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1 | INTRODUCTION

Abstract

Motivation influences cognitive control, particularly in childhood and adolescence.
Previous work finds that the error-related negativity (ERN), an event-related potential
(ERP) linked to cognitive control following errors, is influenced by social motivation.
However, it is unclear whether the influences of social motivation on the ERN ex-
tend to stimulus-locked neural correlates of cognitive control. This study reexamines
how social motivation influences cognitive control in adolescence by exploring mo-
tivational influences on two stimulus-locked ERPs; the N2 and P3. Adolescent girls
(8-17 years of age) completed a flanker task under two different conditions. In the
social condition, girls were led to believe that they were evaluated by a peer during
a flanker task. In the nonsocial condition, girls completed a flanker task while evalu-
ated by a computer. Results revealed that all girls exhibited a larger P3 in social as
compared to nonsocial contexts, whereas the N2 was not different between contexts.
In addition, the largest P3 enhancements were observed among younger girls. These
findings suggest that social motivation influences some ERP components related to
cognitive control, and such influences change across development. Additionally, find-
ings suggest the importance of including multiple ERPs when interpreting the func-

tional significance of motivation on cognitive control.

social motivation and reward processing (Crone & Dahl, 2012; Ernst

Adolescence, which is typically defined by the onset of puberty
(Peper & Dahl, 2013), is a transition period in development charac-
terized by dramatic hormonal, physical, and psychological changes
(Crone & Dahl, 2012). Adolescence is also characterized by in-
creased risk-taking behavior and susceptibility to peer pressure
(Casey et al., 2010). Changes in adolescent behavior are theorized

to be driven by the reorganization of neural circuits critical for

et al., 2006; Nelson et al., 2005). Such neural reorganization is the-
orized to drive heightened social, affective, and reward processing
(Dahl & Crone, 2012), as well as the engagement of cognitive control
(Breiner et al., 2018; Shulman et al., 2016). As such, it is important to
utilize neural markers of cognitive control to explore the influence of
social motivation on cognitive control systems across adolescence.
Across a series of studies, we found that the error-related

negativity (ERN), an event-related potential (ERP) following error
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commission (Falkenstein et al., 1991; Gehring et al., 1993), was en-
hanced by social motivation in both adults (Barker et al., 2015) as
well as children and adolescents (Barker et al., 2018; Buzzell, Troller-
Renfree, et al., 2017). We also observed changes in the sensitivity
of the ERN across development such that the largest ERN enhance-
ments were observed among older children (Barker, Troller-Renfree,
et al.,, 2018). Given the purported link between the ERN, reward
processing, and dopamine production in the basal ganglia (Holroyd
& Coles, 2002; Holroyd & Yeung, 2012), these findings add to the
growing literature of developmental changes in reward processing
in the adolescent period both in humans (Blakemore et al., 2010;
Ernst & Fudge, 2009) and animal models (Andersen, 2003; Andersen
et al., 2000). However, other theories suggest that the ERN is one
neural component of a larger cognitive control system associated
with a range of other physiologic indices (Carter & Veen, 2007,
Cavanagh & Frank, 2014), which can also be modulated by motiva-
tional factors (Botvinick & Braver, 2015). Thus, it is critical to ex-
amine the full range of ERPs associated with cognitive control to
understand comprehensively how social motivation influences cog-

nitive control across development.

1.1 | Social motivation and cognitive control across
development

There is an increasing interest in understanding how motivation in-
fluences cognitive control across development (Braver et al., 2014;
Bush et al., 2000; Ernst et al., 2006; Pessoa, 2009). Motivation is
typically defined as the modulatory impact of incentives on physi-
ology and behavior (Berridge, 2004; Botvinick & Braver, 2015;
Roesch & Olson, 2004). Many studies find that positive incentives
affect cognitive control and produce improvements in performance
(Boehler et al., 2014; Engelmann et al., 2009; Krebs et al., 2013;
Leotti & Wager, 2010; Libby & Lipe, 1992), as well as changes in
goal-directed strategies deployed to implement cognitive control
(Chiew & Braver, 2016; Krebs et al., 2010). Motivational incentives
also increase physiological arousal during the implementation of
cognitive control (Chiew & Braver, 2013, 2014), and are associated
with increases in related neural activity (Locke & Braver, 2008; Small
et al., 2005). Increasing research focuses on the intersection of mo-
tivation and cognitive control during childhood and adolescence
(Crone & Dahl, 2012), typically finding developmental changes
in motivation (Bellis et al., 2001; Lenroot & Giedd, 2010; Luna &
Wright, 2016; Shulman et al., 2016), and cognitive control (Luna
et al., 2004), during this period. Thus, it is critical to understand how
social factors influence cognitive control throughout development.
Less work examines how social-motivational factors influence
cognitive control across development (Crone, 2014). The presence
of conspecifics reliably increases motivation and arousal in humans
(Blascovich & Tomaka, 1996; Triplett, 1898) and animal models
(Calcagnetti & Schechter, 1992; Zajonc, 1965). Here, we define as-
pects of social motivation that allow the mere presence of conspecif-

ics to influence physiology and behavior! (Geen, 1991, 1995; Hayden

et al., 2007; Kirschbaum et al., 1993). Neuroimaging studies find that
processing of social information increases activation in regions im-
plicated in cognitive control, such as the cingulate and prefrontal
cortex (Gunther Moor et al., 2010, 2012; Somerville et al., 2006).
This overlap in the neural systems supporting social information pro-
cessing and cognitive control suggests a close link between cogni-
tive control and social motivation (Ninomiya et al., 2018). However,
limited research has assessed how social motivation directly influ-

ences the cognitive control system.

1.2 | Influence of motivation on
psychophysiological indicators of cognitive control

Many studies investigate motivational influences on psychophysi-
ological indicators of cognitive control (see Botvinick & Braver, 2015
for a review). One stimulus-locked ERP indexing cognitive con-
trol is the N2, which is observed approximately 250-400 ms after
stimulus presentation, and is maximal at frontal-central electrodes
(Bruno et al., 2007; Folstein & Van Petten, 2008; Kopp et al., 1996;
Nieuwenhuis et al., 2003; Yeung et al., 2004). One subtype of the
N2, called the conflict N2 (Folstein & Van Petten, 2008), is typically
generated using tasks like the flanker task (Eriksen & Eriksen, 1974).
The conflict N2 is larger (i.e., more negative) on incongruent tri-
als, where flanking arrows are incongruent with the target arrow
(Bartholow et al., 2005; Donkers & van Box tel, 2004; Folstein &
Van Petten, 2008; van Veen et al., 2001). Theoretical accounts of
the conflict N2 suggest this component indexes detection of re-
sponse conflict, an integral aspect of cognitive control (Botvinick
et al,, 2001; Donkers & van Box tel, 2004; Larson et al., 2014;
Ullsperger et al., 2014; Yeung et al., 2004). Localization studies of
the N2 suggest the component is primarily generated by the anterior
cingulate cortex (ACC; Carter & Veen, 2007; Gruendler et al., 2011;
Nieuwenhuis et al., 2003; van Veen et al., 2001), a region known
to integrate motivation and cognitive control (Bush et al., 2000;
Holroyd & Yeung, 2012).

Another ERP component associated with cognitive control is the
P3, which occurs approximately 300-600 ms after stimulus presen-
tation and is maximal at central-parietal electrodes (Polich, 2007;
Pritchard, 1981; Sutton et al., 1965). The P32 is modulated by nu-
merous factors such as stimulus probability and task relevance
(Donchin et al., 1978; Polich, 2007; Squires et al., 1977). Theoretical
accounts of the P3 suggest this component reflects an awareness of
motivationally significant stimuli (Picton, 1992; Polich, 2007), which
involves cognitive processes such as context-updating (Donchin
& Coles, 1988), and mobilization of cognitive resources in relation
to goal-directed actions (Nieuwenhuis et al., 2005). The P3 is also
generated during the flanker task and is larger on incongruent trials
as compared to congruent trials (Clayson & Larson, 2011; Frihholz
et al,, 2011; Rosch & Hawk, 2013). The P3 generated on high-con-
flict trials likely indicates a recognition of greater need for control
following response decision (Clayson & Larson, 2011; Nieuwenhuis
et al., 2003; Ridderinkhof & Molen, 1995). Localization studies of
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the P3 suggest that the P3 is generated by a distributed network,
including the ACC, anterior insula, and inferior temporal cortex
(Bledowski et al., 2004; Linden, 2005; Nee et al., 2007; Nieuwenhuis
et al., 2005; Tarkka & Stokic, 1998; Volpe et al., 2007).

The need to further explore the influence of social motivation on
the N2 and P3 across development is supported by findings that that
N2/P3 complex following stimulus presentation resembles the ERN
following an error (Cavanagh & Frank, 2014; Cavanagh et al., 2012;
Overbeek et al., 2005; Ridderinkhof et al., 2009; Yeung et al., 2004).
In addition, location studies of the N2 and P3 among children and
adolescents find that these components share common neural
generators with the ERN, namely the anterior and posterior cingu-
late cortex (Buzzell, Richards, et al., 2017; Herrmann et al., 2004;
Ladouceur et al., 2007). These findings suggest that the N2 and
P3 may reflect psychological processes related to the ERN. Thus,
to functionally interpret the effect of motivation on neural pro-
cesses across development (Cacioppo & Tassinary, 1990; Richter &
Slade, 2017), it is important to examine whether the effects of social
motivation shown to influence the ERN also influence the N2 and
P3, other ERPs related to cognitive control in youth.

Many studies find that incentives, such as monetary re-
ward, enhance both N2 and P3 magnitude (Amodio et al., 2008;
Begleiter et al., 2007; Boksem et al.,, 2006; Carrillo-de-la-Pefa
& Cadaveira, 2000; Goldstein et al., 2006; Kleih et al., 2010;
Potts, 2011; Ramsey & Finn, 1997). However, relatively little re-
search examines such effects in youth. Among children and adoles-
cents, some find that monetary incentives increase N2 magnitude
(Groom et al., 2010) while others find no influence of incentives on
N2 magnitude (Rosch & Hawk, 2013). In contrast, there is more con-
sistent evidence that the P3 is enhanced by motivational factors in
children and adolescents (Groom et al., 2010; Rosch & Hawk, 2013).
To the best of our knowledge, no work examines social-motivational

influences on the N2 and P3 in youth.

1.3 | Current study

To examine social influences on the neural correlates of cognitive
control in children and adolescents, we utilized previously published
data (Barker, Troller-Renfree, et al., 2018; Bowers et al., 2018) to ex-
plore motivational influences on two stimulus-locked ERPs: the N2
and P3. We recruited girls between 8 and 17 years of age. This age
range was chosen to capture variability in pubertal development,
thought to influence both motivation and cognitive control (Peper
& Dahl, 2013).% Specifically, the younger age range was chosen as
8-10 years of age, which marks the onset of puberty in girls (Sun
et al., 2002). The upper age range of 17 years was chosen to limit
confounds of additional social transitions (e.g., transitioning from
high school to college). Only girls participated in the current study
due to a number of gender differences in brain and behavior that
exist during adolescence, including differences in pubertal devel-
opment (Sun et al., 2002), differences in brain development (Giedd

et al.,, 1999), difference in social motivation and risk taking (Gullone
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& Moore, 2000), and differences in the relation between hormones
and behavior (Forbes et al., 2010). We created a task in which girls
were led to believe that they were being observed and evaluated by
peers via a webcam in a virtual chatroom (Barker, Troller-Renfree,
etal., 2018; Buzzell, Troller-Renfree, et al., 2017). In the social condi-
tion, girls were led to believe that two other adolescents were ob-
serving and evaluating their performance during the completion of
a flanker task. In the nonsocial condition, girls completed the flanker
task while being evaluated by a computer.

Based on our previous work finding that the ERN is enhanced
in social contexts (Barker, Troller-Renfree, et al., 2018; Buzzell,
Troller-Renfree, et al., 2017), as well as findings that the N2 and P3
are enhanced by motivational contexts (Groom et al., 2010; Rosch
& Hawk, 2013), we hypothesized that the N2 and P3 would be en-
hanced in social contexts as compared to nonsocial contexts. In
addition, based on our previous finding that younger girls exhibited
larger influences of social context on error monitoring than older
girls (Barker, Troller-Renfree, et al., 2018), we hypothesized we
would similarly observe developmental changes in the sensitivity of
the N2 and P3 to social contexts such that the largest enhancements

would be observed among younger girls.

2 | METHODS

2.1 | Participants

This study was part of a larger project examining social and cognitive
development, and the effect of social context on the ERN are re-
ported elsewhere (Barker, Troller-Renfree, et al., 2018). Participants
were 76 girls (Mage = 11.87 years; SD = 2.2 years; range = 8.7-
17.1 years). There were no differences in age between girls who com-
= 11.87 years; SD = 2.2 years)
and the nonsocial condition (Mage = 11.87 years; SD = 2.2 years).

pleted the social condition girls (Mage

Participants were excluded if they reported that they were not
deceived by the social manipulation (n = 4). In addition, one partici-
pant did not complete the nonsocial condition and three participants
did not complete the social condition due to fatigue. Of the remain-
ing participants, none performed below the 60% a priori accuracy
threshold in either condition. Thus, behavioral analyses included
68 participants. For EEG analyses, five additional subjects were
excluded due to having fewer than 30 artifact-free incongruent tri-
als and 30 artifact-free congruent trials in each condition (Clayson
& Larson, 2013). Thus, the final sample for EEG analyses was 63

participants.

2.2 | Experimental design

2.21 | Flanker task

Anadaptedarrow version of the flanker task (Eriksen & Eriksen, 1974)
was administered using e-prime software (Psychology Software
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Tools, Inc., Sharpsburg, PA). On each trial, participants viewed five
horizontal arrowheads. On half of the trials, arrowheads were con-
gruent (<<<<<, >>>>>) and on the other half of the trials the arrow-
heads were incongruent (<<><<, >><>>). The order of presentation
of the arrowheads was presented randomly. All stimuli were pre-
sented for 200 ms with an intertrial interval (ITl) that varied ran-
domly 800-1200 ms following the response. Prior to beginning the
task, participants were instructed to press a button depending on
the direction of the middle arrow and then completed a practice
block of 16 trials. Next, adolescents completed the actual flanker
task, which consisted of 10 blocks of 32 trials (320 trials total).
After each block, participants received a short break and feed-
back about their performance (Weinberg, Olvet, & Hajcak, 2010).
If performance was 75% or below, participants received a message
to be more accurate. If performance was above 90%, participants

received a message to respond faster. If performance was between

@ Non-social Condition

Flanker Task Block

B

75% and 90%, participants received a message that they were doing

a good job.

2.3 | Procedure

Procedures are described in more detail elsewhere (Barker, Troller-
Renfree, et al., 2018). Briefly, girls were fitted with an EEG net and
performed the flanker task in one of two conditions, which were
counterbalanced across participants. During the nonsocial condi-
tion, girls were informed that they would be receiving computer-
generated feedback about their performance, and they were asked
to adjust their performance based on the feedback (see Figure 1).
The feedback received was based on the participant's accuracy on
the previous block (block-level feedback; no trial-level feedback

was provided). In the social condition, girls were informed that two

Block Feedback (Computer)

Be More Accurate

e —

®  Social Condition

Virtual Chatroom

Flanker Task Block

Block Feedback (Social)

: awnin N s ot
|||| >>>>

FIGURE 1 Experimental paradigm. Adolescents received 10 feedback breaks (e.g., after each block of 32 trials) for each of the social
and nonsocial condition. (A) Depiction of trial sequence for the flanker task in the nonsocial condition. Adolescents were told that they
would receive computer-based feedback. Feedback that adolescents received was dependent on accuracy on the prior block. (B) Depiction
of the flanker task in the social condition. Ado- lescents were told that two other adolescents would be observing and monitoring their
performance (i.e., accuracy, response times) during the flanker task. Like the nonsocial condition, feedback that adolescents received in the
social condition was dependent on accuracy on the previous block. Figure adapted from Barker, Troller-Renfree, et al., 2018
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FIGURE 2 Sensor layout for the Electrical Geodesics Inc. (EGI) 128-channel hydrocel sensor net. Electrode locations averaged for
measurement of the N2 are in the solid circle and for the P3 in the dashed circle

other similar-aged peers located in another lab would be observing
them through a webcam while they played the flanker task, and that
the peers located in the other lab would be giving feedback about
their performance. However, in actuality, girls were not observed by

peers, and all feedback was computer generated.

2.4 | EEG collection and data reduction

Continuous EEG was recorded using a 128-channel Hydrocel
Geodesic Sensor Net and sampled at 250 Hz using the EGI software

(Electrical Geodesic, Inc). Before data collection, all electrode im-
pedances were reduced to below 50 kQ. All electrodes were ref-
erenced online to Cz and re-referenced to an average reference
offline. The data were filtered offline using a digital band-pass FIR
filter from 0.3 to 30 Hz.

Stimulus-locked epochs on correct trials only were segmented
separately for congruent and incongruent trials from 200 ms be-
fore stimulus presentation to 800 ms after stimulus presentation
(1,000 ms total). At the trial level, channels were marked bad if
the amplitude for a trial exceeded 145 pV or if the difference be-
tween a channel and neighboring channels was greater than 45 uv
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for an individual segment. Participants needed at least 30 arti-
fact-free incongruent trials and 30 artifact-free congruent trials
for each respective condition to be included in analyses (Clayson
& Larson, 2013). These artifact criteria were chosen based on an
iterative process where different thresholds were tested prior to
conducting any analyses. There were no differences in the num-
ber of artifact-free congruent trials between conditions (nonso-
cial: M = 135.49, SD = 21.59, social: M = 136.70, SD = 23.01), t
(62) = 0.64, p = .52, or the number of artifact-free incongruent
trials between conditions (nonsocial condition: M = 112.38,
SD = 20.14, social condition: M = 115.13, SD = 21.48), t (62) = 1.45,
p = .15. Age was unrelated to the number of artifact-free error
trials in either condition, ps > 0.20.

All waveforms were baseline corrected from 200 to O ms before
stimulus presentation. Electrode sites for N2 and P3 analysis were
determined based on previous research on N2 and P3 topography
in developmental populations (Lahat et al., 2014; Lamm et al., 2012)
which were also consistent with observed scalp distributions in the
current study (see Figure 2 for electrode clusters). Mean amplitude
of the N2 was quantified using an adaptive mean approach, centering
a 25 ms window on each participant's most negative peak between
200 and 400 ms at the fronto-central electrode cluster (electrode
numbers on 128 ch. geodesic net: 5, 6 [FCz], 7, 12, and 106); this pro-
cess was performed separately for congruent and incongruent trials.
Mean amplitude of the P3 was then quantified using an adaptive
mean approach, centering a 100 ms window on each participant's
the most positive peak between 300 and 700 ms at the centro-pari-
etal electrode cluster (electrode numbers on 128 channel geodesic
net: 31, 54, 55, 61, 62, 78 79, 80, 129 [Cz]); again, this process was
performed separately for congruent and incongruent trials. Note
that the adaptive mean approach retains the benefits of employing
a mean amplitude, as opposed to peak amplitude method (i.e., mean
amplitudes are less susceptible to noise; Luck & Kappenman, 2012).
However, the adaptive mean approach is typically used when there
is greater between-subjects variability in latency of ERP compo-
nents, such as in developmental populations (Clayson et al., 2013).

2.5 | Data analysis

To examine social influences on the N2 and P3, multiple linear-mixed
models (LMM) were conducted with participant intercept as a ran-
dom effect, condition as (nonsocial, social), stimulus (incongruent,
congruent) as repeated predictors, and age as a continuous predic-
tor. All LMM models utilized an unstructured correlation matrix for
the repeated fixed-effects due to differences in variance across
repeated measurements. All models were fit using restricted maxi-
mum likelihood (REML) criterion. An LMM approach was utilized to
allow for the incorporation of both developmental differences and
experiment manipulation into the analyses. Similar results were ob-
tained using traditional repeated measures analysis of variance ap-
proach. Where applicable, all significant interactions were corrected

using Bonferroni method. All statistical analyses were conducted

TABLE 1 Raw means for behavioral performance and ERP
measures for the nonsocial and social condition (standard
deviations)

Behavior measures Nonsocial Social
Incongruent response 540.98 (107.74) 516.00 (87.55)
time (ms)
Congruent response 458.68 (96.02) 439.06 (76.76)
time (ms)
Accuracy on 79.29 (8.67) 78.81 (9.17)
incongruent trials
(%)
Accuracy on congruent 93.40 (5.44) 94.22 (5.45)
trials (%)
ERPs (uV)
Incongruent N2 -0.09 (2.77) -0.05(3.03)
Congruent N2 0.13(2.89) 0.34 (2.84)
Incongruent P3 7.66 (4.45) 8.80(4.72)
Congruent P3 6.16 (4.08) 6.51 (4.35)

using SPSS (Version 25.0). To graphically display differences in
N2/P3 across age, age grouping was computed using a median
split (younger girls: Mage =9.96 SD = 0.75; older girls: Mage =12.47
SD = 1.34). Interactions were followed up using a region of signifi-
cance analysis approach utilizing the Johnson-Neyman Procedure
available in MEMORE v2.1 (Montoya, 2019). For LMM analyses, ef-
fect sizes were estimated using partial nz from similar general mixed
model analyses. Cohen's d was calculated as the effect size for cor-
relational analyses. For region of significance analyses, 95% confi-

dence intervals were computed.

3 | RESULTS

3.1 | Behavior

Table 1 displays the behavioral measures for the social and nonso-
cial condition. As expected, response times on incongruent trials
were significantly slower than response times on congruent trials,
F(1, 61) = 249.66, p < .001, partial ﬂz = 0.80. In addition, there was
a main effect of age such that increasing age was associated with
faster response times regardless of social context or congruency,
F(1, 61) = 50.06, p < .001, partial n2 = 0.45. There was also a main
effect of condition such that response times were faster in the social
condition as compared to the nonsocial condition, F(1, 61) = 10.76,
p <.001, partial n2 =0.15. However, no interactive effects with con-
dition reached significance (ps > 0.07), indicating no effect of social
contexts on response conflict.

Analysis of accuracy revealed a main effect of stimulus type
such that adolescents were more accurate on congruent trials as
compared to incongruent trials, F(1, 61) = 198.30, p < .001, partial
nz = 0.77. This effect was qualified by a significant age x stimulus
type interaction, F(1, 61) = 4.73, p = .034, partial n2 = 0.07, indi-
cating that increasing age was associated with better accuracy on



BARKER ET AL.

congruent trials, for both the social condition, r = 0.35, p = .005,
d = 0.75, and the nonsocial condition, r = 0.48, p < .001, d = 1.09.
In contrast, age was not associated with accuracy on incongruent
trials for either the social condition, r = 0.04, p =.78,d = 0.08, or the
nonsocial condition, r = -0.05, p =.71,d = 0.10.

311 | N2

Figure 3 displays the stimulus-locked waveforms for congruent and
incongruent trials for the nonsocial and social condition. Analysis of
the N2 on congruent and incongruent trials indicated a main effect
of congruency such that the N2 on incongruent trials was larger (i.e.,
more negative) on incongruent trials as compared to congruent tri-
als across both the social and nonsocial condition, F(1, 61) = 4.21,
p = .044, partial n2 = 0.07. In addition, there was a main effect of
age such that N2 magnitude decreased across development for
both conditions and stimulus types, F(1, 61) = 6.47, p = .012, partial

Developmental Psychobiology—W1 LEYM

n? = 0.10. However, there was no effect of social context on N2 mag-
nitude, F(1, 61) = 0.39, p = .54, partial n2 = 0.01, and no interactions

with age reached significance (ps > 0.10).

312 | P3

Analysis of the P3 indicated a main effect of stimulus type such that
the P3 on incongruent trials was larger (i.e., more positive) than the
P3 on congruent trials, F(1, 61) = 82.75, p < .001, partial n2 = 0.58.
In addition, there was a main effect of social context such that the
P3 was larger in the social compared to the nonsocial condition, F(1,
61) = 4.48, p = .038, partial 112 = 0.07; this was qualified by a signifi-
cant condition x stimulus type interaction, F(1, 61) = 10.36, p = .002,
partial n2 = 0.15. Follow-up tests for each stimulus type revealed
that the P3 was enhanced in the social condition as compared to the
nonsocial condition for incongruent trials, F(1, 61) = 8.77, p = .004,
partial nz =0.13, but not for congruent trials, F(1, 61) = 0.945, p = .34,

N2 (Social minus Nonsocial)

—Social Incongruent
-------- Social Congruent

=y
N
1

=y
o
T

- Nonsocial Congruent

Nonsocial Incongruent

Amplitude (uV)
o N £y (] =]

3
N
T

1 1 1 1 1 1 1 1 1
-100 0 100 200 300 400 500 600 700
Time (ms)

-200

10|

Amplitude (pV)

o

-2+

-200 -100 0 100 200 300 400

Time (ms)

500 600 700

Congruent Incongruent
AT, WA
ok PR 2
B - N .“t - 0 pv
':‘ \j.‘.':/'j < k"— <
‘w8 Y I-1
- -2

P3 (Social minus Nonsocial)

Congruent Incongruent

FIGURE 3 Left: Stimulus-locked event-related potential waveforms for incongruent (solid lines) and incongruent trials (dotted lines) for
the social condition (black lines) and the nonsocial condition (grey lines) for a fronto-central electrode cluster where N2 was maximal (top)
and a central-partial electrode cluster where the P3 was maximal (bottom). Shaded region represents moving average window. Right: Scalp
topographies depicting the effect of social context (i.e., social condition minus nonsocial condition) on the N2 at 280 ms post-stimulus (top)

and P3 at 440 ms post-stimulus (bottom)
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partial le =0.02. The follow-up test for each condition revealed that
the P3 was larger on incongruent trials for both the social condition,
F(1, 61) = 79.37, p < .001, partial n2 = 0.57, as well as the nonsocial
condition, F(1, 61) = 44.09, p < .001, partial nz = 0.42. Finally, there
was also a condition x age interaction, F(1, 61) = 4.52, p = .038, par-
tial n? = 0.07. No other interactions reached significance.

Figure 4 presents the ERPs across conditions for younger ado-
lescents and older adolescents. Region of significance analysis for
incongruent trials indicated that the P3 was significantly larger in
the social condition as compared to the nonsocial condition for
girls from 8.67 years of age, t(61) = 2.95, p = .004, 95% ClI [0.66,
3.43], through 12.72 years of age, t(61) = 1.99, p = .05, 95% CI [0,
1.71]. There were no signifcant differeces between conditions for
girls above 12.72 years of age (ps > 0.05). However, for congruent
trials, the P3 was significantly larger in the social condition as com-
pared to the nonsocial condition for girls within a smaller age rage.
Specifically, there were signficant differences bewteen conditions
for congurent trials from 8.67 years of age, t(61) = 2.59, p = .012,
95% Cl1[0.39, 2.98], through 10.67 years of age, t(61) = 1.99, p = .05,
95% CI [0, 1.63]. There were no signifcant differences between con-
ditions for girls above 10.67 years of age (ps > 0.05). Taken together,
region of significance analyses suggest that younger adolecent girls,
but not older adoelcent girls, exhibited enhancements of the P3 in
the social condition as compared to the nonsocial condition.

4 | DISCUSSION

The purpose of the present study was to examine whether stimu-
lus-locked neural components associated with cognitive control
are sensitive to social-motivational factors across childhood and
adolescence (Crone & Dahl, 2012). To this end, we examined the
N2 and P3, two stimulus-locked event-related potentials (ERPs)
related to cognitive control (Larson et al., 2014; Polich, 2007),
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that demonstrate developmental changes across adolescence (van
Dinteren et al., 2014; Hoyniak, 2017). We tested whether these
ERPs were enhanced in a social versus nonsocial context among
adolescents. We found such an effect only for the P3, particularly
on trials with high response conflict (incongruent trials). We also ex-
plored whether age influenced the effect of social context on the N2
and P3. In line with our hypotheses, the degree of P3 enhancement
within the social context was influenced by age: the greatest P3 en-
hancements manifested in younger girls. Contrary to our hypothesis,
we did not find the N2 to be influenced by social context or age.

We observed that the P3 was sensitive to both congruency
and social-motivational influences and that such effects differed
as a function of age. Such findings extend prior work in youth
(Groom et al., 2010; Rosch & Hawk, 2013) and adults (Amodio
et al., 2008; Begleiter et al., 2007; Boksem et al., 2006; Carrillo-de-
la-Pefa & Cadaveira, 2000; Goldstein et al., 2006; Kleih et al., 2010;
Potts, 2011; Ramsey & Finn, 1997). While the P3 is thought to
index processing stages that follow stimulus evaluation and cat-
egorization (Kutas et al., 1977; Magliero et al., 1984; McCarthy &
Donchin, 1981), the effects of social context on P3 magnitude could
reflect the downstream results of motivation enhancing stimulus
processing and categorization (Ridderinkhof & Molen, 1995) and/or
increased attentional demands of completing the task within a social
context (Polich, 2007). Such changes in general stimulus processing
may be more generally associated with motivational changes in cog-
nitive control tasks across adolescence.

In addition, the degree of P3 enhancement in social contexts
was largest in the youngest girls. One possibility for these find-
ings is that children and younger adolescents are less able to ini-
tiate control processes automatically when needed as compared
to older adolescents (Luna et al., 2004; Williams et al., 1999),
and instead more strongly rely on conscious processes to guide
goal-directed behavior based on contextual factors. However, it is

important to note that we observed developmental changes in P3
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FIGURE 4 Waveforms for the P3 for younger adolescents (left) and older adolescents (right). A median split was used to create age

groupings for visualization purposes.
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sensitivity to social contexts for both congruent and incongruent
trials. That is, while social context was shown to exhibit a selective
enhancement of conflict-related neural processing for all partici-
pants (described above), developmental changes in the P3 to so-
cial contexts were not specific to conflict-related processing and
instead must index neural activity that is similarly engaged on both
high- and low-conflict trials.

It is interesting to note that the largest P3 effects of social
context were observed among children and younger adolescents,
which is in contrast to much functional neuroimaging work (i.e.,
functional magnetic reponse imaging; fMRI), which typically finds
greater neural sensitivity to social contexts in mid-to-late adoles-
cence (Chein et al., 2011; Smith et al., 2018), and greater cogni-
tive control in the presence of peers among adolescents (Breiner
et al., 2018). Changes in adolescent sensitivity to social contexts
are theorized to be driven by the reorganization of neural circuits
critical for social motivation and reward processing (Crone &
Dahl, 2012; Ernst & Fudge, 2009; Nelson et al., 2016), and different
development patterns between reward-related and cognitive-re-
lated regions of the brain (Shulman et al., 2016). However, there
is debate about the exact timing of changes in reward process-
ing and social motivation in adolescence (Pfeifer & Allen, 2012,
2016), and many brain and behavior changes associated with ado-
lescence may occur much earlier in development than previously
thought. For example, structural neuroimaging studies find that
peak white matter density in the prefrontal cortex (PFC) is reached
by 10-12 years of age in girls (Giedd et al., 1999). In addition, a
recent meta-analysis found that younger adolescents (11-13 years
of age) exhibit more risk-taking behaviors than older adolescents
(14-19 years of age; Defoe et al., 2015). Taken together, these
findings add support to the present findings that younger adoles-
cents may be more sensitive to social influences than older ad-
olescents. However, it is still an open question why the present
findings differ greatly from other functional neuroimaging studies
of peer influence in adolescence.

In contrast, no differences in N2 magnitude were observed be-
tween contexts among adolescents. A lack of motivational influ-
ences on the N2 is consistent with the study by Rosch and Hawk
(2013), which found that monetary incentives did not influence N2
magnitude during a flanker task in children and adolescents. In con-
trast, Groom et al., (2010) found that monetary incentives increased
N2 magnitude during a Go/NoGo task. One possibility for a lack of
motivational influences on the N2 in the present study and that of
Rosch and Hawk (2013) could be that both studies employ a flanker
task, as compared to the Go/Nogo task employed by Groom et al.,
(2010). Along these lines, it is important to note that the N2 gener-
ated during a motor inhibition task (i.e., Go/Nogo) may reflect a dif-
ferent functional processes as compared to the N2 generated within
a stimulus conflict task like the flanker (Folstein & Van Petten, 2008;
Gehring et al., 1992; Larson et al., 2014; Nieuwenhuis et al., 2003).

Another possibility for the lack of impact of social motivation
on the N2 is that the flanker task used elicited a relatively small N2
as compared to the P3 within this sample of adolescent females.
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Although inhibition/conflict tasks such as the go/no-go task typically
elicit a robust N2 effect, in which the N2 is larger (i.e., more nega-
tive) on trials requiring inhibition (Donkers & van Boxtel, 2004), the
flanker tasks typically elicits a small (or nonexistent) “conflict N2”
when congruent and incongruent trials are equiprobable (Katamata
et al.,, 2018). Furthermore, a weak or nonexistent conflict N2 effect
is generally consistent with previous reports in developmental pop-
ulations (Johnstone, Barry, Markovska, Dimoska, & Clarke, 2009;
Rueda, Posner, Rothbart, & Davis-Stober, 2004). Thus, it is possible
that the N2 was insensitive to the social manipulation because of the
relatively small conflict N2 elicited during the flanker task. Future re-
search should explore the influence of social motivation using tasks
that elicit a robust N2 (e.g., go/nogo task).

Changes in pubertal hormones may account for some of the ob-
served social effects observed among girls. Sex hormone concentra-
tions during puberty are suggested to lead to changes in adolescent
brain function (Forbes & Dahl, 2010; Peper & Dahl, 2013), leading
to increased social motivation (Crone & Dahl, 2012). Although the
exact age of the beginning of adolescence is debated (Pfeifer &
Allen, 2012), some suggest adolescence begins at the onset of pu-
berty (Peper & Dahl, 2013), which is between 8 and 10 years of age
for girls (Sun et al., 2002). In addition, peak white matter density
in the PFC is reached by 10-12 years of age in girls (Giedd et al.,
1999), similar to the age range of the current study with the largest
neural effects of social context. However, it is unclear if we would
observe the same findings with boys, given boys enter puberty later
than girls (Sun et al., 2002), and exhibit vastly different sex hormone
patterns (Peper & Dahl, 2013). Recent work finds that among girls,
pubertal hormones in predict neural function on reward and risk
tasks (Ladouceur et al., 2019; Op de Macks et al., 2016), and that the
degree that hormones predict neural function differences between
genders (Forbes et al., 2010). In addition, studies of animal models
find different patterns of development of dopamine receptors be-
tween sexes (Andersen et al., 2002).

The current findings raise questions about the functional in-
terpretation of motivational influences on the error-related neg-
ativity (ERN), an event-related potential observed following error
commission (Falkenstein et al., 1990; Gehring et al., 1993). We pre-
viously found that the ERN is enhanced by social-motivational fac-
tors (Barker, Troller-Renfree, et al., 2018; Buzzell, Troller-Renfree,
et al., 2017), which we interpreted as increasing error significance
(Hajcak et al., 2005; Weinberg et al., 2016). However, many sug-
gest the ERN represents a component of a larger cognitive control
system (Carter & Veen, 2007; Cavanagh et al., 2012). In line with
theories that the N2/P3 complex shares functional similarities
with the ERN (Carter & Veen, 2007; Cavanagh et al., 2012), the
present findings of an enhanced P3 in social contexts suggest that
social motivation may lead to a more general enhancement of neu-
ral components related to cognitive control, as opposed to error
monitoring more specifically.

Given the limited inference about psychological states based on
physiological indices (Cacioppo etal.,2000; Cacioppo & Tassinary, 1990),
questionable inferences follow about the specificity of motivational
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influences on the ERN (Richter & Slade, 2017). Thus, in the absence of
analyses of other ERP components, it is difficult to interpret motiva-
tional effects. Such issues of interpretation complicate many forms of
neuroimaging data (Poldrack, 2006). Thus, future work on the intersec-
tion of social motivation and cognitive control could benefit from broad
perspectives encompassing findings for multiple subprocesses.

A few limitations of the present study should be noted. First, we
only examined social motivational influences in girls during adoles-
cence. Thus, it is unknown if similar patterns would be observed for
girls beyond the adolescent period and during adulthood, as well as
whether boys would exhibit similar developmental changes in P3
sensitivity to social contexts. Another limitation is the somewhat
small sample size, which warrants cautious interpretation of the
observed three-way interactions. Future studies should continue
to examine the interaction between social motivation and cognitive
control with larger samples.

In summary, the present study examined the influence of so-
cial motivation on the neural correlates of cognitive control in girls
across childhood and adolescence. Having girls complete the same
flanker task in social and nonsocial contexts, we found that girls
exhibited a larger P3 in social contexts, particularly on high-conflict
trials, and the degree of P3 enhancement (regardless of congruency)
was largest among children and younger adolescents. However,
no differences in the N2 between contexts were observed. These
findings suggest that social factors which are known to increase
motivation also enhance neural correlates of cognitive control. In
addition, the specific influence(s) of motivation on cognitive control

appears to change across development, at least for girls.
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ENDNOTES

1 Contextual factors, such as the presence of social partners, can lead
to increases in both approach motivation and avoidance motivation
(Blascovich et al., 1999; Geen, 1991; Gray & McNaughton, 2003),
and the balance of approach and avoidance motivation is likely
influenced by individual differences (Barker, Buzzell, et al., 2018).
Here, we focus on social motivation as a unitary construct which
is associated with increases in physiological arousal (Blascovich
etal., 1999).

“ It is important to note that the P3 is typically divided into two sub-
components (Polich, 2007); the P3a, which is elicited in response to
a surprising stimulus, and the P3b, also referred to as the “classic P3,”
which is elicited in response to neural processing of a task-relevant
stimulus. The P3 elicited on the flanker task, particularly when incon-
gruent and congruent trials are equiprobable, likely reflects the mo-
tivational salience of the flanker stimuli (Nieuwenhuis, Aston-Jones,
& Cohen, 2005; Ridderinkhof & Molen, 1995), which most closely re-
sembles the “classic P3.” Thus, we refer to this component simply as
the P3.

w

Girls also completed the Pubertal Development Scale (PDS; Petersen
et al., 1988), a self-report measure of pubertal development. Similar
to previous research examining pubertal development across ado-
lescence (Sun et al., 2002), the present sample demonstrated wide
variability across the age range of the current sample (8-17 years of
age) with no floor or ceiling effects (M = 2.20 SD = 0.87; range = 1.10-
3.90). Due to high correlations with age, r (61) = 0.81, pubertal devel-
opment was not included in analyses.

We also conducted analyses using residualized scores of the P3 by
regressing the congruent P3 on the incongruent P3 for both condi-
tions (Meyer et al., 2017). Results revealed extremely high correla-
tions between subtraction score variables (e.g., incongruent P3 minus
Congruent P3) and residualized score variables for both conditions,
rs > 0.98. Accordingly, similar results were observed.
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