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Abstract

Individuals who have experienced high levels of childhood stress are at increased risk for a wide range of behavioral problems that persist into adulthood,
yet the neurobiological and molecular mechanisms underlying these associations remain poorly understood. Many of the difficulties observed in
stress-exposed children involve problems with learning and inhibitory control. This experiment was designed to test individuals’ ability to learn to inhibit
responding during a laboratory task. To do so, we measured stress exposure among a community sample of school-aged children, and then followed these
children for a decade. Those from the highest and lowest quintiles of childhood stress exposure were invited to return to our laboratory as young adults. At that
time, we reassessed their life stress exposure, acquired functional magnetic resonance imaging data during an inhibitory control task, and assayed these
individuals’ levels of methylation in the FK506 binding protein 5 (FKBP5) gene. We found that individuals who experienced high levels of stress in childhood
showed less differentiation in the dorsolateral prefrontal cortex between error and correct trials during inhibition. This effect was associated only with
childhood stress exposure and not by current levels of stress in adulthood. In addition, FKBPS5 methylation mediated the association between early life stress
and inhibition-related prefrontal activity. These findings are discussed in terms of using multiple levels of analyses to understand the ways in which adversity in

early development may affect adult behavioral adaptation.

Individuals exposed to chronic high levels of early life stress
are at risk for a broad range of behavioral problems that begin
in childhood and persist into adulthood. For example, high
levels of childhood adversity have been associated with in-
creased risk for impulsivity and emotion regulation difficul-
ties, alcohol and substance abuse, externalizing problems,
as well as depression and anxiety disorders (Norman et al.,
2012; Pechtel & Pizzagalli, 2011; Shonkoff & Garner,
2011). Although the associations between early adversity
and these negative outcomes later in development are well es-
tablished, there remain gaps in our understanding of the
mechanisms through which early adversity leads to adult dys-
function. In this study, we examined the role of early adver-
sity on the efficient recruitment of brain circuitry underlying
executive function, or control of behavior.
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There is strong evidence that early stress exposure hinders
executive function in children and adolescents. For example,
children who experienced maltreatment or were exposed to
familial trauma have been observed to show more impulsiv-
ity, and poorer performance on tasks involving working
memory, inhibitory control, attention, planning, and process-
ing speed compared to typically developing controls (de-
Prince, Weinzierl, & Combs, 2009; Pollak, 2015). During
an incentive-based executive function task, children who
had experienced maltreatment displayed excessive risk tak-
ing, insensitivity to different outcomes, and slower decision
making relative to their nonmaltreated peers (Weller &
Fisher, 2012). Furthermore, earlier onset and longer chronic-
ity of maltreatment appears to be associated with more pro-
found deficits in inhibitory control and working memory
(Cowell, Cicchetti, Rogosch, & Toth, 2015). Taken together,
these findings raise the possibility that executive function
deficits, broadly construed, reflect vulnerability of relevant
brain circuitry to stress exposure early in development.

Addressing this question has been especially complicated
by the fact that it has been difficult to establish the relative im-
pact of adversity early in development versus the cumulative
affects of stress throughout development. One possibility is
that individuals exposed to very high levels of stress early
in their development tend to continue to experience more
stressful events throughout their lives (Evans, Li, & Whipple,

1895

https://doi.org/10.1017/5095457941700147X Published online by Cambridge University Press


mailto:seth.pollak@wisc.edu
https://doi.org/10.1017/S095457941700147X

1896

2013), and this continued stress exposure results in continued
problems with impulsivity and emotion regulation. Another
possibility is that exposure to extreme stress during early
childhood exerts profound effects on brain and behavioral
function that continue to manifest themselves in adulthood.
Therefore, we attempted to determine the relative role of ad-
versity early versus later in development, as described below.

Executive function is a term used to refer to cognitive abil-
ities subserved by a number of regions within the prefrontal
cortex (PFC; Menon, Adleman, White, Glover, & Reiss,
2001). These brain regions include the dorsolateral prefrontal
cortex (dIPFC), the medial prefrontal cortex, and the anterior
cingulate cortex (ACC); they appear to be profoundly affected
by severe stress exposure early in childhood (for a review, see
Bick & Nelson, 2016). For example, both physical abuse
(Hanson et al., 2010) and severe neglect due to institutional
care (Hodel et al., 2015) have been linked to smaller PFC vol-
umes, and child maltreatment is associated with reduced cor-
tical thickness (indicative of less gray matter) in the ACC, or-
bitofrontal cortex, and superior frontal gyrus (Kelly et al.,
2013). Child maltreatment is also associated with smaller
volumes in the hippocampus and amygdala (Hanson et al.,
2015), regions that are crucial for memory and for signaling
the salience of information in the environment. Develop-
mental effects associated with these regions include difficul-
ties in associative learning (Hanson, 2017; Harms, Shannon-
Bowen, Hanson, & Pollak, in press).

High levels of childhood stress exposure have been par-
ticularly noted to affect inhibitory control tasks. These types
of tasks require participants to inhibit prepotent responses to
stimuli. As an example, in a go/no-go task, an individual re-
sponds on most trials, building up a prepotent response, but
on rare trials a specific stimulus signals that no response
should be made. In a go/change task (similar to a go/no-go
task, but requiring a switch to an alternative response, rather
than no response, on rare trials) adolescents who experienced
early caregiver deprivation showed longer reaction times on
change trials relative to controls, as well as greater activation
in regions such as the dorsal ACC, inferior frontal cortex, and
striatum for correct change versus go trials (Mueller et al.,
2010). Similarly, trauma-exposed youth showed less activa-
tion in the left medial frontal cortex than controls during suc-
cessful response inhibition (Carrion, Garret, Menon, Weem:s,
& Reiss, 2008). Another study (Bruce et al., 2013) found evi-
dence for compensatory brain activity among maltreated chil-
dren in foster care. These data indicated that during successful
response inhibition, the children who had experienced mal-
treatment had less activation in the insula, frontal gyrus,
and ACC than nonmaltreated youth who were also in foster
care. However, the maltreated children also had more activa-
tion in the parietal lobule (Bruce et al., 2013). This compen-
satory parietal activity may have allowed maltreated children
to perform as well as controls on behavioral aspects of the
task. Several studies have found differences in brain activity,
but not error rate, during response inhibition in stress-exposed
adolescents (Mueller et al., 2010; Jankowski et al., 2016).
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These functional brain abnormalities likely reflect subtle dif-
ferences in cognitive functioning that, while not affecting lab-
oratory task performance, may influence children’s ability to
handle more complex situations, such as social interactions
(Bruce et al., 2013).

In light of this evidence for compensatory brain activity in
youth who experienced early stress, one particular aspect of
executive function may be informative for understanding
cognitive vulnerability. That is how individuals are able to
process and differentiate correct versus error trials during situ-
ations that require inhibitory control. Stress-exposed youth may
have particular difficulty with this type of processing compared
to typically developing youth. Examining event-related poten-
tials during a go/no-go task among children who had endured
prolonged institutionalization or foster care, McDermott, Wes-
terlund, Zeanah, Nelson, and Fox (2012) found the children ex-
posed to adversity had low processing of no-go cues relative to
controls. In addition, institutionalized children, who experi-
enced the most severe stress, showed less differential reactivity
between correct and error responses, reflected in the error-re-
lated negativity, as compared to foster care children. Consistent
with these findings, maltreated adolescents displayed less infer-
ior, middle, and medial frontal functional magnetic resonance
imaging (fMRI) activity during correct inhibition, but more
subcortical activity during inhibition errors, relative to nonmal-
treated youth (Jankowski et al., 2016). Asin Bruce et al. (2013),
there were no differences in accuracy and reaction time be-
tween groups. Yet diminished frontal activation during inhib-
itory control, and less differentiation between correct and
error trials, suggests that the individuals who experienced
early adversity are having difficulty processing errors and up-
dating their responses. Such a deficit would undermine effi-
cient learning.

How might the experience of adversity affect the develop-
ment of these cognitive processes? One mechanism through
which early stress exposure could exert persistent effects on
brain activity and behavior is through changes in gene expres-
sion (Zannas, Wiechmann, Gassen, & Binder, 2016). DNA
methylation is an epigenetic mechanism used by cells to reg-
ulate gene expression (i.e., switching genes between “on” or
“off” positions). Childhood abuse has been associated with
demethylation in the FK506 binding protein 5 (FKBPS5)
gene, an important regulator of the stress hormone system
and glucocorticoid receptor sensitivity (Klengel et al.,
2013). This demethylation appears to contribute to glucocor-
ticoid resistance, higher cortisol levels, and prolonged recov-
ery following exposure to stress (Zannas & Binder, 2013).
Exposure to high levels of glucocorticoids (via cortisol) has
been linked to disruptions in cognitive processing (Belanoff,
Gross, Yage, & Schatzberg, 2001; McEwen & Sapolsky,
1995). In nonhuman animals, chronically high glucocorticoid
exposure leads to disrupted structural and functional develop-
ment of the prefrontal cortex (Arnsten, 2009; Mizoguchi, Ish-
ige, Aburada, & Tabira, 2003; Radley et al., 2004). Thus,
these systems have become a central part of understanding
the affects of averse caregiving on children’s development
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(Gunnar, 2016). For this reason, we examined methylation of
the FKBP5 gene, a key regulator of glucocorticoid activity, as
an additional biological measure of stress exposure (Binder
et al., 2008; White et al., 2012).

The current study tested two predictions. Our first hypoth-
esis was that individuals who experienced high levels of child-
hood adversity would have less prefrontal activation during
differentiation of error versus correct trials. Lower levels of
brain activation to error trials would suggest that these indi-
viduals were engaging in less processing of their errors and
not updating their subsequent responses following errors. At
the same time, greater activation to correct trials would suggest
these individuals needed greater cortical recruitment to inhibit
prepotent responses. In this manner, both effects would under-
mine the efficiency of participants’ learning. Next, we explored
whether FKBP5 methylation would mediate associations be-
tween child adversity and brain activity during inhibitory con-
trol. Finally, we were interested in the effects of childhood ver-
sus adult life stress. Across the above analyses, we examined
whether the effects of participants’ level of stress exposure in
childhood were maintained when controlling for participants’
current level of stress in their adult lives.

Method

Participants

Individuals in the present experiment were recruited from a
larger study of 161 people who had participated in a previous
study when they were children (Hanson et al., 2015). Partic-
ipants were assessed with the Youth Life Stress Interview
(YLSIL; Rudolph & Flynn, 2007), when they were 9-13 years
old (M = 11.2 years). We recontacted participants from the
highest and lowest quintiles of childhood stress scores a dec-
ade later, when participants were entering early adulthood.
These individuals had either high YLSI scores (=4.0) or rel-
atively low scores reflecting normative levels of childhood
stress exposure (<2.5). Fifty-four individuals ranging in age
from 19.0 to 23.7 years (M = 20.5 years) agreed to participate
in the current study. Within this group of 54 participants, 29
individuals (17 female) were assessed as having had high
levels of stress during early childhood, and 25 individuals
(11 female) were assessed as having relatively low levels of
childhood stress. In addition to those who agreed to partici-
pate, 12 individuals we contacted declined participation, 9
were currently living out of state and could not travel back
to the lab, 1 declined because she was pregnant and could
not undergo fMRI scanning, 1 did not wish to undergo the
neuroimaging component, and 1 individual was currently in
prison. Of those who declined, 7 were from the low-stress
group and 5 were from the high-stress group; these indi-
viduals did not differ on any childhood or demographic mea-
sures from those who did participate.

This project was approved by the University of Wisconsin
Institutional Review Board, and all participants provided in-
formed consent. A number of participants had to be excluded
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from some aspect of the data analyses: 2 participants agreed
to participate but could not undergo MRI scanning because
of claustrophobia; 8 participants were excluded from fMRI
analyses because of excessive head motion, but were in-
cluded in the behavioral analysis; and 1 participant was ex-
cluded due to significant mental health issues (suspected ac-
tive psychosis). Ten additional participants were excluded
from the analyses due to a programming error in which but-
ton-box presses were not recorded. This resulted in a final
group of 33 participants for fMRI analysis and 39 for behav-
ioral analysis (18 female, M age = 20.6 years). Among the
group of 39, 23 participants identified themselves as White,
11 as African American, 2 as Hispanic, and 3 as Asian.
High- and low-stress participants did not differ on tests of
cognitive and motor functions (Intra-Extra Dimensional Shift
and Motor Screening Test from the Cambridge Neuropsycho-
logical Test Automated Battery; ps > .1).

Procedures

Participants had their life stress measured in our laboratory
when they were children (M age = 11.2 years), and were re-
contacted approximately 10 years later. They returned to our
laboratory as young adults, and underwent an MRI scan dur-
ing which they performed a go/no-go task. Following the
MRI scan, participants had their current life stress reevalu-
ated. We also obtained DNA samples at this time. These mea-
sures are described in greater detail below.

Measures

Childhood stress exposure. The YLSI assesses the child’s ex-
posure to severe negative life events and circumstances.
Trained interviewers used semistructured questions to assess
the context of the event (e.g., timing, duration, and objective
consequences). Data from these interviews were then evalu-
ated by an independent team of three to seven raters who pro-
vided a consensual rating on a 10-point scale reflecting an
overall level of cumulative life stress. The following exam-
ples illustrate the kinds of experiences children in this study
described that were associated with each score. A life stress
score of 1 was given to a child whose pet was hit by a car,
but the pet was not seriously injured. A score of 5 was given
to a child who was placed in foster care early in life and then
experienced multiple placements between families; during
this time the child’s biological parent, with whom the child
maintained a relationship, died. A score of 7.5 was given to
a child whose parent and sibling both had serious, chronic
medical and mental health problems; long-term instability
in parental employment; severe interparental marital conflict
resulting in parental separation; and extensive incarceration of
one of the child’s parents. A score of 10 was given to a child
who was homeless; had several close family members die un-
expectedly; and had physically violent parents, resulting in
separation of the child from the family. This rating system
has high reliability and validity (Rudolph & Flynn, 2007).
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Current life stress. The University of California at Los An-
geles Life Stress Interview (UCLA LSI; Hammen et al.,
1987) measures current life stress in adult participants. This
interview queries 10 domains, including close friendships,
social life, romantic relationship, family relationships, rela-
tionship with child/children, academic experiences, work, fi-
nances, health, and other (i.e., bereavement, moves, natural
disasters, victimization, and legal issues). A trained inter-
viewer conducted all interviews. The interviews were coded
by a trained team of three researchers using a scale of 1 to
10, with 10 being extreme stress. High interrater reliability
on scoring of domains and types of events, and good validity
has been reported (Rudolph et al., 2000).

fMRI task

The go no-go task (Kaufman, Ross, Stein, & Garavan, 2003)
consisted of 2 runs, each 270 s in duration (135 volumes). The
letters X and Y were presented serially in an altering pattern,
once per second. Subjects were instructed to press a button for
every letter (“go”), but withhold pressing the button (“no-
g0”) when a letter repeats (e.g., the fifth letter in the string
X-Y-X-Y-Y; see Figure 1). Each run had 25 no-go events
and 245 go events, with an average duration of time between
no-go events (interstimulus interval [ISI]) of 9.7 s in the first
run and 9.8 s in the second run. Both runs had a minimum ISIT
of 4 s and a maximum ISI of 16 s.

MRI data acquisition

A series of structural and functional brain images were ac-
quired on a 3T General Electric MR750 MRI scanner using
an eight-channel receive-only RF head coil (General Electric
Medical Systems, Waukesha, WI). Structural anatomical
brain data was acquired using a T1-weighted BRAVO pulse
sequence (450-ms inversion time, 8.16-ms repetition time,
3.18-ms echo time, 12° flip, 256 x 256 x 156 matrix, 256-
mm field of view, 1-mm slice thickness). Functional data
was acquired using a series of sagittal T2*-weighted echo-
planar images (2 runs, 135 image volumes per run, sagittal

Figure 1. Schematic of the go/no-go task. In this example, participants were
instructed to withhold a response when the same letter repeated twice.
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slices, 3.5 x 3.5 x 3.5 mm resolution, 22.4-cm field of view,
2000-ms repetition time, 25-ms echo time, 70° flip angle).

fMRI task analyses

All MRI data analyses were performed using the Analysis of
Functional Neurolmages analysis package (Cox, 1996), unless
otherwise specified. Echo-planar MRI images acquired during
the task were first corrected for subject motion using a rigid
body volumetric realignment (3dvolreg). The first three image
volumes were discarded to allow magnetization to reach steady
state. Data were then corrected for slice-timing differences
(3dTshift), aligned to the TIl-weighted anatomical image
(align_epi_anat.py). The T1-weighted image was aligned to
Talairach space using a 12-parameter affine transformation.
This transformation was to the aligned echo-planar image
data as a single transformation from original to template space.
The resultant fMRI data were then spatially smoothed by Gaus-
sian kernel with a full width at half-maximum of 8§ mm
(3dmerge), and converted to percent signal change.

Brain activation during the task was estimated using multi-
ple linear regression (3dDeconvolve) with two regressors of
interest, modeling the correct and incorrect no-go responses.
The six estimated motion realignment parameters, as well as
constant and linear trend, were used as additional nuisance re-
gressors. At the group level, differences in activation as a
function of early life stress were assessed on a voxelwise level
using a ¢ test (3dttest++) with the UCLA LSI score as a co-
variate. More specifically, we ran three analyses, where we in-
cluded (a) the YLSI scores from the interview administered
when the participants were children, (b) the UCLA LSI scores
from the interview conducted in young adulthood on the
same day as the scanning session, or (c) both early and current
life stress scores. This latter analysis will show whether find-
ings are specific to early life stress measures controlling for
differences explained by current life stress. Voxel-wise ¢ tests
were corrected for multiple comparisons by estimating the
spatial autocorrelation function from the preprocessed fMRI
data (3dFWHMXx), and setting a minimum cluster size thresh-
old based on a Monte Carlo simulation that incorporates this
estimated autocorrelation function (3dClustSim; Cox, Chen,
Glen, Reynolds, & Taylor, 2017).

FKBP5 DNA methylation analysis

DNA was extracted from saliva samples and methylation was
analyzed for 26 sites located in regulatory regions of the
FKBPS5 gene using highly accurate methylation targeted bi-
sulfite sequencing. Twenty cytosine nucleotide—phosphate—
guanine nucleotide (CpG) sites are located in intronic gluco-
corticoid response elements (7 sites in intron 7, 9 sites in in-
tron 5, and 4 sites in intron 2) and 6 sites in the promoter.
Briefly, 500 ng of DNA was used per sample and bisulfite
treated using the EZ DNA Methylation Kit (Irvine, Cali-
fornia). Polymerase chain reaction (PCR) of 7 amplicons
was performed using Takara EpiTaq HS Polymerase (Saint-
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Germain-en-Laye, France) and following quantification with
the Agilent 2200 TapeStation (Waldbronn, Germany) were
pooled in equimolar quantities for each sample. Ampure
XP beads (Krefeld, Germany) were used for a double size se-
lection (200-500 base pair) to remove primer dimers and high
molecular DNA fragments. Libraries were generated using
the Illumina TruSeq DNA PCR-Free HT Library Prep Kit
(San Diego, CA) according to the manufacturer’s instruc-
tions. Each library was quantified with the Qubit® 1.0
(Thermo Fisher Scientific Inc., Schwerte, Germany), normal-
ized to 4 nM and pooled. Paired-end sequencing was per-
formed on an Illumina MiSeq Instrument (San Diego, CA)
with the MiSeq Reagent Kit (V. 3; 2 x 300 cycles) with the
addition of 30% of PhiX Library. The quality of the sequen-
cing reads was checked with FastQC (http:/www.bioinfor-
matics.babraham.ac.uk/projects/fastqc), and Illumina adapter
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sequences were removed using Cutadapt (V. 1.9.1). Bismark
(V.0.15.0) was used for the alignment to a restricted reference
limited to our PCR targets. The methylation levels for all
CpGs, CHGs, and CHHs were quantified using the R package
methylKit. For CHG and CHH, H can be A, C, or T. These are
non-CpG methylated sites to calculate the bisulfite rate. All
samples had sufficient bisulfite conversion rate (>95%), and
all CpG sites sequenced had coverage higher than 1,000 reads.

Results
Hypothesis 1: Is early stress exposure related to neural
activation during inhibitory learning?

Activation of a cluster in the dIPFC was associated with child-
hood stress exposure and the contrast of no-go error and

dIPFC activation
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Figure 2. (Color online) A region in dorsolateral prefrontal cortex shows significant correlation between early life stress (Youth Life Stress Inter-
view score) and the activation difference (error-correct no-go trials) on the go/no-go task (p < .04, corrected).
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no-go correct trials (p < .04, corrected; see Figure 2). This
dIPFC cluster consisted of 221 voxels (2 x 2 x 2 mm?) at an
individual voxel-level significance of p < .001, and a center
of mass at Minnesota Neurological Institute coordinates
(28, 29, 52). As predicted, at this region of the dIPFC, indi-
viduals with normative levels of childhood stress exposure
evinced higher levels of activation when they made an error
(as compared to when they responded to a correct trial). In con-
trast, individuals with high childhood stress exposure responded
similarly to error and correct trials. Although child and adult
stress levels were positively correlated, r (31) = .37, p < .05,
this relationship remained significant when we controlled for
stress levels in adulthood (p < .04, corrected).

No other brain regions were significantly associated with
this interaction. No significant associations were found be-
tween childhood stress exposure and activation to only no-
go correct trials or only no-go error trials. No significant as-
sociations were found between stress levels in adulthood and
the activation during the no-go error trials, no-go correct
trials, or the difference in activation for no-go error versus
no-go correct trials (all ps > .1).

Across all participants, the mean commission error rate
was 6% (SD = 0.06), and the mean omission error rate was
11.3% (SD = 0.06). The mean reaction time to “go” trials
was 319.4 ms (SD = 65.07).

We also examined whether early adversity was correlated
with reaction times for go trials and accuracy (error rates).
There was a positive correlation between early stress and re-
action time, r (39) = .44, p = .005, indicating that participants
exposed to early adversity responded more slowly than those
who experienced low-stress childhoods. This correlation re-
mained significant when controlling for stress levels in adult-
hood, r (36) = .44, p < .01. Error rates were not correlated
with childhood or adult stress levels.

Hypothesis 2: Is FKBP5 methylation related to stress and
brain activity during inhibition?

Among the 33 participants with good imaging data, we used
Pearson correlations to determine methylation sites that were
significantly correlated with measures of stress exposure in
either childhood or adulthood. Correlation coefficients are
provided in Table 1 and mean methylation values in Table 2.

M. B. Harms et al.

Table 2. Means and standard
deviations of methylation levels
for each site

Site Mean SD
Int2cgl 68.77 10.30
Int2cg3 68.70 10.78
IntScg?2 87.78 3.96
Int5cg5 6.10 1.57
IntScg7 4.28 1.01
Int5cg8 4.51 1.05
Int5cg9 4.33 0.98
Int7cg3 60.04 8.43
Int7cg4 85.54 5.98
Int7cg5 88.48 5.72
Int7cg6 66.97 7.17
Int7cg7 81.00 5.10

The following methylation sites were significantly related to
childhood stress, with higher stress corresponding to higher
methylation (all ps < .05): intron 5_cg8, intron 5_cg2, intron
2_cgl, and intron 2_cg3. All of these effects correlated with
childhood, but not adult, stress exposure. In contrast, intron 7
methylation significantly correlated with adult, but not child-
hood, stress exposure.

We next examined correlations between methylation and
brain activity. Only one methylation site correlated with
both child stress exposure and dIPFC differentiation between
error versus correct responses: intron 5_cg8. This particular
methylation also had the strongest correlation with error-
related dIPFC activation, r (31) = —.49, p = .005; Bonfer-
roni-corrected p < .03. No methylation sites were correlated
with adult stress exposure and error-related dIPFC activation.

Given the correlation of intron 5_cg8 with both childhood
stress exposure and error-related dIPFC activity, we explored
whether methylation at this site mediated this relationship.
We used a standard multivariate analytic framework (Mac-
Kinnon, Lockwood, Hoffman, West, & Sheets, 2002) in R to
test for statistical mediation, using a nonparametric bootstrap
resampling with 5,000 iterations. This analysis showed that
the average causal mediated effect of childhood stress expo-
sure — methylation — dIPFC activation was marginally sig-
nificant at p = .08 (see Figure 3). To examine partial media-

Table 1. Correlation coefficients (Pearson R) for FKBP5 sites where methylation was significantly correlated with dIPFC

activation, ELS, or adult stress

Int2 Int2 Int5 Int5
cgl cg3 cg2 cg5

Int5 Int5 Int5 Int7 Int7 Int7 Int7 Int7
cg7 cg8 cg9 cg3 cgd cg5 cgb cg7

Error-correct dIPFC activity — —.32 -.33 —.30 —.36%
ELS 36% 37* 40* .30
Adult stress .19 22 36%* A5

—.45%

—.49%  —43*% 01 —.16 —.06 .04 —.17
34 37* .35 .10 28 27 15 .23
.06 A1 12 39% A1% —42%  40% 37%

Note: FKBP5, FK506 binding protein 5 gene; dIPFC, dorsolateral prefrontal cortex; ELS, early life stress.

#p < .05.
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¢’ =057

Proportion mediated = 0.16; p=0.08

Figure 3. (Color online) Statistical mediation model. We find a significant
relationship between early life stress and error-correct dorsolateral prefrontal
cortex activation (f = 0.65, p < .04; ¢ path). However, this relationship is
reduced when FK506 binding protein 5 (FKBP5) gene methylation at intron
5, cg8 is added to the model (B = 0.57, p = .08; ¢’ path).

tion, we also ran a model that included both childhood stress
exposure and methylation to fit dIPFC activation. In this
model, the pathway of methylation — dIPFC activation
nearly met our a threshold at p = .056.

Discussion

In an effort to begin to identify potential developmental
mechanisms through which early adversity leads to behav-
ioral problems, we examined the neural correlates of inhibi-
tory control in adults who had experienced normative to
very high levels of childhood stress. We found that stress ex-
posure did not affect individual’s accuracy on an inhibitory
control task. However, individuals who endured very high
levels of child stress exposure had reduced prefrontal differ-
entiation of error versus correct trials, and had slower re-
sponse times than those who did not have high stress child-
hoods. We observed the effects of childhood adversity
during the inhibitory control task in the dIPFC brain region,
a circuit known to be central for successful response inhibi-
tion (Simmonds, Pekar, & Mostofsky, 2007). The patterns
of results reported here suggest less efficient recruitment of
dIPFC among those individuals who had very stressful child-
hoods. Specifically, these individuals tended to require high
levels of engagement to suppress prepotent responses. Be-
cause recruitment of the dIPFC during inhibitory control de-
creases with age (Bunge, Dudukovic, Thomason, Vaidya, &
Gabrieli, 2002; Durston et al., 2002; Rubia, Smith, Taylor, &
Brammer, 2007), less dIPFC engagement should be needed
as cognitive control ability increases. Thus, the individuals
with high childhood stress exposure in this study may be
construed as having less mature patterns of prefrontal activa-
tion during inhibitory control. Our exploratory analysis of
FKBPS5 methylation provides preliminary evidence that early
adversity could result in changes in the epigenetic state of a
gene that regulates the stress response system, which in turn
contributes to altered prefrontal function.

Consistent with other reports in the literature (Bruce et al.,
2013; Jankowski et al., 2016), we observed that exposure to
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childhood stress was associated with slower response times
but not lower accuracy on the go/no-go task. Paired with the
neuroimaging data, this pattern of results is consistent with
the view that those who had stressful childhoods were using
compensatory cognitive processes in order to inhibit their pre-
potent responses. For example, slower reaction times on go
trials would allow more time to recruit inhibition-related cir-
cuitry on no-go trials (Bogacz, Wagenmakers, Forstmann, &
Niuenhuis, 2009). Slowed responses have also been tied to
stress exposure suggesting that stress may impair action pro-
duction leading not only to slower responses but also to inac-
tion such as freezing during threat (de Berker et al., 2016).

The specific patterns of prefrontal activation observed here
show both similarities and differences with previous studies
examining inhibitory control in stress-exposed individuals.
Our findings are similar to those of McDermott et al. (2012),
which reported reduced differentiation of error versus correct
no-go trials in previously institutionalized children via the er-
ror-related negativity, an event-related potential component
that reflects frontal engagement and awareness of error (Nieu-
wenhuis, Ridderinkhof, Blom, Band, & Kok, 2001). However,
Bruce et al. (2013) and Jankowski et al. (2016) reported re-
duced frontal engagement among maltreated children and ado-
lescents during correct inhibition trials, whereas we observed
reduced frontal engagement during error versus correct trials,
but not correct trials alone, in adults with high ELS. Several
factors could account for this discrepancy. These prior studies
examined adolescents, whereas our participants were adults;
patterns of prefrontal recruitment and connectivity with other
regions change dramatically between early adolescence and
adulthood (Blakemore & Choudhury, 2006; Gee et al.,
2013), and these changes may be moderated by stress (Rahdar
& Galvan, 2014). Consistent with this interpretation, studies of
adults with posttraumatic stress disorder (Jovanovic et al.,
2013; Stevens et al., 2016) also found reduced PFC engage-
ment during correct inhibition trials.

We used a design that allowed us to prospectively follow
individuals from childhood to young adulthood. This design
allowed us to control for later life stress and avoid relying
upon retrospective recall of childhood experiences from our
participants. A prospective design has the advantage of not
relying on accurate adult memories of childhood experiences,
and may therefore yield more reliable associations between
early stress and later outcomes than retrospective reports
(Scott, Smith, & Ellis, 2010). Although, as expected, child-
hood stress and adulthood stress were positively correlated
Evans et al. (2013), controlling for later stress did not change
the associations between early stress and brain activity. The
ability to distinguish here between early versus cumulative
life stress helps to focus attention on the role of childhood ad-
versity on the development of executive function systems,
which are central to many aspects of adaptive behavior
(Harms, Zayas, Meltzoff, & Carlson, 2014). Our results are
consistent with previous literature implicating early child-
hood stress as especially detrimental to neurobehavioral
development and life outcomes (for review, see Pechtel &
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Pizzagalli, 2011), and with animal research demonstrating
that the consequences of stress exposure early in development
are stronger and more persistent compared with stress expo-
sure during adulthood (Hoffmann & Spengler, 2014; Russo,
Murrough, Han, Charnet, & Nestler, 2012).

Two other features of this study are worth noting. One is that
the present sample has, by design, high variability in the degree
of childhood stress individuals experienced. Our participants
were drawn from a stratified community sample, rather than re-
cruited to be a sample of severely maltreated individuals. There
is evidence that higher severity of stress, such as that seen in
chronic maltreatment, might result in greater abnormalities in
prefrontal function than those we observed in this sample (Cis-
ler, James, Tripathi, & Mletzko, 2012). Relatedly, we measured
childhood (and adulthood) stress continuously rather than bin-
ning participants into groups based on a specific type of life ex-
perience. Finally, though most previous fMRI work with go/no-
go tasks focus on no-go versus go activation, we focused on the
response to error versus correct no-go trials to more specifically
isolate the activation associated with making an error. Activa-
tion to correct (or incorrect) no-go versus go trials likely reflects
several other cognitive processes such as attention, recognizing
the no-go, reaction to having recognized the no-go event, and
making a motor response (Criaud & Boulinguez, 2013). In
sum, although there are some major differences among studies
of stress and prefrontal function, there is consistency in impli-
cating circuitry involving the prefrontal cortex as highly sensi-
tive to the effects of early adversity (Hanson et al., 2010; Hodel
et al., 2015), and the present data indicate that these effects of
childhood adversity likely persist into adulthood.
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