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Abstract

The ability to adaptively increase cognitive cohfroresponse to cognitive challenges is crucial
for goal-directed behavior. Recent findings sugdkat aversive arousal triggers adaptive increages
control, but the neurochemical mechanisms undeglyirese effects remain unclear. Given the known
contributions of the opioid system to hedonic statee investigated whether blocking this system
increases adaptive control modulations. To do se, cenducted a double-blind, placebo-controlled
psychopharmacological study (n = 52 females) inngha Stroop-like task. Specifically, we asses$ed t
effect of naltrexone, an opioid blocker most seélectto the mu-opioid system, on two measures of
adaptive control that are thought to depend difféa#ly on aversive arousal: post-error slowing and
conflict adaptation. Consistent with our hypothes&dative to placebo, naltrexone increased pastrer
slowing without influencing conflict adaptation. ishfinding not only supports the view that aversive
arousal triggers adaptive control but also reveat®vel role for the opioid system in modulatingtsu

effects.
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1. Introduction

Adaptively increasing cognitive control in respoms&ognitive challenges is a key component of
goal-directed behavior. Recently, it has been sstggethat aversive arousal associated with cognitiv
challenges triggers such adaptive control (Dreisband Fischer, 2012; Inzlicht et al., 2015; van
Steenbergen, 2015). Consistent with this view, frodp-like tasks affective processes contribute to
behavioral adjustments that reflect adaptive cdfibltowing events that trigger aversive arousalgls as
errors (Bartholow et al., 2012) and high-conflimt@ngruent trials (van Steenbergen et al., 2009}her,
in line with mood-congruency theories (van Steegber 2015), these behavioral adjustments are
attenuated by the induction of hedonic states (tmenbergen et al., 2015, 2010) and by the intédke o
drugs that have anxiolytic or analgesic effectsrifBdow et al., 2012; Randles et al., 2016; Ridudrof
et al., 2002). Thus, rather than positing affedhis enemy of cognitive control (Metcalfe and Misch
1999), an emerging view is that at least one fof@ffect - phasic increases of aversive arousagigers
cognitive control (Dreisbach and Fischer, 2012]ithe et al., 2015; Inzlicht and Legault, 2014; van
Steenbergen, 2015).

Although prior work has revealed the neural strreguthat are responsible for adaptive control
(Botvinick et al., 2001) and the physiological effe of aversive conflict processing (Lindstrom kt a
2013; van Steenbergen and Band, 2013), little iswkn about the neurochemical mechanisms that
underlie adaptive control. Given the known rolenmi-opioids in producing the hedonic dimension of
affective states (Kringelbach and Berridge, 2008kries and Tracey, 2008), we recently hypothesized
that the mu-opioid system reduces the phasic asermiousal response to cognitive challenges and
thereby reduces control-triggered behavioral adjasts (van Steenbergen, 2015; van Steenbergen et al
2015). More specifically, we proposed that mu-aggoieduce behavioral adjustments via their infleenc
on the anterior cingulate cortex, a brain regiaat {a) supports aversive processing and cognitivéral
(Braem et al., 2017; Shackman et al., 2011; SheehaV., 2016) and (b) has a high expression of mu-

opioid receptors (Bush et al., 2000; Zubieta ¢t28103). The actual influence of mu-opioids on Gtiga
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control remains unclear, however, because, urdéntly, psychopharmacological studies of endogenous
mu-opioids were typically limited to pleasure aradrpprocessing. Although pleasure and pain mayeshar
psychological and neural features with cognitivetoa (Inzlicht and Legault, 2014), they also diffeom
cognitive control in important ways.

We therefore employed a psychopharmacological nadatipn to test for the first time whether
opioid transmission influences adaptive controaistroop-like task. Our study capitalized on twdlwe
known behavioral adjustments that are generallysidened to be hallmark manifestations of adaptive
control (Botvinick et al., 2001; cf. Figure 1): (&xutious responding following error trials, as smead
by post-error slowing (i.e., slower responses ateors than after correct trials; Rabbitt, 1968)d (2)
increased attentional focusing following correatangruent trials, as measured by conflict adaptatio
(i.e., a smaller congruency effect following incomgnt relative to congruent trials; Gratton et 5992).

As described earlier, we have hypothesized thadidgiact on mu receptors to blunt phasic
demand-related aversive arousal, thereby reduciogtral-triggered behavioral adjustments (van
Steenbergen, 2015; van Steenbergen et al., 20lb}hévefore predicted that, in comparison to placeb
antagonizing mu-opioid receptors would increasd adjustments. Given that errors are thought tit eli
stronger aversive arousal than conflict in corgep#rformed incongruent trials (Hajcak and Fotip20
Inzlicht et al., 2015), we further predicted thatagonizing mu-opioid receptors would increase 4gosir
slowing but not necessarily conflict adaptation. ¥sted these hypotheses using a double-blindelptac
controlled experimental design wherein one groupaticipants received naltrexone, an opioid blocke

that is most selective to the mu-opioid system Jevaisecond group received a placebo.
2. Materialsand Method
2.1 Participants

The data from the Stroop-like task described hezeeveollected during a study at Cape Town
University that investigated the effects of opioinls social behavior. This study involved 52 female

participants (age: 18 — 27, M = 20.3 years). Alitipgpants were of South African nationality, Casieen,
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and right handed. Exclusion criteria included admisof psychopathology, use of alcohol or paimk#lin

the last 24 hours, and use of psychotropic medigaiihe Human Research Ethics Committee (HREC) at
the University of Cape Town approved the study quok Participants gave informed written consent
prior to the study and received financial compednsaifterwards.

We excluded eight participants following completmiithe study. One did not complete the task,
four performed at chance levels of accuracy, orkereaponse omissions on more than 15% of the,trials
one never made errors, and one reported severetaymmf depression (BDI score = 31). Thus, 44
participants were available for data analysis. Faltditional participants were excluded because tfaa
were characterized by extreme outliers (i.e., mbesm 3 interquartile ranges below/above the 25th/75
percentile) on one or more behavioral scores (s#ewd. The final data set therefore included 40

participants (18 in the naltrexone group, 22 inglaEebo group).

2.2 Procedure

After participants signed the informed consent deent, we randomly assigned them, in a

double-blind fashion, to one of two groups. Papticits in the experimental group (N = 26) orally

received 50 mg of the opioid antagonist naltrexdp&ticipants in the control group (N = 26) orally
received a placebo. Participants began the Stikepdsk 76 minutes after the administration ofeit
naltrexone or placebo and stopped six minutes. lategse temporal parameters were chosen to coincide
with the central effects of naltrexone (Lee et H88).

To test our hypothesis, we employed a Stroop-Bisk {Schmidt and Weissman, 2014). In each 2
s trial (see Figure 1), four frames were presentatbecutively: a distractor (133 ms), a blank sti&8
ms), a target (133 ms), and a second blank scig®® (ms) during which the response was recordeal. Th
distracter consisted of three identical directioords (‘Left’, ‘Right’, ‘Up’, or ‘Down’; 48-point Caurier
New font) stacked vertically at the center of tligptay. The target was a single word at the ceoit¢ine

display (‘Left, ‘Right, ‘Up’ or ‘Down’; 77-point Carier New font). We instructed participants to gres

key on a computer keyboard as quickly and as atmlyras possible to identify the target. In partcu
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we instructed participants to press F (left midiiger), G (left index finger), J (right middle fyjer) or N
(right index finger), respectively, to indicate thhe target was ‘Left, ‘Right, ‘Up’ or ‘Down’. Thevord
‘Error’ (60-point Courier new font) appeared for@®@ns following incorrect responses and response
omissions (i.e., the absence of a response toatigettwithin 1500 ms of target onset). The task was
presented on a 15-inch monitor (1280 x 1024 px @gPvia E-Prime software. All stimuli appeared in
white on a black background.

It is important to mention that we designed ouk t@savoid feature integration and contingency
learning confounds whose presence complicateshitieydo interpret conflict adaptation as an indefx
cognitive control (Schmidt, 2013). To avoid featimeegration confounds, which occur when stimuli or
responses repeat in consecutive trials, we divadgdt-alternative forced choice (4-AFC) task intpadr
of 2-AFC tasks (Schmidt and Weissman, 2014). Thi¢-Right task consisted of four distracter-target
pairs made of the words left and/or right (congtudrft-Left, Right-Right; incongruent: Left-Right,
Right-Left). The Up-Down task consisted of fourtthster-target pairs made of the words up and/amdo
(congruent: Up-Up, Down-Down; incongruent: Up-Dowbpwn-Up). To avoid stimulus and response
repetitions in consecutive trials, we presentettaliter-target pairs from the Left-Right task irdddals
of each block and distracter-target pairs from theDown task in even trials. To avoid contingency
learning confounds, we presented each distractgettpair equally often in every block of trialctBnidt
and Weissman, 2014).

Participants performed a single block of 24 practi@als (about 48 seconds) and two blocks of 96
test trials (about 3 minutes and 12 seconds e&eth block was followed by a self-paced break.-Self
reported mood was assessed at the end of the ssilly a computerized version of the Positive Affect

Negative Affect Scale (Watson et al., 1988).
2.3 Behavioral analyses

To assess adaptive control following errors, wewated post-error slowing using the optimized

method described by Dutilh and colleagues (201Bjs Thethod yields a measure that is not confounded
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by global fluctuations in task performance over dirfe.g., due to motivation or attention). More
specifically, we isolated triplets of trials in whi errors were preceded and followed by a cormrgat t
Individual mean post-error slowing scores were ttednulated as follows: PES = RT post-error mintis R
pre-error. Post-error accuracy was calculated lmypasing mean accuracy after errors to mean accuracy
after correct trials using trials from the entigtalset: PEA = Accuracy post-error minus Accuraastp
correct.

To assess conflict adaptation (see van Steenbetgah, 2010), we subtracted the congruency
effect following incongruent trials from the congney effect following congruent trials (separatdy
mean RT and mean accuracy). We can express thieematically with the following quantity wherein
small letters indicate the congruency of the presitsial and capital letters indicate the congryesfcthe
current trial: (cl — cC) — (il —iC). For the RT algsis, we excluded the first trial of each bloitigorrect
trials, and trials that followed incorrect triaBased on the remaining data, we then excludedeositli.e.,
correctly-performed trials with RTs greater tha8R2s from their condition-specific mean, calculated
each participant separately). For the accuracyyaisalwe excluded the same trials with the excepbb
incorrect trials and RT outliers, because this ysislfocused solely on whether participants made th
correct or incorrect response. For completenessalse report mean congruency effects and grand
average scores (see Table 1).

To investigate whether naltrexone increases post-astowing, conflict adaptation, or negative
mood, we submitted the calculated behavioral measaf adaptive control (i.e., post-error slowingl an
conflict adaptation, see above) and self-reporteddrscores to separate ANOVAs with a single between
participants factor: Group (placebo, naltrexonest$ for the intercept parameter were used tordeter
whether the typical congruency, conflict adaptatamd post-error slowing effects were present actios
entire sample. A significance level of p < .05 veal®pted for all statistical tests. In accordanc e
journal’'s guidelines, we also report all non-sigraifit findings with .05 < p < .249 (see Table 1 for

descriptive statistics).
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3. Results

When collapsing the data across groups, we obsetlvedexpected congruency effect and
behavioral adjustments. First, the congruency effexs significant in both mean RT, F(1,38)=190.81,
p<.001, MSE=1952.13;=.834, and mean accuracy, F(1,38)=29.22, p<.001EM01,n;=.435.
Second, in mean RT, we observed both post-errarirsp F(1,38)=15.04, p<.001, MSE=14790.3,
7712; =.284, and conflict adaptation, F(1,38)=15.53, p%,0 MSE=1891.07;, =.290. Third, in mean
accuracy, we observed greater accuracy after etnars after correct responses, F(1,38)=28.52, As.00
MSE=0.0017;=.429. This finding suggests that the post-errowsig we observed reflected an attempt
to trade speed for accuracy after errors, rattaar ghreduction of attention to the task. Fourttncalgh we
did not observe conflict adaptation in mean acquré&¢l,38)=1.24, p=.272, MSE=0.004=.032, the
absence of this effect indicates that the condlaaptation effect we observed in mean RT did reéxma
speed-accuracy tradeoff.

Two additional findings confirmed our main hypotises-irst, post-error slowing was greater in
the naltrexone group than in the placebo group,38j+8.88, p=.005, MSE=14790:%=.189 (Figure 2).
We did not observe an analogous group differengepfast-error accuracy, F(1,38)=0.01, p=.930,
MSE=0.0017;=.0002, likely because errors followed other ernegsy infrequently, leading to a floor
effect for this measure (see Table 1). Second,licosfdaptation did not differ between the groups i
either mean RT, F(1,38)=0.50, p=.485, MSE=189:§I,2,©,013, or mean accuracy, F(1,38)=1.81, p=.187,
MSE=0.0047;=.045.

Finally, we note that analyses of self-reporteddmézitone, as assessed by the PANAS, revealed
no significant effects of naltrexone. First, tharere no significant effects of naltrexone on pesitaffect,
F(1,38)=0.03, p=.855, MSE=0.517,=.001. Second, there were no significant effectsalfrexone on

negative affect: F(1,38)=0.03, p=.860, MSE=0.22;.001.

4, Discussion
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The present findings provide novel support for ¥ that phasic increases of aversive arousal
trigger adaptive increases in cognitive control. réapecifically, our findings indicate that blocgin
opioid receptors with naltrexone, which should grevthe opioid system from blunting aversive arbusa
associated with errors, increases post-error stpwim isolation, this effect could be attributed da
orienting response that draws attention away fromask (Notebaert et al., 2009). However, this wats n
the case in the present study because, acrosssgrpagt-error slowing was accompanied by higher
(rather than lower) post-error accuracy. Our figdintherefore indicate that blocking central opioid
function boosts adaptive control following errocé. Murphy et al., 2016). To our knowledge, thighe
first demonstration that the opioid system plagaasal role in modulating adaptive control.

In contrast, we did not observe an overall effdadbwr pharmacological intervention on a second
measure of adaptive control known as conflict aatigrt. This finding is consistent with earlier work
suggesting that correctly-performed incongruerdaldrievoke relatively weak phasic aversive arousal
responses in comparison to errors (Hajcak and RO08; Inzlicht et al., 2015). This outcome might
appear to contradict prior findings showing thas tiedonic tone of induced mood influences conflict
adaptation (Kuhbandner and Zehetleitner, 2011; @cland Koch, 2015; van Steenbergen et al., 2012,
2010). This contradiction is more apparent than, teavever, as naltrexone did not significantlyealt
tonic affect (as assessed by the PANAS) in thegmtestudy. In sum, our findings indicate that reedtme
increases post-error slowing but not conflict adtph, consistent with the view that errors indlarger
phasic increases of aversive arousal than corrpettiprmed incongruent trials (Inzlicht et al., 301

The naltrexone-induced improvement in adaptive robrthat we have observed may reflect a
modulation of the fronto-parietal network that urigs cognitive control (Cocchi et al., 2013). Wiith
this neural network, the anterior cingulate cofAC) is a critical hub that is thought to monitie
need for heightened cognitive control (e.g., follogverrors) (Botvinick et al., 2001; Shenhav et 2016;
Spunt et al., 2012). Further, brain activity insthégion is modulated by the hedonic state ofridevidual

(van Steenbergen et al., 2015), likely becauserdgi®n contains a high number of mu-opioid recepto
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(Bush et al., 2000; Zubieta et al., 2003). Futeseearch might therefore investigate whether thectffof
naltrexone that we have observed reflect, at |gasly, the blocking of mu-opioid receptors in théC.

Mu-opioids also influence other neural mechanidfirst, they influence other brain regions, such
as the basal ganglia, which indirectly influence fhonto-parietal control network via corticostaht
interactions (van Steenbergen et al., 2015). Sec¢hag interact with neurotransmitters such as dopa
and norepinephrine (Jocham and Ullsperger, 200&pkiger et al., 2014), which may exert affective
influences on cognitive control and decision makingt are related to motivation and arousal (Bavban
and Cador, 2007; Notebaert and Braem, 2016; vaanBéegen, 2015). Future studies might therefoe als
investigate whether the effects we have observeexithe effects of opioids on these brain mechagnism
More broadly, the influence of opioids on variougib mechanisms might be partly responsible for
modulations of cognitive control that are assodatéth ingesting substances that increase endogenou
opioids, such as alcohol (Bartholow et al., 201Rid@rinkhof et al., 2002). Finally, an interestitagpic
for future research concerns the link between dpi@nd task-switching, another important aspect of
cognitive control which has been shown to be maddldy positive affect (for reviews, see Aartslet a
2012; Chiew and Braver, 2011).

Finally, it is important to mention two limitatiorsf the present study. First, although naltrexone
shows the highest sensitivity for the mu-opioidtegs (Codd et al., 1995), we cannot exclude the
possibility that it also influences the kappa-ogiand perhaps the delta-opioid receptor systenubstheat
these systems also modulate cognitive control e (cf. Pfabigan et al., 2015). Second, since the
present study only tested females, additional studiill be required to assess whether the presadih§s

generalize to males.
5. Conclusions

In sum, our findings provide the first evidencetthrau-opioids play a causal role in modulating
adaptive control following events that trigger highersive arousal (i.e., errors). Our findings ¢ifieme

reveal that opioids are important not only for iiegllife’s immediate pains and pleasures, but &so
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modulating adaptive increases in cognitive contfalture studies aimed at identifying the opioid-
mediated neural circuitry that underlies the effegé have observed may shed additional light on thew

opioid system modulates adaptive control followangrsive events.

11
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Figure captions

Figure 1.

An illustration of the Stroop-like task that we doyed. In each trial, participants indicated thediion
specified by a target word (left, right, up, or dgwhat followed a 3-word distracter (left pandlne 3-
word distracter was mapped to the same resportbe ¢&rget (congruent trials) or to a differenfasse
(incongruent trials). To avoid feature integrattmmfounds, we constructed the task so that paatitip
would alternate between trials involving a lefthigask and an up-down task. Critically, this meahete
were no stimulus or response repetitions in cortsextrials. We conducted sequential analyses to
investigate the influence of performance errorsiandngruent trials in trial N on performance
adaptations in the subsequent trial (trial N+1). M&asured two aspects of adaptive control (see
Methods): (1) post-error slowing (middle panel) &&dconflict adaptation (right panel).

Figure2.
Relative to placebo, naltrexone boosted adaptimerabfollowing errors, as indexed by greater pastr

slowing,p = .002. The figure plots mean + standard errochiarcle indicates post-error slowing (in ms)
for an individual participant.
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Table 1.
Measure Placebo (N =22) Naltrexone (N =18)
Mean SE 95% CI Mean SE 95% Cl
RT pre-error (ms) 531 34 [461, 602] 452 29 [391, 513]
RT post-error (ms) 548 28 [490, 607] 584 28 [524, 644]
Post Error Slowing (ms) 17 27 [-39, 74] 133 27 [76, 189]
Accuracy post-correct (%) 95.4 0.6 [96.6, 94.1] 95.3 0.8 [97.0, 93.5]
Accuracy post-error (%) 98.5 0.9 [100.3, 96.7] 98.3 0.8 [100.0, 96.6]
Post Error Accuracy (%) 3.2 0.8 [1.6,4.7] 3.1 0.9 [1.2,5.0]
RT cC (ms) 460 22 [413, 507] 437 21 (394, 481]
RT cl (ms) 563 25 [512, 615] 555 24 (504, 607]
RTiC (ms) 472 22 [427, 518] 453 18 [415, 491]
RTil (ms) 553 24 [503, 604] 538 21 [495, 582]
RT conflict-adaptation effect (ms) 22 9 [3, 41] 32 10 [10, 54]
RT interference effect (ms) 92 9 [74, 110] 102 11 [78, 126]
RT grand average (ms) 512 23 [465, 559] 496 20 [454, 538]
Accuracy cC (%) 95.3 0.9 [97.2,93.4] 95.1 1.1 [97.5, 92.8]
Accuracy ¢l (%) 94.1 0.8 [95.8, 92.4] 92.9 1.0 [95.0, 90.8]
Accuracy iC (%) 97.7 0.5 [98.7, 96.7] 97.4 0.8 [99.1, 95.8]
Accuracy il (%) 94.1 1.2 [96.5, 91.7] 95.4 0.9 [97.3, 93.6]
Accuracy conflict-adaptation effect (%) -2.4 1.6 [-5.7,1.0] 0.2 0.8 [-1.5, 2.0]
Accuracy interference effect (%) 2.4 0.6 [1.2,3.6] 2.1 0.6 [0.8,3.4]
Accuracy grand average (%) 95.2 0.6 [96.5, 94.0] 95.2 0.8 [96.9, 93.5]
Positive Affect 2.8 0.1 [2.5,3.1] 2.7 0.2 [2.4,3.1]
Negative Affect 14 0.1 [1.2,1.6] 1.4 0.1 [1.2,1.6]
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Figures
FIGURE 1
Trial sequence: 1. Post-error adaptation: 2. Conflict adaptation:
Trial N:

Adaptive
Control

Slowing Focusing

Figure 1. An illustration of the Stroop-like tasiat we employed. In each trial, participants inttidahe
direction specified by a target word (left, righf, or down) that followed a 3-word distracter f{ledinel).
The 3-word distracter was mapped to the same respasthe target (congruent trials) or to a differe
response (incongruent trials). To avoid featuregration confounds, we constructed the task so that
participants would alternate between trials invadva left-right task and an up-down task. Critigathis
meant there were no stimulus or response repeditirononsecutive trials. We conducted sequential
analyses to investigate the influence of perforreaercors and incongruent trials in trial N on
performance adaptations in the subsequent trial {ir1). We measured two aspects of adaptive obntr
(see Methods): (1) post-error slowing (middle paaald (2) conflict adaptation (right panel)
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FIGURE 2
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Figure 2. Relative to placebo, naltrexone boostizptive control following errors, as indexed byajes
post-error slowingp = .005. The figure plots mean * standard errochiarcle indicates post-error
slowing (in ms) for an individual participant.
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