing the scenes were measured in centimeters from 0 (not motivated) to 7 (extremely
motivated). Cue arousal ratings were measured on a scale from 1 (not at all) to 7 (very). p-values from paired ¢ test
are displayed in the rightmost column comparing threat versus neutral trials.

RT, Reaction time; n.s., nonsignificant.
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Memory performance on the monetary incentive encoding fMRI task. 4, Proportion of correctly remembered high-
priority scenes and lower-priority objects by arousal condition (threat of punishment vs neutral). Data are represented as means
SEM. Statistical chance-level performance is 0.5. B, Left, Proportion of trials in which participants showed a selective memory
trade-offin favor of the high-priority scene (left bars) or remembered both the scene and object stimuliin the overlap images (right
bars). Right, Schematic of memory codependency analysis. Displayed object/scene images represent successful memory. Light
gray squares signify bins there were used to calculate memory selectivity. **p << 0.01, ***p < 0.001.

with neutral trials (t,,, = 10.53, p < 0.001; Fig. 3C). Conversely,
pupil dilations were significantly larger in response to overlap
images on neutral trials compared with threat trials (¢,,) =
—2.17, p = 0.041; Fig. 3C).

Relationship between encoding-related pupil dilation and memory
Next, we performed HGLM analyses to query the relationship be-
tween threat-related pupil dilation and high- and lower-priority
stimulus memory outcomes. The HGLM analyses on scene mem-
ory revealed a significant main effect of arousal condition (z =
4.57, p < 0.001) on scene encoding, mirroring the results of the
ANOVA. There was also a significant pupil dilation-by-condition
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Pupil results. A, Mean time course of evoked pupil diameter changes to the money cue broken down by arousal type (threat vs neutral). B, Mean time course of evoked pupil diameter

changes to the overlap stimulus broken down by memory type (scene vs object), arousal type (threat vs neutral), and memory outcome (remember vs forgot). In 4 and B, pupil dilations were
calculated by subtracting the window of peak dilation (rightmost shaded rectangles) minus pupil size during the baseline period (leftmost shaded rectangle). C, Average pupil dilation was
significantly larger in response to the threat money cue compared with the neutral money cue, but significantly lower in response to overlap images in the threat compared with the neutral
condition. Data are represented as means = SEM. D, Results from the HGLM analyses indicated that threat-enhanced pupil dilations to the overlap images predicted better scene memory compared
with the neutral condition. Lines and shading indicate regression fits and SEs for the threat (red) and neutral (gray) conditions. The y-axis represents the probability of accurate scene recognition.
Although not displayed, there were no significant effects for object memory outcomes. *p << 0.05; ***p << 0.001. R, Remember; F, forgot.

Table 2. Hierarchical generalized linear modeling (HGLM) results examining the
relationship between pupil dilation responses to the overlap stimulus and arousal
condition (threat or neutral) on scene/object memory

Predictors Estimate SE z p
Scene memory
Intercept 077741 0.08815 8819  <<2.00E-16***
Arousal condition 0.22457  0.04914 457 4.87E-06***
Overlap pupil dilation 0.01611  0.01401 1.149 0.2505
Overlap dilation X condition 0.03092  0.01405 22 0.0278*
Object memory
Intercept 0.14405  0.04493 3.206 0.00135**
Arousal condition —0.04403  0.04493  —0.98 0.32719
Overlap pupil dilation —0.01391 001276  —1.09 0.27592
Overlap dilation X condition 0.01076  0.01276 0.843 0.39929
Arousal condition is coded as threat = 1and neutral = — 1. Scene/object memory are coded as remember = Tand

forgot = 0.
*p < 0.05; **p < 0.01; ***p < 0.001.

interaction effect on scene encoding (z = 2.20, p = 0.028; Table
2). Plotting this interaction effect revealed that threat-evoked
pupil dilations during the overlap image predicted better scene
encoding (Fig. 3D). There were no significant effects of pupil
dilation on object memory, indicating that the beneficial mne-
monic effects of arousal are unique to the high-priority stimulus
(p>0.05).

Several additional HGLMs were performed to rule out the
potential influence of other task predictors on scene/object
memory. In the first HGLM, we found that the overlap dilation-
by-condition interaction effect on scene memory remained sig-
nificant after including a trial-level predictor for pupil dilations
to the money cue and its interactions with other predictors
(arousal condition and overlap dilation; p < 0.05). There were no
significant main or interaction effects of money cue dilations on
scene or object memory. Next, modeling trial-level covariate pre-
dictors for cue-to-overlap anticipation duration and memory
confidence rating did not alter the results in both the model with
money dilations and without it (scene interaction effect: p < 0.05;
all object effects: p > 0.05). There was, however, a significant
main effect of scene memory confidence rating on successful
scene encoding (p < 0.001).

We also created an HGLM model that included a term and
interactions for average baseline pupil size before the onset of the
overlap image based on suggestions that baseline pupil diameter
predicts gain effects in learning (Eldar et al., 2013). Including
these terms slightly diminished the overlap-by-condition inter-
action (p = 0.095), but there was no significant main effect or
interactions of baseline pupil diameter on scene memory (p >
0.46). Finally, in the object HGLM, there was significant main
effect of anticipation duration on object memory such thatlonger
waiting periods between the money cue and the overlap image
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Table 3. Effects of threat and object/scene memory encoding on whole-brain activity as parametrically modulated by pupil dilation responses to the overlap image
MNI peak coordinates (mm)

Brain region Cluster Z-statistic X Y 4 Voxels

Scene memory
Conventional cortical alignment
Threat > neutral
Forgot > Remember

Left frontal operculum 3 3.67 —40 16 2 1450
Left insula 3 3.54 —38 8 —6
Left central opercular cortex 3 3.54 —38 8 8
Left frontal operculum 3 3.38 —38 18 8
Left inferior frontal gyrus 3 3.29 —62 26 12
Left central opercular cortex 3 3.29 —44 —6 8
Left angular gyrus/supramarginal gyrus 2 3.55 —56 —50 18 954
Left anterior supramarginal gyrus 2 3.34 —62 —28 34
Left middle temporal gyrus 2 3.26 —56 —52 8
Left posterior supramarginal gyrus 2 3.21 —60 —50 10
Left posterior supramarginal gyrus 2 3.21 —50 —48 12
Left posterior supramarginal gyrus 2 32 —58 —44 26
Right posterior supramarginal gyrus 1 3.6 62 —36 4 613
Right posterior supramarginal gyrus 1 3.36 62 —44 20
Right anterior supramarginal gyrus 1 3.28 60 —32 40
Right anterior supramarginal gyrus 1 3.22 66 —28 34
Right anterior supramarginal gyrus 1 3.2 62 —28 46

Right anterior supramarginal gyrus 1 3.2 62 —32 46

Threat (Remember > Forgot) — neutral (Remember > Forgot)
Left lingual gyrus/PHG 1 3.98 —14 —42 —6 127
Left parahippocampal gyrus 1 3.84 —14 —40 —10
Right lingual gyrus/PHG 1 3.81 14 —40 =10
Left posterior hippocampus 1 3.39 —-22 —34 -8
Right temporal occipital fusiform cortex 1 3.34 32 —56 -12
Right temporal occipital fusiform cortex 1 3.29 24 —58 —14

Brainstem alignment

Threat > neutral — — — — — —

Remember > Forgot — — — — — —

Threat (Remember > Forgot) — neutral (Remember > Forgot)
Left cerebellum 1 3.51 —14 —58 —-28 718
Left cerebellum 1 3.46 4 —62 —30
Right cerebellum 1 34 8 —54 —28
Brainstem 1 3.39 -8 —34 =30
Right cerebellum 1 332 4 —70 —34
Brainstem 1 3.24 —12 —30 —30

Object memory
Conventional cortical alignment

Remember > Forgot
Right frontal pole 2 3.35 26 46 20 938
Right precentral gyrus 2 3.21 54 8 4
Right frontal pole 2 3.21 34 46 16
Right inferior frontal gyrus 2 3.18 56 14 32
Right frontal pole 2 3.16 30 46 14
Right frontal pole 2 3.08 32 50 24
Right occipital pole 1 3.5 10 —9% 16 843
Right occipital pole 1 3.25 10 —98 18
Right precuneus cortex 1 3.1 8 —58 8
Left intracalcarine cortex 1 3.09 —6 —66 8
Right precuneus cortex 1 3.08 10 —58 16
Right superior lateral occipital cortex 1 3.06 16 —82 20

Threat (Remember > Forgot) — neutral (Remember > Forgot)
Right inferior lateral occipital cortex 1 3.39 36 —70 8 851
Right cerebellum 1 3.3 38 —60 —24
Right cerebellum 1 3.2 36 —58 —28
Superior lateral occipital cortex 1 3.15 40 —88 22
Right cerebellum 1 3.08 38 —64 —24
Right occipital fusiform gyrus 1 3.03 34 —62 —12

Brainstem alignment
Remember > Forgot — — — — — _
Threat (Remember > Forgot) — neutral (Remember > Forgot) — — — — _ _

For brainstem alignment, results are only reported if clusters were centered upon voxels in brainstem or midbrain because this alignment procedure may lead to misalignment of higher subcortical and cortical structures.
H, Hemisphere; PHG, parahippocampal gyrus; T0, temporal occipital; R, remember; F, forgot.
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Pupil-Parametric GLM: Conventionally-Aligned Images
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Figure4. Whole-brain pupil-parametric GLM examining the effects of threat-induced arousal on scene and object encoding activity. Successful object encoding was associated with increased
activity in the occipital pole and right inferior frontal gyrus (IFG) and middle frontal gyrus (MFG; top left). Successful scene encoding was associated with suppressed activity in left inferior and middle
frontal gyrus (IFG/MFG), left insula, and bilateral TPJ encompassing the supramarginal gyrus (SMG; top right). Compared with the neutral trials, threat of punishment significantly enhanced
object-encoding activity in the LOC (bottom left). Compared with the neutral trials, threat of punishment significantly enhanced scene-encoding activity in PHC (bottom right). Note that the
statistical results are not displayed because the bar graphs are meant toillustrate the direction of the effects in each whole-brain cluster. Data are represented as mean percentage signal change =+

SEM. R > F, Remember > forgot; L, left; R, right.

was associated with worse object memory regardless of arousal
condition (z = —2.21, p = 0.027).

Brain results

The neuroimaging results are organized into two main sections:
the pupil-parametric GLM and the PPA-seeded functional con-
nectivity analyses. Each of these sections was then broken down
into three subsections: ROI results, whole-brain results, and
brain—behavior correlations.

Pupil-parametric GLM

Catecholamine and visual-category-selective cortex ROI results.
First, we performed parametric GLM analyses in which we scaled
trial-level BOLD response to the overlap image by the magnitude
of pupil dilation. To determine how threat-induced arousal af-
fected scene and object encoding activity in the LC, VTA, and
category-selective visual cortex ROIs, we extracted percentage
signal change values from each participant’s LC mask, as well as
his/her left/right PPA and LOC that were identified by the func-
tional localizer.

Consistent with a neural gain effect in memory, threat-
enhanced LC encoding activity significantly differed between tri-
als with subsequently remembered scene and object stimuli
(three-way interaction: F(, ,,) = 4.87, p = 0.039, n7 = 0.19).
Follow-up arousal X memory ANOVAs revealed that this
three-way interaction effect was driven by LC activity being
significantly greater when participants encoded threat-motivated
scenes compared with neutral-trial scenes (F(, ;) = 6.56, p =
0.018, m; = 0.24; Fig. 5, Table 3). In contrast, LC activity did not

differ between threat and neutral conditions when participants
successfully encoded distracter objects (p > 0.94). We did not
find any significant main or interaction effects of arousal, prior-
ity, or memory on VTA activity, thereby ruling out a significant
dopaminergic influence on competitive encoding processes un-
der threat.

For the visual-category-selective cortex ROIs, there was no
significant main effect of hemisphere on brain activity during
encoding of scenes or objects (p > 0.05). Further, collapsing
across hemispheres revealed no other main or interaction effects
on PPA or LOC activity for scenes or objects (p > 0.05).

Whole-brain results. Analysis of pupil-modulated BOLD sig-
nal changes at the whole-brain level indicated that there was no
significant main effect of arousal on brain activity during the
overlap image. For scene encoding, there was a significant main
effect of memory on brain activity, with successful scene encod-
ing being associated with reduced activity in left frontal opercular
cortex/insula, and bilateral supramarginal gyrus around the tem-
poroparietal junction (TPJ). Supporting our hypothesis, there
was a significant arousal-by-memory interaction effect on scene
encoding activity such that, compared with the neutral condi-
tion, threat of punishment modulated successful scene encoding
activity in the left posterior parahippocampal cortex (PHC), left
posterior hippocampus, and left lingual gyrus (Fig. 4, Table 3).

For object encoding, we identified a significant main effect of
memory on object encoding activity such that successfully encod-
ing object stimuli corresponded with increased activation of right
occipital pole and right lateral prefrontal cortex, including infe-
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Threat of punishment amplified scene-encoding activity in the LC. In this pupil-parametric GLM analysis, participant’s whole-brain statistical parametric maps were written into

standard space using a procedure optimized for brainstem alignment (Napadow et al., 2006). Whole-brain analyses revealed that threat-enhanced scene encoding was associated with higher
activity in a brainstem region encompassing the LC. Qualitative comparisons revealed substantial overlap between the spatial location of this functional cluster (red) and both the Keren et al. (2009)
25D 2 mm standard-space LC mask (blue dots) and one participant’s neuromelanin-sensitive weighted image (bright dots; top). This result was confirmed to be the LCin a planned ROl analysis in
which participants” hand-drawn neuromelanin LC masks were used to extract percentage signal change (bottom left). Data are represented as means == SEM. The degree to which participants
engaged the LC during threat-related scene encoding was also correlated with his/her LC neuromelanin contrast-to-noise ratio (CNR), a putative biomarker of LC structure (bottom right). *p << 0.05.

R, Scene remembered; F, scene forgot.

rior frontal gyrus and middle frontal gyrus (Fig. 4, Table 3). We
also found a significant arousal-by-memory interaction effect
such that threat led to enhanced object encoding activity in a right
LOC region (Fig. 4, Table 3).

In the brainstem-aligned images, threat of punishment mod-
ulated successful scene encoding activity in a brainstem/cerebel-
lum cluster encompassing the known anatomical location of the
LC (Fig. 5). There were no significant interactions or main effects
on brain activity for object memory, suggesting that brainstem
neuromodulatory nuclei did not significantly influence distracter
encoding.

Relationship between individual differences in LC structure, LC
function, and threat-related memory outcomes. Next, we investi-
gated whether individual differences in LC structure, as indexed
by the neuromelanin contrast-to-noise ratio, were related to LC
ROI estimates of threat-enhanced scene encoding and threat-
impaired object encoding from the prior analysis. We also inves-
tigated whether these LC structural and functional measures were
associated with memory outcomes. Robust regression analyses
revealed that, across participants, the degree of threat-enhanced
LC scene encoding activity was significantly positively correlated
with LC contrast-to-noise ratio (,;, = 0.79, p = 0.0067; Fig. 5).
Threat-related LC activity for object encoding was not signifi-
cantly associated with LC contrast-to-noise ratio across participants
(Bgiy = 0.60, p = 0.15). This finding suggests that participants with
a greater lifetime of LC engagement and concomitant NE metabo-
lism (Mather et al., 2017), as signified by greater LC neuromelanin

Table 4. Robust multiple-regression results showing relationship between
threat-related encoding activity in noradrenergic and dopaminergic ROIs for
scenes/objects separately and threat-related memory outcomes

Threat (R > F) > neutral (R > F) ROl activity

Estimate SE p

Relationship with threat-related suppression of low-priority object memory

Intercept —0.21 0.38 0.76
Locus ceruleus: scene encoding 0.07 0.38 0.93
Ventral tegmental area: scene encoding 0.41 0.32 0.18
Locus ceruleus: object encoding —0.20 0.32 0.69
Ventral tegmental area: object encoding —0.10 0.34 0.64

Relationship with threat-related enhancement of high-priority scene memory

Intercept 0.04 0.33 0.82
Locus ceruleus: scene encoding 0.26 0.42 0.41
Ventral tegmental area: scene encoding 0.09 0.28 0.82
Locus ceruleus: object encoding —0.65 0.29 0.08~
Ventral tegmental area: object encoding 0.16 0.35 0.82
Relationship with threat-enhanced gain effects in memory
Intercept 0.05 0.36 0.89
Locus ceruleus: gain effect 0.54 0.32 0.1
Ventral tegmental area: gain effect 0.17 0.28 0.39

“Gain effect” refers to a two-way interaction score between priority, memory, and arousal: scene [ threat (R > F) —
neutral (R > F) — object [threat (R > F) — neutral (R > F)]. ~p < 0.10.

R, Remember; F, forgot.

signal intensity, also activated the LC to alarger degree when forming
goal-relevant memories under threat. There were no significant cor-
relations between LC contrast-to-noise ratio and either memory
outcome under threat (p > 0.05).



Clewett et al. @ Locus Ceruleus Activity Strengthens Memories

J. Neurosci., February 7, 2018 - 38(6):1558 1574 « 1569

Functional Connectivity Results with Brain Region (PPA) Representing Prioritized Stimulus

Scenes:
Neutral (R > F) — Threat (R > F)

o 0.15

(0]
8 E o4

zd
& § 0.05

- O
£-0.05
-0.1

0.25

Threat-Enhanced
o
o
o

Gain Effect in Memory

p = .046*
] ROI Results

[ -

- Threat(R>F)

Neutral (R > F)

B(17) = -1.02
p=.01*

-0.25

-1.0 -0.5

0.0 0.5

Less FC Supports === Right PPA-Right LOC === More FC Supports

Scene Encoding

Figure 6.

Functional Connectivity Under Threat

Scene Encoding

Dynamic functional connectivity between the PPA and the rest of the brain during scene encoding. At the whole-brain level, enhanced scene-encoding activity in the threat versus

neutral condition was associated with reduced right PPA functional coupling with early visual processing cortical regions, including the left LOC (blue cluster; top left). ROI analyses using each
participant’s functionally defined LOC masks confirmed this result (top right). Data are represented as means == SEM. Right PPA functional connectivity with the LOC was associated with different
memory outcomes under threat-induced arousal (bottom). Specifically, those who showed less right PPA—right LOC functional coupling during successful scene versus object encoding under threat
also exhibited greater threat-related gain effects in declarative memory. Note that the statistic reflects the residual correlation coefficient after controlling for the relationship between gain effects
in memory and the other PPA-LOC functional connectivity predictors. FC, Functional connectivity. *p << 0.05.

When examining the relationship between threat-related LC
and VTA object/scene encoding activity, we did not find any signif-
icant correlations with threat-related memory outcomes (Table 4).
However, there was a statistical trend toward a significant correla-
tion between LC gain-related encoding activity and enhanced mem-
ory selectivity under threat (8,9, = 0.54, p = 0.11).

PPA functional connectivity results

ROI results. PPI analyses were used to determine whether arousal
conditions and trial-level pupil dilations to the encoding stimu-
lus modulated dynamic functional connectivity patterns between
the PPA and LC. We did not find a significant main effect of
priority (p > 0.05) or main effect of LOC side on brain activity
(ps > 0.05). Therefore, we performed follow-up 2 (memory:
remember vs forgot) X 2 (arousal: threat vs neutral) ANOVAs
collapsed across LOC sides and for object and scene memory
separately.

For the scene encoding PPI analysis, we found that threat
significantly reduced right PPA-LOC functional connectivity
when scenes were successfully encoded (F, ,,, = 4.50, p = 0.046,
nf, = 0.18; Fig. 6, Table 5). This finding suggests that greater
arousal-biased competition between high- and lower-priority vi-
sual cortical regions is associated with better goal-relevant mem-
ory under threat.

For the object encoding PPI analysis, there were no significant
main or interaction effects of arousal and memory on PPA-LOC
functional connectivity (p > 0.10). In addition, there were no
significant results for scenes or objects when we examined the
effects of threat and encoding success on PPA-LC functional
connectivity (p > 0.05).

Whole-brain results. At the whole-brain level, we found that
right PPA functional connectivity with early visual processing
regions, including the left occipital fusiform gyrus and LOC, di-
minished significantly when participants successfully encoded
scenes under threat (Fig. 6). This finding suggests that reduced
PPA-LOC functional coupling, or potentially more competitive
network-level interactions (i.e., anti-correlated functional con-
nectivity), between high- and lower-priority visual cortex was
associated with arousal-enhanced encoding of the goal-relevant
scene stimulus. We did not find any other main nor interaction
effects on right or left PPA-seeded functional connectivity, nor
did we find any significant results for PPA functional connectivity
associated with object encoding.

Relationship between individual differences in PPA functional
connectivity and threat-related memory outcomes. Robust correla-
tion analyses revealed that, under threat, greater right PPA-right
LOC scene encoding functional connectivity was marginally an-
ticorrelated with threat-impaired object memory (B,5, = —0.93,
p = 0.06) and threat-enhanced memory scene memory (,3y =
—0.62,p = 0.11) (Table 6). Consistent with our main prediction,
right PPA-right LOC gain-related patterns in functional connec-
tivity were also significantly positively associated with greater
gain effects in memory under threat (8(,,, = —1.02, p = 0.01; Fig.
6). This finding indicates that, under threat, individuals who
showed more competitive (i.e., anticorrelated) PPA-LOC func-
tional interactions when encoding high- versus lower-priority
information also showed enhanced high-priority scene memory
and impaired lower-priority object memory under threat.
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Table 5. Effects of threat of punishment on whole-brain parahippocampal place area (PPA) functional connectivity during successful scene encoding, as parametrically

modulated by pupil dilation responses to the overlap image

MNI Peak Coordinates (mm)

Brain region Cluster Z-statistic X Y z Voxels
Scene memory
Right PPA
Threat > neutral — — — — — —
Remember > Forgot — — — — — —
Neutral (Remember > Forgot) — threat (Remember > Forgot)
Right occipital pole 2 3.62 10 —92 —20 652
Left occipital pole 2 3.14 -2 —-90 —24
Left occipital fusiform gyrus 2 3.14 -12 —86 —26
Left occipital fusiform cortex 2 3.12 -12 —84 =22
Left lingual gyrus 2 3.05 —4 —90 —20
Left occipital fusiform gyrus 2 3.04 -12 —90 —20
Left occipital fusiform gyrus 1 3.16 —42 =70 —24 397
Left occipital fusiform gyrus 1 2.98 —38 —76 —24
Left lateral occipital cortex 1 2.95 —34 —82 —26
Left occipital fusiform gyrus/LOC 1 2.88 —40 —68 —16
Left occipital fusiform gyrus 1 2.84 —32 —76 —24
Left temporal occipital fusiform cortex 1 2.83 —34 —66 —24

Left PPA
Threat > Neutral —
Remember > Forgot —
Threat (Remember > Forgot)—Neutral (Remember > Forgot) —

Object memory

Right PPA
Threat > neutral —
Remember > Forgot —
Neutral (Remember > Forgot) — threat (Remember > Forgot) —

Left PPA
Threat > neutral —
Remember > Forgot —
Threat (Remember > Forgot) — neutral (Remember > Forgot) —

For brainstem alignment, results are only reported if clusters were centered upon voxels in brainstem or midbrain, because this alignment procedure may lead to misalignment of higher subcortical and cortical structures.

H, Hemisphere; PHG, parahippocampal gyrus; T0, temporal occipital; R, remember; F, forgot.

Discussion

During arousing moments, the release of catecholamines is es-
sential for forming adaptive memories of significant events (Har-
ley, 2004). However, unlike the well established role of the
dopaminergic system in facilitating reward-motivated learning
(Sara, 2009), considerably less is known about the LC-NE sys-
tem’s contributions to motivated encoding processes, particu-
larly when humans are faced with threat. Using both fMRI and
pupil dilation measures, a noninvasive biomarker of phasic LC
activity (Murphy et al., 2014; Joshi et al., 2016; Varazzani et al.,
2015; Reimer et al., 2016; Liu et al., 2017), our results provide the
first empirical support for the idea that a momentary increase in
arousal engages the LC to selectively process and store prioritized
information regardless of its intrinsic emotionality.

Our behavioral results revealed that threat-induced arousal
amplified the effects of top-down priority such that memory for
goal-relevant stimuli was selectively enhanced. Much work shows
that motivation enhances declarative memory encoding and can
narrow the focus of attention onto stimuli relevant to our goals
(Levine and Edelstein, 2009; Kaplan et al., 2012; Montagrin et al.,
2013), at least when rewarding or punishment-related incentives
precede actual goal attainment (Kaplan et al., 2012). Consistent
with this, prior studies show that cues associated with the threat
of shock (Murty et al., 2012) or monetary punishment (Shige-
mune et al., 2014) lead to enhanced memory for neutral stand-
alone scene and word images, respectively. By demonstrating
that, like emotional stimuli, threat of punishment impacts mem-
ory of neutral representations differently depending on their goal
relevance, our results are an important extension of prior work

(Mather and Sutherland, 2011; Sakaki et al., 2014; Lee et al.,
2015). We also found a statistical trend toward the predicted
threat-related impairment of low-priority stimuli. Low-priority
memory was significantly above chance in the neutral condition,
suggesting that participants were able to encode some distracting
inputs. However, because performance in the threat condition
was not significantly above chance, there may have been a floor
effect that limited the range for a meaningful object memory
comparison. Future studies could promote stronger encoding of
both stimuli, such as increasing the image duration, to improve
the ability to detect reliable threat-related memory impairments
for less salient information.

Using trial-level pupil dilation as a proxy of LC activity (Mur-
phy et al., 2014), we showed that enhanced threat-related pupil
dilations specifically predicted better memory for goal-relevant
images. In similar findings, previous work shows that greater
pupil dilation to high-value words versus low-value words is as-
sociated with reward-related memory enhancements (Ariel and
Castel, 2014). Likewise, pupil dilations evoked by events known
to activate the LC-NE system, including target detection (Hoffing
and Seitz, 2015) or oddball sounds (Tona et al., 2016), lead to
enhanced encoding of concurrent scene images. However, to
date, the notion that these effects signify LC neuromodulation
has been limited to speculation because these studies did not
measure LC activity directly in the brain. By weighting the BOLD
response by pupil dilation, our imaging results support a link
between pupil responses during memory encoding and human
LC activity. Interestingly, pupil dilation has been shown to pre-
dict subsequent perceptual stability of one percept over another
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Table 6. Robust multiple-regression results showing relationship between
functional connectivity analyses seeded in the parahippocampal place area (high
priority category-selective cortex) and lateral occipital cortex (low priority
category-selective cortex) for scenes/objects encoding, separately, and
threat-related memory outcomes

Threat (R > F) > neutral (R > F) ROl connectivity *

Estimate SE p

Relationship with threat-related suppression of low-priority object memory

Intercept —0.12 0.37 0.93
Right PPA—right LOC: scene encoding —0.93 0.41 0.06~
Right PPA—left LOC: scene encoding 0.70 0.55 0.51
Left PPA-LOC: scene encoding 0.28 0.40 0.60
Left PPA-LOC: scene encoding —0.54 0.41 0.49
Right PPA—right LOC: object encoding 0.34 0.36 0.37
Right PPA—left LOC: object encoding 0.04 0.37 0.85
Left PPA—right LOC: object encoding —0.17 0.32 0.75
Left PPA—left LOC: object encoding 0.26 0.38 0.41

Relationship with threat-related enhancement of high-priority scene memory

Intercept —0.06 0.27 0.62
Right PPA-right LOC: scene encoding —0.62 0.33 0.07~
Right PPA—left LOC: scene encoding 0.10 0.55 0.79
Left PPA—right LOC: scene encoding —0.08 0.36 0.73
Left PPA—left LOC: scene encoding 0.67 0.44 0.17
Right PPA—right LOC: object encoding 0.23 0.35 0.47
Right PPA—left LOC: object encoding 0.10 0.39 0.70

Left PPA—right LOC: object encoding
Left PPA-left LOC: object encoding
Relationship with threat-enhanced gain effects in memory

—0.02 0.31 0.88
—0.39 0.38 0.44

Intercept 0.01 0.26 0.98
Right PPA-right LOC: gain effect —1.02 0.33 0.01*
Right PPA—left LOC: gain effect 0.12 0.36 0.72
Left PPA-right LOC: gain effect 0.36 0.29 0.27
Left PPA-left LOC: gain effect 0.02 0.31 0.73

“Gain” refers to a three-way interaction score between priority, memory and arousal: scene [threat (R > F) —
neutral (R > F) — object[threat (R > F) — neutral (R > F)].

#Functional connectivity estimate between PPA and LOC during encoding. ~p << 0.10; *p < 0.05.
R, remember; F, forgot.

during perceptual rivalry (Einhduser et al., 2008). From the per-
spective that phasic LC activity amplifies neural gain (Aston-
Jones and Cohen, 2005; Mather et al., 2016), our results suggest
that threat-related LC activity biases awareness to favor priori-
tized neutral representations.

Consistent with this, we found that LC activity was associated
with more selective and localized neuronal processing under
arousing conditions. Specifically, stimulus-evoked pupil dila-
tions modulated scene-encoding activity in the LC and PHC, a
predominantly scene-selective region (Kohler et al., 2002; Stares-
ina et al., 2011). LC neuromodulation did not relate to scene
encoding activity in the LOC (the region representing obects;
Grill-Spector et al., 1999), indicating that such regulation is lo-
calized to prioritized representational cortex. In fact, our whole-
brain analysis revealed that threat-induced arousal modulated
scene-encoding activity in the LC/PHC and nowhere else. Unlike
studies focused on perception (Lee et al., 2014), we observed
pupil-modulated encoding patterns farther along the ventral vi-
sual stream than PPA in the PHC and posterior hippocampus,
which also show some selectivity for scene encoding (Preston et
al., 2010; Mundy et al., 2012). This finding is consistent with
recent imaging studies showing that aversive contexts amplify
PHC responses to surprising events (Murty et al., 2016) and dur-
ing threat-motivated source memory binding (Shigemune et al.,
2014). In sum, our results support a recent model positing that
LC neuromodulation enhances processing important represen-
tations selectively (Mather et al., 2016).
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Our whole-brain fMRI analyses also revealed that LOC activ-
ity was associated with successful object encoding under threat. It
is important to stress that, at the behavioral level, threat trended
toward significantly suppressing distracter encoding. Therefore,
even though distracter encoding was uncommon, this result in-
dicates that threat modulated visual cortex activity only when
objects were successfully encoded. Although speculative, one
possibility is that object inputs sometimes triggered greater
stimulus-driven attention and reorienting, thereby becoming
more prioritized. However, this threat-induced strengthening of
object traces did not relate to LC activation, suggesting that other
threat-related arousal mechanisms facilitate encoding of low-
priority representations.

Another interesting finding was that, across arousal condi-
tions, successful scene encoding corresponded with reduced ac-
tivity in the left frontal operculum/insula and left/right TP]. Prior
work implicates these regions in processing internal state infor-
mation (Craig, 2009) and bottom-up reorienting (Corbetta and
Shulman, 2002). Further, other neuroimaging work demon-
strates that increased TPJ] activity impairs episodic memory
encoding of goal-relevant stimuli (Uncapher et al., 2011). There-
fore, our findings are consistent with the idea that successful
top-down encoding processes rely on the effective suppression of
task-irrelevant internal and external information.

By simultaneously modeling pupil dilations to the monetary
cue and overlap stimulus, we were also able to link the mnemonic
benefit of putative LC activity to the stimulus-encoding period.
Why would the LC’s mnemonic influence be evident during the
encoding event but not during the arousing cue? One possibility
is that increased pupil dilation at encoding reflects more effortful
cognition and energy investment (Kahneman and Beatty, 1966;
Varazzani et al., 2015). Recent work in monkeys shows that, al-
though pupil dilation occurs in responses to reward cues, LC activity
was more closely correlated with dilations during the onset of goal-
directed behavioral responses and the degree of effort requires to
perform those actions (Varazzani et al., 2015). Therefore, our find-
ing of a positive relationship between pupil-modulated LC encoding
activity may signify participants’ increased effort to encode target
information, consistent with evidence implicating the LC in effort-
ful, goal-directed attention, and behavior (Aston-Jones and Cohen,
2005; Raizada and Poldrack, 2007; Bouret et al., 2012; Alnees et al.,
2014; Floresco, 2015).

The notion that our pupil and LC activity results reflect in-
creased attentional modulation rather than emotional arousal,
per se, aligns with extant neurobiological models of emotional
memory. Specifically, converging theoretical and empirical work
demonstrate that the immediate benefit of attention on emotional
memory are dissociable from longer-term emotional memory en-
hancements (Sharot and Phelps, 2004; Talmi et al., 2008, 2013), with
the latter involving postencoding noradrenergic modulation of the
amygdala (McGaugh and Roozendaal, 2002; LaLumiere et al., 2003).
Although we cannot dissociate whether LC activation in this study
corresponded with greater selective attention versus emotional
arousal (or both), the GANE model is agnostic to how NE levels
become elevated: insofar as the LC is sufficiently activated by a
salient event, we would expect enhanced memory selectivity for
information that is prioritized at that moment (Mather et al.,
2016). Interestingly, empirical work shows that the facilitating
effects of emotional arousal on prioritized neutral memoranda
become even more pronounced after a 1-week delay (Anderson
etal., 2006; Knight and Mather, 2009). Therefore, one avenue for
future research would be to determine whether enhancing posten-
coding noradrenergic activity amplifies the priority-dependent ef-
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fects of phasic LC activation at encoding (Roozendaal and Hermans,
2017).

Prior research using neuromelanin-sensitive imaging has
linked LC signal intensity, a structural marker of LC neuronal
density (Keren et al., 2009, 2015), to trait measures of executive
function (Clewett et al., 2016) and parasympathetic control over
the heart (Mather et al., 2017). The present study expands upon
these studies by demonstrating that individuals with greater LC
neuromelanin are also more likely to engage the LC to encode
task-relevant representations under arousal. To our knowledge,
these data provide the first human evidence of a direct link be-
tween task-related LC activity and its structure. These results
highlight the importance of measuring individual differences in
LC structure because it may account for differences in cognitive
abilities (Clewett et al., 2016), vulnerability to anxiety (Bangasser
et al,, 2016), relative levels of tonic sympathetic activity
(Mather et al., 2017), or age-related neuronal pathology
(Braak et al., 2011; Robertson, 2013; Mather and Harley, 2016).

Using functional connectivity analyses, we found that success-
ful threat-motivated encoding yielded dynamic coupling pat-
terns consistent with increased neural gain. Specifically, better
high-priority encoding under threat was associated with reduced
functional coupling between high-priority cortex (PPA) and
lower-priority cortex (LOC). Further, an individual differences
analysis revealed that, under threat, individuals who showed less
communication between these competing visual regions when
encoding high- versus lower-priority information showed more
selective memory for goal-relevant information. Therefore, be-
yond influencing perception (Lee et al., 2014), arousal also seems
to bias network-level processes to support “winner-take-more”
and “loser-take-less” effects in memory. These results are consistent
with prior theoretical (Aston-Jones and Cohen, 2005; Mather et al.,
2016) and neural network models (Servan-Schreiber et al., 1990;
Usher et al., 1999; Eldar et al., 2013, 2016) of LC gain modulation
proposing that lateral inhibition between competing brain regions is
critical for biasing processing in favor of task-relevant over task-
irrelevant stimuli. Supporting this idea, a transcranial magnetic
stimulation study showed that inhibiting LOC activity improves
scene categorization accuracy via an increase in PPA activity
(Mullin and Steeves, 2011, 2013). Therefore, effective distracter
suppression may also liberate mental or energetic resources to
focus even more on encoding the most important representa-
tions.

There are several limitations in our study. First, imaging hu-
man brainstem activity is often confounded by cardiac pulsation
artifact, the LC’s small size, and low spatial resolution of fMRI
(Astafiev et al., 2010). Importantly, we used a rigorous methodolog-
ical approach to mitigate these issues. A brainstem-optimized align-
ment procedure was used for image registration (Napadow et al.,
2006) and we removed confounding signals in the fourth ventri-
cle using ICA (Beckmann and Smith, 2004; Clewett et al., 2013).
We also analyzed the task data using regressors modulated by
trial-level pupil dilation as proxy for phasic LC activity. Finally,
we used neuromelanin-sensitive weighted imaging to acquire
participant-specific LC structural ROIs (Sasaki et al., 2006; Shi-
bata et al., 2006; Clewett et al., 2016). The significant relationship
between LC BOLD signal and LC neuromelanin signal helps to
validate that our imaging results signified true LC activity. More-
over, it is unlikely that our findings resulted from threat ampli-
fying physiological noise related to greater sympathetic arousal
because we did not observe a main effect of threat on LC activity.
Nonetheless, our results should be interpreted with caution given
current methodological constraints on imaging human brains-
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tem activity. Another important consideration is that we paired
aversive sounds with the threat cues to amp up overall arousal.
Given that prior studies have reported greater VTA activity in
response to only images of threatening money cues (Shigemune
etal., 2014), it is possible that our null dopaminergic results may
have been driven by a combination of both aversive motivational
and unconditioned stressors.

In conclusion, our findings support the idea that LC activity
helps to optimize the selection and formation of adaptive mem-
ories when it is most needed. Ultimately, this work will inform
future studies investigating the role of neuromodulators in
motivated cognition, particularly with respect to avoiding
threat and energizing adaptive behavior. Furthermore, our re-
sults may inform how arousal-related disorders characterized by
the formation of maladaptive memories under threat (e.g.,
PTSD) or inabilities to focus attention (e.g., ADHD) relate to
altered LC-NE system function.
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