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Abstract

PTSD has been associated consistently with abnormalities in fear acquisition and extinction
learning and retention. Fear acquisition refers to learning to discriminate between threat and safety
cues. Extinction learning reflects the formation of a new inhibitory-memory that competes with a
previously learned threat-related memory. Adjudicating the competition between threat memory
and the new inhibitory memory during extinction may rely, in part, on cognitive processes such as
working memory (WM). Despite significant shared neural circuits and signaling pathways the
relationship between WM, fear acquisition, and extinction is poorly understood. Here, we
analyzed data from a large sample of healthy Marines who underwent an assessment battery
including tests of fear acquisition, extinction learning, and WM (N-back). Fear potentiated startle
(FPS), fear expectancy ratings, and self-reported anxiety served as the primary dependent
variables. High WM ability was associated with greater CS+ fear inhibition during the late block
of extinction and greater US expectancy change during extinction learning. WM ability was not
associated with magnitude of fear conditioning/expression. Attention ability was unrelated to fear
acquisition or extinction supporting specificity of WM associations with extinction. These results
support the conclusion that individual differences in WM may contribute to regulating fear
responses.
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Introduction

The neuropsychiatric consequences of military combat, such as post-traumatic stress
disorder (PTSD), are highly prevalent and debilitating (Baker et al., 2012; Hoge & Castro,
2006). Moreover, PTSD is difficult to treat, and current treatments are associated with high
rates of relapse (Steenkamp, 2016; Yehuda & Hoge, 2016). The prevalence and chronic
nature of these disorders represents a growing concern for public policy makers and health
providers, underscoring the need to identify underlying neurocognitive and affective
mechanisms that confer risk and promote resilience.

Aberrant fear learning processes may underlie vulnerability to PTSD (Acheson, Geyer, et
al., 2015; Lissek & van Meurs, 2015; Rauch, Shin, & Phelps, 2006; VanElzakker, Kathryn
Dahlgren, Caroline Davis, Dubois, & Shin, 2014; Zuj, Palmer, Lommen, & Felmingham,
2016). Fear acquisition is the process whereby a previously neutral cue becomes associated
with threat whereas fear extinction is the process by which one learns that a cue that once
signaled the occurrence of threat is no longer predictive of an aversive event (Bouton &
Moody, 2004; LeDoux, 2000; Pavlov, 1927). Fear extinction is not an “unlearning” of the
original fear-cue association, but a new type of learning in which an individual begins to
inhibit fear responses to the cue (Barad, 2006; Bouton, Westbrook, Corcoran, & Maren,
2006; Craske, Treanor, Conway, Zbozinek, & Vervliet, 2014). The relative strength of this
inhibitory memory compared to the old fear memory reflects extinction success (Bouton &
Todd, 2014; Todd, Vurbic, & Bouton, 2014).

Fear learning is not just an emotional process, but relies on an individual’s cognitive
abilities, such as working memory (WM) and attention (Hayes, VanElzakker, & Shin, 2012;
Zuj et al., 2016). Cognition plays an important role in emotion regulation (Etkin, Buchel, &
Gross, 2015; Okon-Singer, Hendler, Pessoa, & Shackman, 2015). For example, individuals
with low WM ability have been shown to have more negative intrusive thoughts (Brewin &
Smart, 2005; Klein & Boals, 2001) and have greater difficulty reappraising emotions
(Schmeichel, Volokhov, & Demaree, 2008). This interplay between WM and emotion
suggests that individual differences in WM, may also influence fear acquisition and
extinction (Zuj et al., 2016). WM is a limited capacity workspace that evolved to support the
internal maintenance and manipulation of task sets and other goals (Baddeley, 2012;
Carruthers, 2013; Cowan, 2016). WM is critical for selecting relevant information for
continued processing and preventing irrelevant information from being unnecessarily stored
and manipulated (D’Esposito & Postle, 2015). A consequence of poor WM ability is that
task-irrelevant information can compete for the same mental workspace and neural real
estate where goal-relevant information is maintained (McNab & Klingberg, 2008; Vogel,
McCollough, & Machizawa, 2005). Extending this framework to fear acquisition and
extinction learning, individuals with high WM ability may be better at successfully
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discriminating between fear and safety cues, recalling the task-relevant inhibitory-memory,
and preventing task-irrelevant and fear-related memory from being retrieved (Catarino,
Kipper, Werner-Seidler, Dalgleish, & Anderson, 2015; Stout, Shackman, Pedersen,
Miskovich, Larson, 2017; Stout, Shackman, Johnson, & Larson, 2015; Stout, Shackman, &
Larson, 2013).

From a neuroscience perspective, both WM and extinction are neurobiologically instantiated
in the frontal network (D’Esposito & Postle, 2015; Milad & Quirk, 2012; Sotres-Bayon &
Quirk, 2010), with robust functional and structural connectivity with striatal regions
involved in WM gating, via phasic dopaminergic signaling (Abraham, Neve, & Lattal, 2014;
Badre, 2012; Chatham et al., 2011; D’ Ardenne et al., 2012; Goldman-Rakic, 1995; McNab
& Klingberg, 2008; O’Reilly & Frank, 2006). WM performance and frontostriatal activity is
increased by DA agonists (Cools, Sheridan, Jacobs, & D’Esposito, 2007). Importantly,
dopamine (DA) also plays a critical role in fear acquisition and extinction learning
(Abraham et al., 2014; Pezze & Feldon, 2004; Tovote, Fadok, & Luthi, 2015). Mice with
reduced DA signaling via genetic or pharmacological manipulations exhibit alterations in
both fear learning and extinction (EI-Ghundi, O’Dowd, & George, 2001; Fadok, Dickerson,
& Palmiter, 2009; Risbrough, Ji, Hauger, & Zhou, 2014), while enhancement of DA has
been shown to increase extinction learning and recall (Abraham, Cunningham, & Lattal,
2012; Abraham et al., 2014). Carriers of the human 9R DAT1 D1 transporter gene, which
supports elevated DA release, display increased extinction learning (Raczka et al., 2011).
These patterns raise the possibility that the neurocircuitry underlying WM is shared with
fear extinction processes, particularly through mid-brain and frontostriatal DA signaling
(Collins & Frank, 2012; Frank & Badre, 2012).

Despite the potential shared neural circuitry, the role that individual-variation in WM plays
in acquisition and extinction learning is poorly understood. The aim of the current
investigation was to leverage data from the Marine Resilience Study Il (MRS 1l; Baker et al.,
2012) to examine whether individual differences in WM ability influence fear acquisition
and extinction. The MRS Il study is a large prospective evaluation of active duty Marines
with the aim of identifying neurocognitive predictors and biomarkers of risk and resilience
for post-combat stress symptoms (Acheson et al., 2015). Here we focused on a healthy
subset of the sample of healthy active duty Marines assessed prior to combat deployment
that was reported in (Acheson, Geyer et al., 2015), where they performed a well-validated
conditioned fear potentiated startle paradigm (FPS) (Acheson, Eyler, Resovsky, Tsan, &
Risbrough, 2015; Acheson et al., 2013) and the Penn Web-Based Computerized
Neurocognitive Battery (Penn WebCNB; Gur et al., 2010; Moore, Reise, Gur, Hakonarson,
& Gur, 2015). The Penn WebCNB is a computerized neurocognitive assessment battery
measuring a broad-spectrum of cognitive processes (Moore et al., 2015). Here we tested the
hypothesis that WM performance is positively associated with measures of extinction
learning and safety signal discrimination. To test our hypotheses we used the N-back task
performance to assess WM ability (Ragland et al., 2002) and the FPS task to assess cue
discrimination and fear extinction. Because of our specific hypothesis regarding the
relationship between WM and fear learning, we focused on WM, and did not test all of the
neurocognitive measures from the WebCNB.
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Method

Participants

A total of 1031 infantry Marines and Navy Corpsmen (100% male) who completed both the
fear-conditioning task and the Penn WebCNB were enrolled. We excluded participants if
they met criteria for psychiatric symptoms (see Supplementary Information) including
PTSD (n = 42), as diagnosed via the Clinician Administered PTSD Scale), clinically
elevated levels of anxiety (as measured by > 15 on the Beck Anxiety Inventory, n=37) and
depression (as measured by >19 on the Beck Depression Inventory 2, n=12). A total of 21
subjects were removed due to fear conditioning technical problems. Participants who
performed below 50% accuracy on the 2-back and 3-back conditions were excluded from
further analyses (n=14). In the extinction analysis only, we removed 117 subjects for failure
to show startle potentiation to the CS+ compared to baseline (NA trials) during fear
acquisition (showed either identical or lower startle to the CS+ compared to baseline trials).
Non-potentiators were removed because extinction learning cannot be assessed in subjects
that show no measurable conditioned-fear response. Non-responders did have lower WM
ability compared to responders, ¢= —2.89, p=.004. We report results of primary analyses
including the non-responders in the Supplementary Materials. Participants provided written
informed consent prior to assessment (see Table 1 for participant characteristics). The
institutional review boards of the VA San Diego Research Service, the Naval Health
Research Center, and the University of California San Diego approved all study procedures.
For overall details of the Marine Resiliency Study see (Baker et al., 2012).

Measuring WM

The Penn Web-Based Computerized Neurocognitive Battery (Penn WebCNP; Gur et al.,
2010; Moore et al., 2015) was used to measure WM (See Supplementary Figure 1). The
Penn WebCNP is a validated battery aimed to provide a brief but comprehensive assessment
of several neurocognitive domains using 13 sub-tests. Descriptions of the other sub-tests are
provided elsewhere (Moore et al., 2017, 2015) and they were not used in this analysis.

WM ability—The Short Letter-N-Back task from the Penn WebCNP was used to assess
WM ability. Participants were asked to pay attention to flashing letters that appeared, one at
a time, in the middle of the computer screen. In this version of the task, subjects completed
two WM load conditions: the 2-back and the 3-back. During the 2-back condition,
participants were instructed to press the spacebar whenever the letter on the screen matched
the one that appeared two letters prior (i.e. in the series “B”, “F”, “B”, the participant should
press the spacebar on or immediately after the second “B”). During the 3-back, the
participants were told to press the spacebar whenever the letter on the screen is the same as
the one that appeared three letters prior (i.e. in the series “B”, “F”, “G”, “B”, the participant
should press the spacebar on or immediately after the second “B”). Each letter appeared for
0.5 seconds with an ISI of 2.5 seconds. Participants were able to respond once the letter
appeared or during the 2.5 second ITI. After participants passed practice trials for both N-
back load conditions, they completed two blocks each of the N-back load condition (2-back:
10 targets + 20 foils; 3-back: 10 targets + 30 foils).

Behav Res Ther. Author manuscript; available in PMC 2019 March 01.



1duosnuep Joyiny vA 1duosnue Joyiny vA

1duosnue Joyiny vA

Stout et al. Page 5

Fear acquisition and extinction task

Full details of the fear acquisition and extinction task (see Supplementary Figure 2) have
been described elsewhere (Acheson, et al., 2015).

Apparatus—Startle pulses (108 dB, 40 ms) were delivered using a San Diego Instruments
(SDI, San Diego, CA, USA) SR-HLAB Electromyography (EMG) system. The air puff was
set at 250 psi and delivered via a plastic tube positioned 2.5 cm from the center of the throat.
Air-puff onset was controlled by a solenoid system triggered by a laptop computer.
Conditioned stimuli were presented via E-Prime software (Psychology Software Tools, Inc.,
Sharpsburg, PA, USA) run on a desktop computer with a 48 cm monitor positioned directly
in front of the participant. Presentation of the stimuli was triggered by signals from the EMG
system to control synchronization of visual, acoustic, and air-puff stimuli with EMG
recording.

Eyeblink EMG responses to the acoustic pulses were recorded via Ag/Ag 3M Red Dot
electrodes placed at the orbicularis oculi muscles at the left eye connected to the SDI SR-
HLAB EMG system and laptop computer (Acheson, Eyler, et al., 2015; Acheson et al.,
2012, 2013; Marshall, Acheson, Risbrough, Straus, & Drummond, 2014). A reference
electrode was placed at the mastoid bone behind the left ear. Before electrode placement,
skin was cleaned with alcohol and exfoliated with 3M electrode prep tape. All electrode
resistances were <10 kQ. EMG data were recorded at a sampling rate of 1 KHz, amplified
(0.5 mV electrode input was amplified to 2500 mV signal output), band-pass filtered (100
1000 Hz), rectified, and smoothed with a 5-point rolling average. Expectancy responses
were recorded trial-by-trial via responses on a key-pad linked to E-Prime. Self-report
responses were recorded at the end of each experimental phase via the same keypad.

Eyeblink data were scored via SR-HLAB EMG Utilities software as previously described
(Acheson, Geyer, et al., 2015). In brief, eyeblink responses were examined trial by trial at a
window starting 100 ms before the startle pulse and ending 200 ms after the pulse. Only
responses that peaked within 100 ms of pulse onset were scored. Trials with excessive
baseline noise or artifact were removed (2.1% of trials) and imputed based on the average
value of the immediately preceding and following trials.

Procedure—The fear acquisition and extinction protocol consisted of two testing
“phases”; Acquisition and Extinction. Before acquisition, the participants were told that one
colored symbol predicted the air-puff. Each phase began with 4 startle pulses in the absence
of any other stimuli to stabilize startle responding. Acquisition consisted of 8 6-sec
presentations of the conditioned stimulus (CS+; either a blue or yellow circle or square,
balanced across subjects) that was paired with the air-puff in 75% contingency, 8 6-sec
presentations of a hon-reinforced conditioned stimulus (CS-; also either a blue or yellow
circle or square) that was never paired with the air-puff, and 8 presentations of the startle
stimulus in the absence of any stimuli (noise alone or “NA” trial) which measured baseline
startle. The CS+ and air-puff co-terminated on reinforced trials. Startle pulses were
presented ~4 sec following CS+ or CS— onset. Contingency awareness was measured using a
numbered keypad to report at each CS+ and CS- trial whether or not they expected the air
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puff. Participants responded with a “1” if they expected the air puff, “2” if they were unsure,
and “3” if they did not. After acquisition, participants were assessed for CS-US contingency
awareness, self-reported anxiety to each CS, and subjective aversiveness of the air-puff.

After Acquisition, participants sat quietly for 5 min before beginning the Extinction phase.
Participants were told to “remember what they learned” in the previous session. The
Extinction phase consisted of 16 presentations of each stimulus type (CS+, CS—, and NA).
No air puffs were presented. Startle pulses were delivered and ratings of expectancy were
collected in the same fashion as in the Acquisition phase. After this phase, participants again
rated their level of anxiety during the cues. Participants were then disconnected from the
apparatus and went on to other assessment stations (see Baker et al., 2012 for full details of
Marine Resiliency Study assessment battery).

Data Preparation

FPS data preparation followed our standard procedures for the fear acquisition and
extinction as detailed elsewhere (Acheson, Geyer, et al., 2015; Acheson et al., 2013).

Fear acquisition—Raw startle responses to each stimulus type were averaged into two
blocks of 4 trials. To adjust for startle habituation, potentiated startle responses to CS+ and
CS- were then calculated for each block by subtracting NA averages from the CS+ and CS-
averages. The second block, the last half of the acquisition phase or “late acquisition,” was
then used as the operational measure of fear acquisition.

Fear extinction—To measure extinction, CS+ trials were averaged into 8 two-block trials
and potentiated startle to the CS+ was calculated by subtracting the NA baseline responses
for each block (CS+ - NA). To control for individual differences in fear learning (e.g.
Acheson, Geyer, et al., 2015; Acheson, Eyler, et al., 2015; Milad et al., 2007; Norrholm et
al., 2011), potentiated startle to the CS+ during extinction is normalized for the maximum
CS+ potentiated responding observed during acquisition to create a “% conditioned fear”
score [L00*((CS+ - NA) response on extinction block/maximum CS+-NA response observed
during acquisition)]. %conditioned fear scores were then averaged into 4 blocks. To
measure learning performance during extinction learning (Milad et al., 2007; Phelps,
Delgado, Nearing, & LeDoux, 2004) we compared the %conditioned fear scores of the first
block of extinction, to each subsequent block (e.g. Block 1 minus Block 2; Block 1 minus
Block 3; and Block 1 minus Block 4). High scores signify a greater drop in % fear retention
between the first block and later blocks of the extinction training session, therefore
providing an index of extinction learning success compared to baseline (Milad et al., 2007;
Phelps et al., 2004). Effects of extinction training on the safety signal (CS-) and baseline
(NA alone trials) are presented in the Supplementary Materials.

1some argue that % change scores can be biased and less reliable than using raw FPS or T-scores (Bradford et al., 2016; Lonsdorf et
al., 2017). We therefore repeated our analyses using raw startle responses (subtracted from NA trials) without comparing it to
maximum CS+ response during acquisition. Results were mostly consistent with our primary analyses. Individuals with high WM
ability displayed an overall larger “fear extinction learning’ score, p=.047. Importantly, the WM group x block interaction remained
significant, p=.015. A planned comparison supported the index-score method described in the primary analysis by showing that high
WM ability was associated with larger extinction learning scores during the late block (p=.003). This pattern was similar when using
the full continuous sample as well (non-extreme group approach): significant WM ability x block interaction (p=.029). Additional
analyses for the T-scores are reported in the Supplementary Materials.
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Expectancy responses were re-coded as: expect air puff = 1, unsure = 0, do not expect air
puff = —1. Expectancy responses over the first half of acquisition, and also the last half of the
acquisition phase (4 trials/stimulus type) were averaged together as with the startle data.
Expectancy responses for the extinction phase were analyzed in a similar manner as the FPS
(i.e., extinction learning scores).

WM hypothesis Testing

Sensitivity @' was computed on overall N-back performance to estimate WM ability.
Sensitivity @ is a measure of the ability to discriminate between targets and distractors, and
is based upon signal detection theory (Macmillon, 2002). Using the method outlined by
(Haatveit et al., 2010), @ was calculated using the standard formula: Zpt_rate — Zfalse-alarm:
where total hit-rates and false-alarms for the entire task (i.e., summing 2-back and 3-back
performance) were first adjusted, and then Z-transformed using the Microsoft Excel
algorithm NORMSINV (Haatveit et al., 2010). To maximize the ability to detect differences
between high and low WM ability (detailed below), we created low and high WM groups by
selecting the top and bottom 25% performers on the WM task. For fear acquisition, there
was a final sample of 214 participants in the Low WM group, and 200 in the High WM
group that had complete FPS and N-back data. For fear extinction, the sample was reduced
to and 204 versus 192 for extinction. All significant findings using the extreme group
approach were followed up with a multiple regression model using the entire sample (see
confirmatory WM analysis below).

Fear acquisition—FPS and expectancy ratings were entered in to a Group (Low ability
vs. High ability) x CS Type (CS+ vs. CS-) x Block (early vs. late) mixed factorial analysis
of variance (ANOVA). CS Type and Block were entered as the within-subjects variables, and
group was entered as the between-subjects variable. Analysis and results of baseline startle
associations with WM group were not significant and are reported in the Supplementary
Materials.

Fear extinction—FPS and expectancy extinction learning scores for CS+ and CS— were
entered into a Group (Low vs. High ability) x Learning Block (Early, Middle, Late) repeated
measures ANOVA (Greenhouse-Geisser corrected). Planned comparisons and post-hoc
analyses were Bonferroni a-corrected at .0125 (.05/3). For violations of sphericity,
Greenhouse-Geisser corrections are reported. Analysis and results of baseline startle during
extinction were not significant and are reported in the Supplementary Materials.

Self-report analyses—For both fear acquisition and fear extinction, a CS Type (CS+ vs.
CS-) X Group (Low ability vs. High ability) ANOVA was computed on anxiety ratings for
the CS+ and CS-.

Confirmatory WM analyses—Following extreme group analyses, confirmatory analyses
were conducted within the entire sample (n=905 for acquisition, 788 for extinction to ensure
results are not an artifact of extreme group assignment (McClelland, Lynch John G., Irwin,
Spiller, & Fitzsimons, 2015). For fear acquisition FPS, expectancy ratings, and self-report
anxiety, CS Type (CS+ vs. CS-), and WM ability (N-back o) were entered into a general
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linear model (GLM) where CS Type was entered as a within-subjects variable, and WM
ability was entered as a continuous between-groups factor. Likewise, for fear extinction

separate GLMs were computed for FPS and US expectancy using the extinction learning
scores (Early, Middle, Late), and WM ability.

Individual differences in attention and fear learning

Results

In order to understand if WM relationships with fear processes are specific to WM vs.
generalized attention effects we conducted a follow-up analysis between attention
performance and fear processes in the same subject. Participants completed the Short Penn
Continuous Performance Test-Number and Letter Version (SPCPT-nl) from the Penn
WebCNP (Gur et al., 2010; Moore et al., 2015). The sSPCPT-nl measures basic attention and
vigilance, independent of WM or perceptual factors. During each trial (1 sec), participants
viewed a series of red vertical and horizontal lines flash for 300 ms in a digital frame
(resembling a digital clock), followed by a blank screen (700 ms). Participants were
instructed to press the spacebar when the lines formed complete numbers or complete
letters. Lines forming letters or numbers were blocked into separate trials (2 blocks, 1.5
minutes each block). Practice trials for both sets of trials were conducted prior to the
experimental trials (180 total trials). Overall accuracy across the CPT task (combing
accuracy for letter and number trials) was used to calculate the ability to sustain attention.
These scores were Z-transformed and used for analyses similar to those described for WM
(see Supplementary Materials for details).

WM ability does not facilitate fear discrimination performance during acquisition

FPS analysis—As expected, subjects showed strong cue discrimination with higher FPS
to the CS+ than to the CS- [A1, 458)=203.76, p<.0001]. However, individual differences in
WM had no effect on cue discrimination [Group main effect and interaction Fs< 1.59, ps>.
28], nor on overall FPS to the CS+ alone [A1,458)=1.22, p = .25] (Figure 1a). GLM results
using the full continuous sample (N=905) supported that fear discrimination was not
modified by group (p = .85, A=905). However, there was a trend for increasing levels of
WM ability to have overall larger FPS to both trials compared to baseline [A1,918)=3.38,
=.07, m2 =.004, B =.061].

Expectancy analysis—As with potentiated startle, expectancy ratings were higher for CS
+ than for CS- trials [A1, 402) = 1833.02, p < .0001, partial n2 = .82], with mean ratings of
0.59 (5£=.02) and -0.79 (S£=.02) for CS+ and CS- trials respectively. Individuals with
high WM ability showed lower expectancy ratings for the US regardless of cue type
(Highppean=-0.14, SE=.018) compared to individuals with low WM ability (Lowpean=
-0.06, SF=.018) [Group: A1,402)=12.26, p=.001, partial 2 = .03]. The group x CS type
interaction was not significant, A1,402)=0.14, p=.71. GLM results across the whole sample
were similar to the extreme group approach, the association between higher WM ability and
reduced US expectancy remained significant, A1, 821)=14.56, p<.001, and the group x CS
type interaction was not significant, p=.40.
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Self-report—Overall, self-reported anxiety was higher for the CS+ than for the CS—- [A{1,
407) = 648.51, p< .0001, partial 12 = .61; CS+mean = 3.78, SE=.11; CS—mean = 1.00, SE=.
08]. High and Low WM ability were similar in overall anxiety ratings [A1, 407) = 0.88, p
= .35, partial 2 = .002; Highmean = 2.47, SE=.11; LOWean = 2.32, SE=.11]. There was a
trend for individuals with high WM ability to report higher anxiety to the CS+ while
showing similar anxiety levels to the CS—- [group X type interaction, A1, 407) = 4.55, p=.
03, partial n2 = .01; Highmean = 3.97, SE = .16; LOWean = 3.59, SE = .15; post hoc
comparisons of groups: CS+ p=.09; CS— = .57].

WM ability is associated with CS+ fear extinction learning

FPS analysis—As expected, extinction learning scores increased across the training
session, A1.90, 749.08) = 20.67, p< .001, partial n2 = .05. WM ability moderated extinction
learning scores across learning block, A1.90, 749.08) = 3.93, p= .02, partial n2 = .01 (No
main effect of Group, A1, 394) = 1.61, p=.205, partial 2 = .004). As shown in Figure 2a,
individuals in the high WM group displayed increased extinction learning scores during the
last learning block compared to individuals in the low WM group, p = .01, but not in the
early or middle learning blocks (ps> .65). This association remained after adding age,
education, symptoms of anxiety, depression, and anxiety ratings as covariates, ps <.02.
Moreover, individuals with low WM ability did not benefit from additional extinction trials
as indicated by similar scores between the middle and late learning blocks (p =.353);
whereas individuals with high WM did benefit (p < .001). GLM analyses using the full
continuous sample (N=788) supported that differences in WM ability significantly
influenced the magnitude of extinction learning across block [A1.96, 1499.91) = 3.93, p=.
02, partial n2 = .005, A=788]. WM ability was positively associated with extinction learning
scores in the late block (p=.018). The effects of individual differences in WM ability effects
on extinction learning was primarily driven by variation on the most difficult 3-back trials,
although the performance across 2-back and 3-back was not significant (see Supplementary
Materials). For WM effects on response to CS+ versus CS— during extinction training see
Supplementary Materials.

Expectancy analysis—As expected, self-reported US expectancy to the CS+ was
reduced over all blocks when compared to first block [A8.51, 616.97) =76.33, p < .0001,
partial n2 = .17]. Individuals with high WM ability reported a greater drop in US expectancy
to the CS+ compared to individuals with low WM ability [main effect of group: A1, 387)
=4.10, p= .04, partial n2 = .01 (Figure 2B)]. However, the group x block interaction was not
significant, A1.59, 616.97)=1.02, p=.36. Similarly, using the whole sample, increasing
levels of WM ability were associated with lower expectancy ratings during extinction (group
main effect: A1, 772) = 7.30, p=.007, partial n? = .01). Likewise, the group x block
interaction was not significant, A1.62, 1251.44)=1.42, p=.24. For WM effects on response
to CS+ versus CS- during trial level extinction training see Supplementary Materials.

Self-report—WM ability was unrelated to anxiety ratings to the CS+ or CS— during
extinction, group main effect and interaction ~5< 0.73, ps> 0.39. Both groups reported
more anxiety to the CS+ than to the CS— (p< .0001), although anxiety ratings were low
overall (CS+mean = 1.99, SF=.12; CS—pean = 1.15, SE=.10).
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Ability to sustain attention is unrelated to fear acquisition and extinction

Attention FPS analysis—Attention ability was not related to the ability to acquire fear
(group main effect and interaction £s< 0.43, ps> .52) or to extinguish learning (group main
effect and interaction Fs< 2.30, ps>.10). GLM results with the full continuous sample
(N=905) were consistent with the extreme approach, showing minimal influence of attention
ability on FPS during acquisition (group main effect and interaction ~s< 1.35, ps> .24) or
to extinction learning (group main effect and interaction Fs< 1.90, ps> .15).

Attention expectancy analysis—Individuals with high attention reported lower
expectancy ratings compared to individuals with low attention ability [Lowpean = —.05, SE
=.014; Highpmean = —.01, SE=.016; Main effect of group: A1, 430) = 4.04, p=.045, partial
n2 =.01]. In contrast, sustained attention ability was unrelated to changes in expectancy
ratings during fear extinction, group main effect and interaction Fs< 1.18, ps>.29). GLM
analyses on the full sample were similar to the extreme group approach finding a main effect
of WM ability for fear acquisition, p=.006, but no effect on US expectancy during
extinction learning, £5< 0.45, ps >.55.

Attention self-report results—Attention ability was unrelated to anxiety ratings to the
CS+ or CS- during fear acquisition (group main effect and interaction F5< 0.96) or during
fear extinction (group main effect and interaction F5< 1.88, ps> 0.17).

Discussion

The results of the current investigation provide new evidence that individuals with high WM
ability are better at extinguishing fear than individuals with low WM. Individuals with high
WM ability showed decreased physiological CS+ responding during the late block of
extinction and had greater US expectancy change to CS+ and CS- cues compared to
individuals with low WM ability. These results were confirmed when WM ability was
examined continuously using the full sample, and could not be explained by covarying
individual differences in age, education, anxiety and depressive symptoms, CS+/CS-
anxiety ratings. The pattern of results was highly consistent between the WM ability extreme
group assignment and full sample analysis. In addition, WM ability was not associated with
differences in acquiring fear discrimination (CS+ vs. CS— potentiation) nor baseline startle
across fear acquisition and fear extinction learning, suggesting the results are not reflective
of differences in generalized fear or habituation to the startle probe. Finally, we did not find
evidence that individual differences in attention impact the ability to acquire or extinguish
fear responses as measured through FPS. Although, we did find some evidence that attention
ability was associated with US expectancy. This pattern suggests that our findings were
relatively specific to WM, and not to poor attention (and thus encoding) of associative cues.
Collectively, these data indicate that individual variation in the ability to control WM may
contribute to extinction learning.

A number of recent studies have argued for the inclusion of the contribution of cognition to
fear acquisition and extinction processes (Dunsmoor, Niv, Daw, & Phelps, 2015; Hofmann,
2008; Lovibond, 2004; Zuj et al., 2016). The results of the current investigation are
consistent with this argument, and demonstrate an existence of a relationship between
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individual differences in WM ability and fear extinction performance. Yet, the mechanisms
underlying how WM influences fear extinction is poorly understood. Here, we propose that
WM is well positioned to influence extinction learning and highlight potential shared
neurobiological circuits that will need to be tested in future studies.

One likely possibility is that WM and extinction learning share a frontostriatal gating circuit
partially mediated by DA (Abraham et al., 2014; D’Ardenne et al., 2012). WM can be
described as having a series of gating mechanisms that efficiently select relevant information
for representation across time for the purpose of carrying out task-goals, and update WM by
discarding LTM representations that are no longer relevant (Chatham & Badre, 2015;
Chatham, Frank, & Badre, 2014). During extinction training, each CS presentation enters
WM where it is compared to prior inhibitory and fear memory long term memory (LTM)
representations (Bouton & Moody, 2004). As learning progresses, the new inhibitory
memory is prioritized for selection, and reactivation of the obsolete fear memory is gated
from WM, enabling appropriate inhibitory output responses. Thus, impaired extinction
learning could reflect a breakdown in DA signaling important for input or output WM gating
processes. For example, a failure to select the relevant inhibitory memory, or an
inappropriate reactivation of the irrelevant fear-memory could result in indiscriminate output
of a fear response (Catarino et al., 2015; Stout & Shackman et al., 2017; Stout et al., 2013).
Future investigations will be needed confirm this prediction.

The relationship between WM and fear learning may also be through shared circuitry,
specifically the medial PFC (mPFC) and hippocampus circuit. Although the DLPFC is
traditionally thought to underlie WM, the mPFC is also important for WM (Liu et al., 2014).
For example, synchronized mPFC-hippocampus theta oscillations (O’Neill, Gordon, &
Sigurdsson, 2013) and mPFC-hippocampus structural connectivity are associated with
improved WM performance (Spellman et al., 2015). Trial by trial persistent neural activity in
the mPFC is associated with WM load (Kaminski et al., 2017) and pharmacological
inactivation of the mPFC impairs WM (Yang, Shi, Wang, Peng, & Li, 2014). Likewise, the
mPFC and hippocampus circuit is critical for extinction learning (Gilmartin, Balderston, &
Helmstetter, 2014; Maren, Phan, & Liberzon, 2013). Lesions to the mPFC or hippocampus
impair extinction recall (Giustino & Maren, 2015; Quirk, Garcia, & Gonzalez-Lima, 2006).
In summary, WM and fear extinction have considerable overlap in circuit and signaling
substrates supporting a neurobiological confluence between these important processes.

The results of the current investigation provide support for the influence of WM on the
ability to extinguish fear. However, there are noteworthy limitations in our study. First, it
will be necessary to replicate and extend these findings to a population other than young,
active duty, male, Marine/Navy servicemen. With data indicating sex differences in fear
learning (Day, Reed, & Stevenson, 2016; Jackson, Payne, Nadel, & Jacobs, 2006), and
increased prevalence of anxiety and fear related disorders in female civilian and military
populations (Levine & Land, 2014; Perrin et al., 2014), it will be important to investigate
whether the results of the current investigation generalize to women and civilian
populations. Second, the use of the N-back task to categorize individual differences in WM
may be limited due to its modest relationship with complex WM span tasks (Jaeggi,
Buschkuehl, Perrig, & Meier, 2010; Kane, Conway, Andrew, Miura, & Colflesh, 2007;
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Redick & Lindsey, 2013). However, the N-back task is widely used in cognitive
neuroscience (Cohen et al., 1997; Gur et al., 2010; Moore et al., 2015), has been shown to
discriminate between patient populations (Drummond et al., 2013; Matsuo et al., 2006;
Philip et al., 2016), and is a reliable marker of PFC activation (Braver et al., 1997; Chatham
etal., 2011), suggesting it has important clinical applications. Nevertheless, future research
should utilize complex span tasks to determine whether the current results extend to multiple
measures of WM ability.

A challenge for future work will be to determine whether the relationship between WM and
fear extinction learning is associated with vulnerability to PTSD and other anxiety-related
disorders. A potential fruitful application would be to investigate whether mechanistic
interventions that target WM to ameliorate fear-based symptoms (Bomyea, Stein, & Lang,
2015; N. Cohen et al., 2016; Schweizer, Grahn, Hampshire, Mobbs, & Dalgleish, 2013) also
improve extinction-learning performance. Indeed, cognition-enhancing pharmacological
agents may enhance fear extinction or extinction recall (Singewald, Schmuckermair, Whittle,
Holmes, & Ressler, 2015). Deficient fear extinction is a core facet of PTSD and other
anxiety-related disorders (Acheson et al., 2012; Lissek & van Meurs, 2015; Zuj et al., 2016).
Using WM as a framework to inform the understanding of fear learning may provide
valuable insight into regulating fear, paving the way for a deeper understanding of
vulnerability to PTSD and other anxiety disorders (Duits et al., 2015).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. High working memory is associated with increased extinction learning
. Working memory ability does not facilitate fear acquisition
. Sustained attention ability is not associated with fear acquisition or extinction
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Figure 1.
Working memory associations with acquired fear and fear discrimination. Data represent an

average of trials during the second half of fear acquisition. (a) Mean startle response reflects
FPS to CS+ and CS- trials (FPS=raw startle to CS+ or CS- trials subtracted from baseline
“NA” trials). (b) US expectancy ratings to the CS+ (grey bars) and CS— (white bars). The
line denotes the significant main effect of WM group. Error bars reflect S.E.M. *p<.05.
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Figure 2.
Individual differences in working memory ability moderate fear extinction learning (a) Mean

FPS CS+ extinction learning scores (see Method) for low and high WM ability across the
early, middle, and late training blocks. Learning scores reflect the difference in potentiated
startle to CS+ responses normalized for individual differences in CS+ acquisition [(CS+ -
NA)extinction/(CS+ - NA)acquisition)] between the first block of extinction and the remaining
three blocks. Higher scores indicate greater extinction learning. Line with brackets denote
the significant group x block interaction. (b) Mean US expectancy extinction learning scores
during extinction plotted separately for low and high WM for each block. Scores reflect
change in US expectancy from the first block of trials during extinction. Higher scores
indicate greater reduction (i.e. extinction) in expectancy compared to US expectancy
reported in block 1. The line denotes the significant main effect of WM group. Error bars
reflect S.E.M. *p<.05.
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Participant Characteristics.

Table 1

Group

High WM Ability Low WM Ability

N 200
Age (SD) 22.27 (2.72)
Education (SD) * 3.48(0.83)
Race
American-Indian 1.6%
African-American 2.6%
Asian/Pacific Islander 3.2%
White 89.1%
Other 3.5%
Ethnicity
Hispanic or Latino 21.8%
Not Hispanic or Latino 79.2%
Marital status
Single, never married 68.8%
Married 29.7%
Separated 0.5%
Divorced 1.0%
PTSD: CAPS- Total (SD) 10.91(10.76)
Anxiety: BAl-Total (SD) 3.06(3.65)
Depression: BDI-Total (SD) 4.10(4.26)
N-back d-prime (SD) * 3.36(:32)
CPT Z-score (SD) 0.34(.73)

214
22.19 (3.03)
3.22 (0.80)

2.4%

5.3%

2.4%
85.5%
4.4%

26.1%
73.9%

67.6%
29.0%
2.4%
1.0%
12.94(13.76)
3.46(4.00)
4.96(4.67)
1.34(.44)

-0.28(1.05)

*
p<.01
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