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ARTICLE INFO ABSTRACT

Keywords: Background: Pro-inflammatory cytokines have been linked to depression, early childhood trauma, and impair-
Depression ment in executive function in adults. Whether these links are present during adolescence, a time when vul-
Adolescence nerability to depression is heightened, a point more proximal to childhood trauma, and a critical period of brain
Inflammation

development, is not well understood.

Method: Serum levels of interleukin (IL)-6, IL-1f, and tumor necrosis factor alpha (TNF-a) were measured in 70
adolescents aged 12-17, including 40 with a DSM-IV depressive disorder (DEP), a sub-set (n = 22) of whom
reported a history of childhood trauma (DEP-T), and 30 healthy controls (HCs). Participants completed perfor-
mance-based (Parametric Go/No-Go Task) and observer-rated (Behavior Rating Inventory of Executive Function)
measures of executive function. Procedures were conducted at a subspecialty clinic (Dec 2015-June 2017).
Results: IL-6 was elevated in DEP and DEP-T adolescents compared to controls (p = .014) and TNF-a was ele-
vated in DEP participants only (p = .040) compared to controls, whereas no group differences were found in IL-
1B (p = .829). Additionally, DEP-T participants demonstrated relative deficits in performance-based (p = .044)
and observer-rated inhibitory control (p = .049) compared to controls. Across the whole sample, TNF-a was
associated with performance-based (r = —0.25, p = .039) and observer-rated (r = 0.32, p = .009) inhibitory
control deficits. In subgroup analyses, TNF-a was associated with increased observer-rated inhibitory deficits in
DEP, and at the trend level, with reduced inhibitory control performance in DEP-T.

Conclusions: The current results suggest that inflammation may be a marker of disease processes in adolescent
depression. Though longitudinal studies are needed, depressed adolescents with childhood trauma exposure
appear to constitute a uniquely vulnerable group in terms of objective risk for executive dysfunction. Immune
dysregulation may partly contribute to this risk.

Executive function
Trauma

1. Introduction associated with altered dorsal anterior cingulate (Holmes et al., 2018;

Meier et al., 2016; van Velzen et al., 2017), dorsolateral prefrontal cortex

There is growing awareness that inflammation affects brain health
(Miller and Raison, 2016) and may sub-serve neuropsychological dys-
function in depression (Bollen et al., 2017). Indeed, peripheral in-
flammation correlates with executive functioning and processing speed
in depressed adults (Benson et al., 2017; Goldsmith et al., 2016; Krogh
et al., 2014; Smagula et al., 2017). Conceptually, neuropsychological
studies converge with neuroimaging, where peripheral cytokines are

(Muscatell et al., 2015), and basal ganglia (Eisenberger et al., 2010;
Felger et al.,, 2016; Haroon et al., 2014, 2016; Savitz et al., 2015;
Treadway et al., 2017) structure and function. These brain regions are
essential for executive function and common nodes of dysfunctional
neurocircuitry in depression (Felger, 2017). It is also appreciated that
executive dysfunction is observable in adolescent depression (Joseph
et al., 2008; Nieto and Castellanos, 2011; Pavuluri et al., 2009; Wagner
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et al., 2014), possibly involved in depression risk (Davidovich et al.,
2016), and especially pronounced amongst adults with childhood trauma
exposure (Marshall et al.,, 2016). Yet, existing peripheral immune al-
terations in adolescent depression are somewhat variable, and it is not
yet known if inflammation influences executive dysfunction in adoles-
cents, or whether early life trauma affects this possible relationship.

1.1. Inflammation in adolescent depression

Initial studies of youth with various depressive disorders, including
major depression, dysthymia, and suicidality, report alterations in serum
cytokine levels (for a review (Mitchell and Goldstein, 2014); also see
(Belem da Silva et al., 2017; Pallavi et al., 2015)). The most consistent
finding is increased IL-6, whereas evidence for reproducible patterns in
other cytokines is equivocal (Kim et al., 2014; Mills et al., 2013; Mitchell
and Goldstein, 2014). Studies are heterogeneous and vary in psychiatric
medication status (Gabbay et al., 2009; Henje Blom et al., 2012), primary
depressive disorder (Brambilla et al., 2004), suicidality (Gabbay et al.,
2009; Pandey et al., 2012), childhood trauma (G. E. Miller and Cole,
2012)1, and the cytokines of interest. Put together, IL-6 may indeed re-
present an early sign of immune dysregulation, but the variability in
existing designs calls for further exploration of peripheral inflammation
in adolescents that accounts for these factors.

1.2. Role of inflammation in risk for executive dysfunction in adolescence

While the abovementioned literature suggests that immune dysre-
gulation may be present in depressed adolescents, whether this in-
flammation relates to the emergence of cognitive deficits typically
present in the initial stages of depression is largely unknown (Cullen
et al.,, 2017). A meta-analysis of neuropsychological studies in youth
depression identified a domain specific deficit in inhibitory control
(Wagner et al., 2015), an aspect of executive function that involves
selecting, maintaining, and updating goal representations, while over-
riding pre-potent responses. Because impaired inhibitory control pre-
dicts behavioral, academic, and psychological difficulties (Biederman
et al., 2011; Pavuluri et al., 2006; Peters et al., 2014a), it is prudent to
understand whether inflammation disrupts development and func-
tioning of inhibitory skills in adolescence.

1.3. Interplay of depression with childhood trauma and inflammation

In understanding the possible role of inflammation in inhibitory
control deficits during adolescence, it is essential to consider differences
in childhood trauma exposure, which has been implicated in both im-
mune dysregulation and increased risk of inhibitory control deficits.
Childhood trauma exposure may increase risk for inhibitory control
deficits and inflammation in depression. For instance, in adults, the
coupling together of childhood trauma and depression predicts altera-
tions in brain structure and function, including reduced processing
speed, attention, and executive function (Quinn et al., 2018; Saleh
et al., 2017). Moreover, childhood trauma predicts the co-occurrence of
depression and alterations in inflammatory activity later in life
(Baumeister et al., 2016a; Coelho et al., 2014; Danese et al., 2007,
2009; Grosse et al., 2014; Lu et al., 2013; Miller and Cole, 2012).
However, whether childhood trauma exaggerates inhibitory controls
deficits, inflammation, or their co-occurrence during adolescence is
unclear. Because brain development is ongoing and uneven during this
period, especially in regions essential for regulation of behavior, the
adolescent brain may be particularly vulnerable to the effects of early
childhood trauma.

1.4. Adolescence as a critical period of risk

To unite these fragmented areas of research, it is important to study
inflammation and its role in regulating cognition, both in the context of
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adolescent depression, childhood trauma, and their combination. In
particular, evaluating these constructs during adolescence could help
identify a critical period for when and how inflammatory-related mood
and cognitive changes develop. Findings cannot be extrapolated from
adult studies due to possible contributions of chronic depression burden
and comorbidities (Berk et al., 2014; Weisenbach et al., 2014). Ado-
lescence is a compelling window due to (a) minimized confounds of
prolonged illness duration, allostatic load, chronic medical co-morbid-
ities, and obesity (Berk et al., 2014; Lopresti and Drummond, 2013); (b)
differences in the phenomenology of depression in adolescence, such as
increased anhedonia and irritability (Bemporad, 1982; Birmaher et al.,
1998); (c) protracted period of cognitive development that differs in
maturity and plasticity from adults (Brooks et al., 2010; Hongwanishkul
et al., 2005; Huizinga et al., 2006), and d) differences in cytokine
production (Lilic et al., 1997).

To address these gaps in the literature, we measured three of the
most extensively studied pro-inflammatory cytokines (IL-6, IL-1f, and
TNF-a) and inhibitory control (performance-based and observer-rated)
amongst adolescents with depressive disorders (naive to psychotropic
treatment for their mood disorder), with and without exposure to sig-
nificant childhood trauma, and healthy control (HC) adolescents. These
cytokines, in particular, were selected because IL-6 and TNF-a nega-
tively impact serotonin production and integrity (Linthorst et al.,
1995), which may increase risk for depression. Further, the release of
TNF-a, as well as IL-1f, is thought to induce synaptic pruning, leading
to impaired neuroplasticity and structural brain changes that then ne-
gatively impact cognition (Rosenblat et al., 2014). Consistent with the
Research Domain Criteria Framework (RDoC), our sampling strategy
aimed to capture the full range of negative mood disturbance, including
major depression, dysthymia, adjustment disorder with depressed
mood, and depression not otherwise specified diagnoses. The first aim
was to compare groups in inflammation. We expected elevated cyto-
kines in depressed adolescents, especially those with childhood trauma,
relative to HC. The second aim was to compare groups in inhibitory
control. We predicted inhibitory control deficits in depressed adoles-
cents, especially those with childhood trauma, relative to HC. The third
aim was to evaluate associations between inflammation and inhibitory
control. We anticipated that inflammation would predict poorer in-
hibitory control, and that this association would be strongest in de-
pressed adolescents with childhood trauma.

2. Method
2.1. Participants and procedures

This study was designed in-line with the RDoC initiative and sup-
ported by the National Institute of Mental Health. All study procedures
were approved by the appropriate Institutional Review Board.
Participants were assenting adolescents (and their consenting parent),
ages 12-17 with any depressive mood disorder (DEP: depression, dys-
thymia, adjustment disorder with depressed mood, sub-threshold and
unspecified depressive symptoms [n = 40]) and HC (n = 30) adoles-
cents with no psychiatric history, equivalent in age, sex, and IQ. Of the
DEP adolescents, 55% (n = 22) met threshold for childhood trauma
(DEP-T; Study Measures for detail). DEP adolescents were recruited
based on self-report of depressive symptoms, identified initially by a
clinician or response to advertisement, and confirmed in a structured
clinical interview. Participants were recruited from outpatient psy-
chiatry clinics (DEP only) in a large, urban, academic medical center
and surrounding community (DEP and HC).

A semi-structured telephone-screening interview determined initial
eligibility. At in-person screening, all participants met the following
inclusion criteria: 1) estimated Verbal IQ in ‘borderline’ or higher range
[T-score > 30, Wechsler Abbreviated Scale of Intelligence - 2nd Edition
Vocabulary Test (Wechsler, 1999)], and 2) English fluency. Exclusion
criteria were: 1) psychiatric medication (except for stimulant use,
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which was permitted among [n = 2] DEP with co-morbid ADHD in
order to provide an ideal testing environment for neurocognitive tasks,
as stimulants are not known to interfere with measurement of in-
flammation (Baumeister et al., 2016b; Kittel-Schneider et al., 2016), 2)
neurological or medical condition affecting cognition (e.g. learning
disability, epilepsy, developmental delay) 3) active suicidality with
plan or intent requiring acute intervention, 4) prior head injury with
loss of consciousness > 10 min, 5) current substance or alcohol use
disorder within 30 days or more than five self-reported lifetime in-
stances of use, 6) current smokers, 7) participation in an investigational
medication research protocol, and 8) active virus or infection within
two weeks prior to enrollment, as assessed by medical history inter-
view. Eligible HC participants denied 1st degree family history of de-
pression or other psychiatric disorders during screening.

2.2. Procedures

Eligible participants completed executive function measures, self-
reports of demographics, behavior, and emotion, and a non-fasting
blood sample obtained by venipuncture (Cytokine Assays for detail).
Height/weight were collected via physical history questionnaire, and
body mass index (BMI) was calculated. Consistent with university
standards, participants were compensated $10 per hour.

2.3. Measures

2.3.1. Clinical assessment

Participants were interviewed by a clinically trained, masters-level
mental health professional using the Kiddie Schedule for Affective
Disorders and Schizophrenia Present and Lifetime Version (Kaufman
et al., 1997) to yield current and lifetime DSM-IV psychiatric diagnoses.
Training for all raters (n = 3) included scoring two consecutive (and
randomly selected) interview recordings that achieved a kappa relia-
bility statistic of > 0.80). Although enrollment criteria were agnostic
about diagnostic depression categories, this instrument was used to
ensure variability in clinical severity, screen for substance use, and
evaluate for suicidality. Clinicians rated depression symptom severity
on the Children's Depression Rating Scale — Revised (Poznanski et al.,
1984) and functional impairment using the Children's Global Assess-
ment Scale (Shaffer et al., 1983).

2.3.2. Childhood trauma exposure

The Childhood Trauma Questionnaire (CTQ) is a brief, reliable, and
valid 28-item adolescent self-report measure that inquires about five
types of maltreatment history - emotional, physical, and sexual abuse,
and emotional and physical neglect (Bernstein et al., 1997). Each sub-
scale score ranges from 5 to 25, thus the total CTQ score fluctuates from
25 to 125.

Although the total score of the CTQ is intended to represent the
cumulative severity of childhood trauma exposure, the distribution of
the measure is often skewed by the base-rate of childhood trauma (i.e.,
a high proportion of respondents reporting little to no childhood trau-
matic experiences). To adjust for the degree of skewness (1.62), clini-
cally significant childhood trauma exposure can be determined by a
cut-off score for each sub-scale (Bevilacqua et al., 2012; Gibb et al.,
2009; Johnson et al., 2011; Kudinova et al., 2015; Walker et al., 1999).
Participants above threshold on any one sub-scale are positive cases of
early childhood trauma. Per the CTQ manual, the following cutoffs for
moderate exposure were used: emotional abuse =13, emotional neglect
=15, sexual abuse =8, physical abuse =10, and physical neglect =10.
Additionally, within-sample, convergent validity of moderate cut-off
scores was evaluated with exploratory cluster analysis, using item-level
CTQ responses as input.

2.3.3. Parametric Go-No/Go (PGNG)
The PGNG assesses contextual inhibitory control, where target and
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lure sets change depending upon the previous response. A serial stream
of letters is presented for 500 ms with no inter-stimulus interval.
Responses are made by key press using the right index finger. No targets
were repeated without at least one intervening distractor — thus re-
sponses delayed by up to 1000 ms were included for a relevant target.
The primary dependent variable is inhibitory control (hereafter in-
hibitory accuracy), which measures the ability to stop an unwanted,
pre-potent response. It represents the number of correct rejections di-
vided by total possible correct rejections (rejections + commissions).
Additionally, the PGNG measures sustained attention (hereafter atten-
tional control), which is derived by dividing the number of correct hits
by the total possible correct hits (hits + omissions) for No-Go trials.
Response time is an index of processing speed, computed by averaging
response time for Go trials.

2.3.4. Behavior Rating Inventory of Executive Function (BRIEF)

The BRIEF is a reliable and valid 86-item parent-report ques-
tionnaire of real-world executive function behaviors for youth ages
5-18. It consists of eight behavioral and meta-cognitive executive
function subscales. For convergence with performance-based inhibitory
control, we used the inhibit subscale (a = 0.83), which inquires about
the adolescent's ability to control impulses and stop engaging in a be-
havior.

2.4. Cytokine collection and assays

Blood draws were acquired throughout the day between the hours
of 8 am. and 7 p.m., which was systematically recorded. Time of col-
lection was not significantly correlated with II-1p (r = 0.08, p = .53),
TNF-a (r= —-0.13, p=.27), or IL-6 (r=0.11, p=.39) levels.
Participants were instructed to refrain from exercise on the day of their
study visit until all study procedures were completed, which was con-
firmed at screening. However, the blood draw was non-fasting and
participants were instructed to adhere to their normal dietary patterns,
given evidence that intermittent and even a single bout of fasting can
attenuate pro-inflammatory cytokines and induce anti-inflammatory
effects (Aksungar et al., 2007; Faris et al., 2012; Lavin et al., 2011;
Speaker et al., 2016).

Serum was separated, centrifuged at 6,000 rpm for 10 min, and
stored at —80°C before batch analysis. Laboratory staffs measuring
cytokines were blinded to participant diagnosis. Cytokine levels were
determined in plasma/serum aliquots by enzyme-linked im-
munosorbent assay using Quantakine® kits (R&D Systems, Inc.,
Minneapolis, MN, USA) for human IL-1f3, TNF-a, and IL-6. Briefly, 100
pL of incubation buffer and 100 pL of serum/plasma or standard is
added to each well and incubated for 3 h at room temperature (RT) on
the orbital shaker. After washing wells six times with Wash Buffer, 200
uL of Conjugate is added to each well, incubated for 2h at room tem-
perature, washed using Wash Buffer as before, 50 uL of Substrate
Solution is added to each well and incubated for 60 min at room tem-
perature. Following this, 50 pL of Amplifier Solution is added to each
well, incubated for 30 min at room temperature and 50 pL of Stop
Solution is added to each well. The optical density of each well is de-
termined within 30 min using a microplate reader set to 490 nm, and
wavelength correction is set to 650 nm, and cytokine levels are calcu-
lated. Standard curve was generated by plotting the mean absorbance
for each standard, and data points are linearized. The cytokines con-
centration in each sample was determined by reading it against the
standard curve.

2.5. Statistical analyses

Differences between HC, DEP, and DEP-T participants in demo-
graphic and clinical factors were compared using one-way analysis of
variance and chi-squared tests, as appropriate. Pro-inflammatory cy-
tokine values were not normally distributed; therefore, group
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differences in cytokines were compared using Kruskal-Wallis H tests
(Aim 1). As demographic differences, including age, sex, and IQ, are
reported in relation to performance-based (Garavan et al., 2006; Lee
et al., 2015; Votruba and Langenecker, 2013) and observer-rated
measures (Gioia et al., 2000; Huizinga and Smidts, 2010) of inhibitory
control, one-way analysis of co-variance was used to compare groups in
executive functioning measures, adjusting for these variables within the
same model (Aim 2). Associations between cytokine levels and execu-
tive functioning variables (Aim 3) used Pearson's bivariate correlations
in the full study sample, with coefficients in DEP and DEP-T subgroups
reported separately. Significant bivariate associations were then sub-
jected to multivariate analyses using generalized linear models. Main
and interactive effects of cytokines, group, and their interaction were
tested, adjusting per above for age, sex, and IQ, as well as BMI. Cyto-
kine variables achieved a normal distribution after log-transformation
and therefore log-transformed values were used in correlational and
regression analyses.

3. Results
3.1. Childhood trauma exposure

Twenty-two DEP met threshold for significant maltreatment,
forming a sub-group of DEP with childhood trauma history (DEP-T). We
note that this classification was not altered when using slight variations
in the cut-offs reported in select prior studies (Bevilacqua et al., 2012;
Walker et al., 1999). The cluster solution identified the same subset of
twenty-two DEP-T as most similar to each other relative to DEP-only
and HCs. Of note, one additional HC participant reported CTQ score
above threshold and aligned with DEP-T participants in the cluster
analysis solution, thus was excluded from the overall study sample and
all analyses. Among DEP only participants, 38.9% (n = 7 of 18) met
threshold for low levels of trauma, as well as 30.0% (n = 9 of 30) of HC
participants.

3.2. Demographic and clinical characteristics

Demographic and clinical characteristics of the sample are shown in
Table 1. HCs were equivalent to DEP and DEP-T on age, sex, verbal IQ,
and BML. Across participants, age, sex, and verbal IQ were unrelated to
any cytokine measurement (all p's > .09). BMI was positively corre-
lated with IL-6 (r = 0.24, p = .05), but unrelated to TNF-a (r = 0.07, p
= .58) or IL-13 (r = 0.02, p = .89).

DEP and DEP-T did not significantly differ in the distribution of
current DSM-IV depression diagnosis, though there was a trend for a
greater proportion of DEP-T participants with MDD (54.5% vs. 27.8%),
X? =290, p = .09. Of currently depressed patients, 42.5% (n = 17)
met criteria for major depression (MDD), 20.0% (n = 8) for dysthymia,
30.0% (n = 12) for depressive disorder not otherwise specified (NOS),
and 7.5% (n = 3) for adjustment disorder with depressed mood. Of
participants with current dysthymia or depression NOS (n = 20),
35.0% (n = 7) met criteria for a past major depressive episode. Across
the full sample, the proportion of participants meeting threshold for
childhood trauma amongst each depression spectrum diagnosis was
70.0% for major depression (n = 12 of 17), 37.5% for dysthymia (n =
3 of 8), 41.7% for depressive disorder NOS (n = 5 of 12), and 66.7% for
adjustment disorder with depressed mood (n = 2 of 3).

3.3. Inflammatory cytokines

There was a statistically significant omnibus difference between
DEP, DEP-T, and HC (Table 2) for IL-6 and TNF-a levels. Post-hoc
pairwise comparisons indicated that IL-6 levels were elevated in both
DEP (d = 0.91) and DEP-T (d = 0.63) relative to HCs, and did not differ
significantly from each other. For TNF-a, post-hoc pairwise compar-
isons indicated that DEP (d = 0.65) had elevated serum levels relative
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to HC and DEP-T (d = 0.74). No group differences were detected in Il-
1P.

3.4. Executive functioning

Performance. The omnibus test (Table 2) for between-group (HC,
DEP, DEP-T) differences was significant for inhibitory accuracy. Post-
hoc pair-wise comparisons indicated that DEP-T demonstrated poorer
inhibitory accuracy relative to HC (d = 0.54) but not DEP (d = 0.40),
Fig. 1a. DEP did not differ from HC in inhibitory accuracy (d = 0.15).
There were no group differences in attentional control or response time.

Observer Report. 94% of parents completed the observer report
rating scale; data were missing for four subjects (n = 1 HC, n = 1 DEP,
and n = 2 DEP-T). The omnibus test (Table 2) for between-group dif-
ferences was significant for observer report of inhibitory control. As
illustrated in Fig. 1b, post-hoc pair-wise comparisons indicated that
DEP-T parents reported greater inhibitory problem behavior relative to
HCs (d = .62) but not DEP (d = 0.06). DEP parents reported greater
inhibitory problem behavior at the trend level compared to HC (d =
.64).

3.5. Bivariate associations between inflammatory cytokines and executive
functioning dimensions

Table 3 shows exploratory correlations between cytokines and ex-
ecutive functioning in the full sample, and DEP and DEP-T, separately
(e.g., individual differences analysis). Across the full sample, TNF-a and
inhibitory accuracy were inversely related (r = —.25,p = .04, Fig. 2a).
Follow-up correlations indicated a trend in DEP-T (r = —0.39, p =
.07), but not in DEP (r = —0.32,p = .19),or HC (r = —0.11,p = .56)
groups. TNF-a was associated with parent report of more inhibitory
problem behavior across the full sample (r = 0.32, p = .01, Fig. 2b).
Follow-up correlations indicated a trend in DEP-T (r = 0.37, p = .09),
significant correlation in DEP (r = 0.56, p = .02), but not HC (r =
0.13, p = .49). TNF-a was not associated with attentional control or
response time. IL-6 and IL-1B were not associated with executive
function.

3.6. Multivariate modeling of inflammatory cytokines and executive
functioning dimensions

Partial correlations across the full sample remained significant be-
tween TNF-a and inhibitory accuracy (r = —0.27, p = .03), as well as
between TNF-a and parent-reported inhibitory problem behavior
(r = 0.31, p = .02) after adjusting for age, sex, IQ, and BMI. In a mul-
tivariate generalized linear model (Table 4) predicting inhibitory ac-
curacy, the effects of age, sex, IQ, and BMI were non-significant, and
TNF-a remained significantly associated with reduced inhibitory ac-
curacy. There was a trend for an interaction between group and TNF-a
(Table 4), such that the negative correlation between TNF-a and in-
hibitory accuracy was most pronounced in DEP-T. The simple slope was
significant in DEP-T (b = —0.34, se = 0.13, p = .01). In a multivariate
generalized linear model predicting inhibitory problem behavior
(Table 4), older age significant predicted reduced inhibitory problem
behavior; TNF-a remained significantly associated with increased in-
hibitory problem behavior. There was a trend for an interaction be-
tween group and TNF-a (Table 4), such that the association between
TNF-a and inhibitory problem behavior was most pronounced in DEP.
The simple slope was significant in DEP (b = 10.38, se = 4.88, p = .04).

4. Discussion

In this study, depressed adolescents with and without a history of
childhood trauma and naive to pharmacological treatment for depres-
sion showed higher serum levels of IL-6 compared to HCs. Adolescents
with depression and no trauma history demonstrated elevated TNF-a.
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Table 1
Demographic, clinical, and serum cytokine variables in HC, DEP, and DEP-T adolescents.
HC (n = 30) DEP (n = 18) DEP-T (n = 22) Omnibus Test
M SD M SD M SD F p-value
Age 14.67 1.37 14.61 1.46 14.45 1.54 12 .88
Verbal IQ Estimate” 55.63 8.49 54.44 9.90 50.23 9.77 2.25 11
Body Mass Index 22.98 3.21 22.68 4.96 22.10 4.56 .27 .76
Global Functioning"a’b"' 91.70 5.69 69.28 9.14 60.95 9.20 106.76 <.001
CDRS Total®>¢ 19.47 1.72 38.28 10.04 47.95 11.61 78.98 <.001
Age of Onset - - 12.00 2.00 12.33 .298 .35 71
N % N % N % x? p-value
Sex (% Female) 19 63.3 10 55.6 14 63.6 .35 .84
Household Income (% < 60K)™ 7 26.9 6 35.3 9 47.4 2.01 .38
Ethnicity
Hispanic 6 20.0 6 33.3 7 31.8 1.36 .51
Non-Hispanic 24 80.0 12 66.7 15 68.2 - -
Race
Caucasian 16 53.3 13 76.5 10 45.5 12.44 .13
African American 8 26.7 0 0.0 8 36.4 - -
Asian 5 16.7 2 11.8 1 4.5 - -
American Indian/Alaskan Native 0 0.0 0 0.0 1 4.5 - -
Other/Unknown 1 3.3 2 11.8 2 9.1 - -
Post Pubertal 23 76.6 12 66.7 16 72.7 1.44 .96
Current DSM-IV Diagnosis™"
Major Depression - - 5 27.8 12 54.5 2.90 .09
Dysthymia - - 5 27.8 3 13.6 1.24 .27
Depressive d/o NOS - - 7 38.8 5 22.7 2.20 .14
Adjustment d/o Depressed Mood - - 1 5.5 2 9.1 1.72 .19
Comorbid DSM-IV Diagnoses
Panic Disorder - - 1 5.6 3 13.6 72 .61
Simple Phobia - - 0 0.0 1 2.5 .84 .99
Social Phobia - - 2 11.1 9 22.5 2.4 .15
Agoraphobia - - 1 5.6 0 2.5 1.25 .45
Generalized Anxiety Disorder - - 9 50.0 8 47.1 .75 .52
Post Traumatic Stress Disorder - - 1 5.6 4 18.2 1.44 .36
Attention Deficit/Hyperactivity - - 1 5.6 5 22.7 2.29 .20
Oppositional Defiant Disorder - - 1 5.6 1 4.5 .02 .99

3Significant (p < .05) post-hoc pairwise comparison, DEP vs. HC; ®Significant (p < .05) post-hoc pairwise comparison, DEP-T vs. HC' “Significant (p < .05) post-
hoc pairwise comparison, DEP-T vs. DEP.

“Vocabulary sub-test T-Score from the WASI-II; “"Children's Global Assessment Scale; “*"Calculated based on percent of available cases; household income not reported
for HC: n = 4, DEP: n = 1, DEP-T: n = 3. """There was a trend for greater CDRS scores in DEP-T participants without MDD (M = 42.50, SD = 10.22) versus DEP
participants without MDD (M = 34.69, SD = 8.64), F = 3.83, p = .06. Additionally, CDRS scores were higher in DEP-T with MDD (M = 52.50, SD = 11.05) versus
DEP-T without MDD (M = 42.50, SD = 10.22), F = 4.78, p = .04). CTQ subscale scores for physical abuse (p = .67), sexual abuse (p = .19), and physical neglect
(p = .75) were equivalent in DEP-T with and without MDD. Emotional neglect was higher in DEP-T with MDD (M = 15.00, SD = 4.80) versus DEP-T without MDD
(M = 10.00, SD = 4.49), F = 6.26, p = .02). Emotional abuse was higher in DEP-T with MDD (M = 13.75, SD = 5.03) versus DEP-T without MDD (M = 8.70,
SD = 3.23), F = 7.47,p = .01).

Table 2
Between group differences in cytokine levels and executive functioning measures.
HC (n = 30) DEP (n =18) DEP-T (n = 22) Omnibus Test

Cytokines M SD M SD M SD x> p-value
IL-6%P* 1.06 .54 1.84 1.08 1.53 .90 8.55 .014
TNF-a™* .58 .25 .76 .30 .56 .23 6.44 .040
1-1B .09 .06 .09 .06 .10 .05 .38 .829
Executive Function M SD M SD M SD F p-value
Inhibitory Accuracy® 72 .19 .70 .21 .60 .25 3.28 .044
Attentional Control .85 13 .85 12 .78 .16 .56 .575
Response Time 577.54 81.74 573.71 58.94 592.21 72.15 .895 414
Observer-Rated Inhibition® 11.65 3.06 13.88 3.87 14.15 4.77 3.18 .049

Significant (p < .05) post-hoc pairwise comparison, DEP vs. HC.

bSigniﬁcant (p < .05) post-hoc pairwise comparison, DEP-T vs. HC.

“Significant (p < .05) post-hoc pairwise comparison, DEP-T vs. DEP.

*Significant group differences were sustained when testing log-transformed values in a general linear model for IL-6, F(2, 69) = 9.50, p = .009, as well as for TNF-a,
F(2, 69) = 4.53, p = .038. There remained no difference between groups in IL-13 when using log transformed values, F(2, 69) = 0.90, p = .631.
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Fig. 1. Performance-Based (A) and Observer-Rated (B) Measures of Executive
Function in HC, DEP, and DEP-T Adolescents. *Denotes significant difference,
p < .05.

Additionally, DEP-T demonstrated deficits in inhibitory control.
Increased TNF-a was associated with poorer inhibitory control.
Moreover, there was a trend to suggest that the association between
TNF-a and performance-based inhibitory control may be most pro-
nounced in DEP-T, whereas the relationship with subjective ratings was
more marked in DEP. These findings were robust to adjustment for
demographics and BMI. Cumulatively, these findings implicate cytokine
production as a sign of immune dysregulation in early-onset depression
and potential risk marker for executive dysfunction.

4.1. Inflammatory cytokines

Our finding of elevated IL-6 among depressed adolescents who are
naive to pharmacological treatment of their mood disorder is consistent
with existing literature, which has largely been conducted in samples
with some proportion of participants taking medication for depression
(Mitchell and Goldstein, 2014; Pallavi et al., 2015). Two prior studies of
un-medicated adolescents also report elevated IL-6 in patients with
primarily anxiety disorders (small minority of depressed participants
(Belem da Silva et al., 2017)) and females with mixed mood and anxiety
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disorders (Henje Blom et al., 2012). Because there are multiple neu-
rotransmitter, neuroendocrine, and glial pathways by which anti-
depressants could be involved in the inhibition of pro-inflammatory
mediators (Galecki et al., 2018), our findings raise the possibility that
IL-6 is a biomarker of early course depression independent of phar-
macological influences.

However, the observed pattern of IL-6 alterations is only partly
consistent with our hypothesis that inflammation would be elevated in
depression, but most pronounced in depressed youth with childhood
trauma. It was also somewhat surprising and inconsistent with our
hypotheses that TNF-a was elevated only in DEP participants without a
childhood trauma history. One possible explanation is that the clear and
present dangers of childhood trauma to physical-, emotional-, and
neuro-development (Berens et al., 2017) might necessitate efficient
immune functioning for defense, resilience, or repair. By contrast, ele-
vated inflammation in the absence of threat may be inefficient and have
deleterious effects (Raison and Miller, 2017). It is also possible that
clinical and diagnostic heterogeneity could obscure effects; different
clinical syndromes may be associated with inflammatory activity at
both high and low ends of a u-curve. For instance, decreased TNF-a is
reported in suicidal adolescents (Gabbay et al., 2009) and in adolescent
dysthymia (Brambilla et al., 2004). Third, unclear interactions between
different kinds of inflammatory markers (e.g. pro- and anti-in-
flammatory ratios) may contribute to heterogeneity in measurement.
Subsequent longitudinal study of TNF-a will be paramount for clar-
ifying variability (Mitchell and Goldstein, 2014).

4.2. Executive functioning

Consistent with our hypothesis, DEP-T participants demonstrated
deficits in performance-based and observer-rated measures of in-
hibitory control, but not other aspects of executive function such as
attentional control or response time. Childhood maltreatment has pre-
dicted executive dysfunction in adolescent inpatients with diverse
psychopathology (Kavanaugh et al., 2015), but our work suggests that
inhibitory control, specifically, may be particularly sensitive to its ef-
fects in depression. Moreover, as childhood trauma prospectively pre-
dicts executive dysfunction into adulthood (Nikulina and Widom,
2013), it is possible that early life adversity is involved in the in-
stantiation of inhibitory dysfunction in depression (Marshall et al.,
2016).

4.3. Associations between inflammation and executive functioning

As expected, increased TNF-a was associated with inhibitory control
deficits but not attentional control or response time. This converges
with a community youth study, where increased salivary C-reactive
protein correlated with poorer Stroop inhibition and switching (Cullen
et al., 2017). These findings are striking because the prevailing hy-
pothesis underlying inflammation and cognitive dysfunction is that age-
related sensitization of microglia magnifies neuro-inflammation, im-
pairing synaptic plasticity and cortical function, and in turn, cognitive
functions (Aiken et al., 1991; Holmes et al., 2009; Jordanova et al.,
2007; Weaver et al., 2002). However, peripheral inflammation might
disrupt typical neurodevelopment of inhibitory control much earlier in
life. If replicated, TNF-a may offer an avenue for prevention, potentially
alleviating downstream effects of chronic illness on brain function and
cognition.

DEP-T demonstrated inhibitory control deficits and a trend for
preferential association with TNF-a, but it is perplexing that TNF-a was
not elevated in DEP-T. It is likely an issue of statistical power, as the
correlations (—.39 and —0.32) are in the same direction and of the
same general effect size. An alternative interpretation is that it is pos-
sible brain changes embedded from early trauma (Heany et al., 2018)
may catalyze vulnerability and sensitivity to low-level, and even nor-
mative, fluctuations in cytokine signaling. Equally, childhood trauma
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Table 3
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Bivariate correlations for inflammatory cytokine and executive functioning dimensions.

Full Sample 1L6 TNF-a” 1-1p Inhibitory Accuracy Attentional Control Response Time Observer Inhibition
IL6

TNF-a 0.14

1-18 0.10 -0.13

Inhibitory Accuracy —0.06 —0.25*% —0.06

Attentional Control -0.01 0.13 0.21 -0.27*

Response Time 0.01 -0.10 0.04 0.04 -0.16

Observer Inhibition 0.17 0.32%* —0.06 -0.27* —-0.16 0.15

CDRS -0.17 —-0.01 0.003 -0.07 -0.21 0.13 0.17
DEP

IL6

TNF-a 0.12

1-18 0.03 0.19

Inhibitory Accuracy —0.02 -0.32 —0.34

Attentional Control -0.10 —0.08 0.23 -0.18

Response Time 0.02 —-0.12 -0.29 0.38 -0.27

Observer Inhibition 0.05 0.56* 0.10 —0.02 —0.53* 0.39 -
DEP-T

IL6

TNF-a 0.12

1-1p 0.35 -0.20

Inhibitory Accuracy —-0.15 —0.39" 0.08

Attentional Control 0.01 0.21 0.25 —-0.41

Response Time 0.09 0.05 0.12 —-0.13 0.07

Observer Inhibition 0.15 0.37" -0.25 -0.52* 0.10 0.18 -

RT = Response Time, *Correlation is significant at the 0.05 level (2-tailed), **Correlation is significant at the 0.01 level (2-tailed), ‘Denotes statistical trend at
p < .10; “Full sample correlations remained significant between TNF-a and inhibitory accuracy (r = —0.27, p = .04), as well as between TNF-a and Observer

Inhibition (r = 0.35, p = .01) after controlling for group.

may modulate anti-inflammatory mediators, not investigated here, and
potentiate effects of the imbalance between pro- and anti-inflammatory
cytokines on the brain. Related, in individual differences analyses it was
paradoxical that elevated TNF-a predicted observer report of inhibitory
problem behavior in DEP, despite only marginal, non-significant ob-
served performance deficits. Discordance between parent ratings and
performance (Table 3) could be in line with the notion that parental
criticism and impaired perspective taking engender inflammatory re-
sponses in offspring (Ehrlich et al., 2015; Human et al., 2014; Manczak
et al., 2016). On the other hand, given the relatively small sample sizes
of subgroups, we are also cautious not to over interpret variations in the
strength of cytokine and executive functioning correlations, which
could relate to statistical power.

4.4. Possible mechanisms for peripheral cytokine effects on the brain

Mechanistically, how might inflammation promote executive dys-
function, possibly disproportionately in depressed youth with trauma
exposure? There are multifactorial pathways by which peripheral cy-
tokines may enhance neural-immune crosstalk. The first involves af-
ferent vagus nerve fibers, which sense peripheral inflammatory mole-
cules and convey signals to the brain (Pavlov and Tracey, 2012). In a
second, humoral pathway, production of cytokines from Toll-like re-
ceptors on macrophage-like cells in the circumventricular organs and
the choroid plexus can enter the brain by volume diffusion (Vitkovic
et al., 2000). Third, in excess, cytokine transporters at the blood-brain
barrier can gain access to the brain through saturable transport (Banks,
2006). Epigenetic alterations related to stress and psychiatric disorders
(Tsankova et al., 2007; Vanden Berghe et al., 2006), as well as altera-
tions in central serotonergic activity (Maes et al., 2011) may be in-
volved in particular vulnerability for depressed youth with trauma ex-
posure.

Given that there are multiple complex pathways from the periphery
to the brain, why might executive dysfunction relate specifically to

TNF-a? TNF-a is involved in myelin degeneration (Selmaj and Raine,
1988) and white matter volume alterations (Diniz et al., 2015; Frodl
and Amico, 2014; Smagula et al., 2017), and TNF-a antagonism has
antidepressant effects in some patients (Raison et al., 2013). Accord-
ingly, TNF-a might alter typical age-related frontal-subcortical white
matter maturation (Barnea-Goraly et al., 2005) sub-serving executive
function (Peters et al., 2014b), possibly particularly so in depressed
youth (Aghajani et al., 2014; Bessette et al., 2014; LeWinn et al., 2014).
Indeed, the impact of white matter integrity on executive control is
more pronounced in depressed adults versus controls (Rizk et al.,
2017). Additionally, TNF-a influences glutamate reuptake and release
in the basal ganglia and dorsal anterior cingulate (Haroon et al., 2015,
2016), which contribute to inhibition within a functional executive
control brain network (McTeague et al., 2016). Therefore, inflamma-
tion may relate to inhibition through effects on glutamate in the brain.
On the other hand, while increased TNF-a uniquely predicted reduced
executive function here, the cognitive correlates of inflammation might
be subtle in adolescents and could interact over time with multiple
biomarkers, like oxidative stress and BDNF (Newton et al., 2017).

4.5. Strengths and limitations

These findings must be interpreted within the context of the study's
strengths and weaknesses. Strengths include enrollment of a diverse
sample of depressed adolescents, equivalent to HCs in demographics
and carefully screened for confounds to inflammation. On the other
hand, a major limitation of the study is that the cross-sectional design
limits any causal inferences. Second, cytokine physiologies are com-
plex; effects of imbalance between cells that up-regulate versus inhibit
(i.e., anti-inflammatory) immune response or mediators not in-
vestigated here (e.g., soluble receptors and their buffers) are unknown.
Moreover, cytokines were measured peripherally and the direct link to
brain function is unconfirmed. Third, childhood trauma was assessed
retrospectively via self-report, which could be biased by recall errors
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Fig. 2. Association between inflammatory cytokines and performance-based
(A) and observer-rated (B) measures of inhibitory control.

and mood-congruent reporting, especially as DEP-T youth had higher
CDRS and lower global functioning scores, and trend towards a greater
proportion of participants with MDD. Fourth, we were underpowered to
detect whether specific traumas (e.g., sexual and physical abuse
(Baumeister et al., 2016a)) confer unique risks or whether psychosocial
supports buffer against inflammation or childhood trauma. Last, future
designs could address possible circadian and endocrine influences in the
immune response (Bansal et al., 2018).

5. Summary and clinical implications

In sum, both immune function and childhood trauma impact in-
hibitory control early in the disease process of adolescent depression.
The coupling of early childhood adversity and depression may po-
tentiate a phenotype of executive dysfunction, which may be partly
related to inflammation. Specifically, TNF-a may be a target of interest,
which if demonstrated in future studies, could have clinical applications
for anti-inflammatory therapy. More broadly, the findings contribute to
an emerging consensus that childhood social conditions are important
in establishing differential developmental vulnerability to disease and
disability. It will be highly important to study whether earlier identi-
fication and intervention affects subsequent inflammatory and cogni-
tive processes. Future research should also evaluate whether basal
markers of inflammation confer risk for progression of clinical and
neuropsychological sequelae.

Journal of Psychiatric Research 114 (2019) 1-10

Table 4
Multivariate modeling of inflammatory cytokines and executive functioning
dimensions in DEP-T, DEP, and HC.

Inhibitory Accuracy

b se P R?
Age —-0.02 0.02 .29 0.20
Sex 0.05 0.05 .30
Verbal IQ Estimate —0.002 —0.003 43
BMI —0.001 0.01 .86
DEP —-0.25 0.11 .02
DEP-T —0.48 0.13 <.001
TNF-a —-0.34 0.12 .004
TNF-a*DEP -0.27 0.26 .29
TNF-a*DEP-T —-0.34 0.19 .07
Observer Inhibition
b se P R?
Age -0.8 0.31 .01 0.35
Sex -0.85 0.91 .35
Verbal IQ Estimate —0.05 0.05 .33
BMI 0.03 0.12 77
DEP 5.24 1.86 .01
DEP-T 6.48 2.32 .01
TNF-a 4.39 2.07 .03
TNF-a*DEP 9.23 5.05 .06"
TNF-a*DEP-T 3.23 3.31 .33

BOLD denotes significant at p < .05, ‘Denotes statistical trend at p < .10.
IQ = Intelligence Quotient, BMI = Body Mass Index.
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