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Abstract

Background: Adolescent depression is associated with both dysfunction in neural reward
processing and peripheral inflammatory markers (PIMs), such as interleukin-6 (IL-6), C-reactive-
protein (CRP), and tumor-necrosis factor alpha (TNFa). Few adolescent studies have examined
neural-inflammatory marker associations and associated behavioral correlates, which would
contribute to a better understanding of developmental processes linked to depression.

Methods: 36 adolescents at high risk of depression completed an fMRI reward task (during
anticipation and outcome), blood draw for PIMs (IL-6, CRP, and TNFa.), and a behavioral

task assessing motivation to expend effort. Analyses examined associations of task-dependent
functional connectivity (FC; ventral striatum to frontal and default mode network brain regions),
and if the interaction of PIMs and task-dependent FC predicted motivation to expend effort.

Results: For anticipation contrast, TNFa was associated with increased task-dependent FC
between the LVS and PCC/vmPFC. In moderation analyses, for anticipation contrasts, the
combination of higher IL-6 and stronger FC (LVS-precuneus/PCC) was associated with lower
motivation to expend effort, while for outcome contrasts, the combination of higher I1L-6 and
stronger FC (VS-precuneus/PCC) was associated with greater motivation to expend effort.

Conclusions: Our findings in adolescents during an important developmental time period
suggest that PIMs are directly linked to greater FC between the VS and DMN brain regions during
win anticipation, consistent with prior studies. Effects of PIMs on motivation to expend effort
may vary the strength/type of neural reward processing (anticipation or outcome), which could
guide better understanding how inflammatory markers and neural reward substrates contribute to
development of depression in high-risk adolescents.
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Introduction

Adolescent depression is characterized by significant functional impairment and distress and
is associated with increased incidence of psychiatric disorders and deficits in psychosocial
functioning in adulthood (Birmaher et al., 2002). Though existing studies have examined
correlates and consequences of adolescent depression, studies are needed to concordantly
examine multiple biological risk factors in youth at high risk to develop depression (e.g.,
youth who have family history of depression). Studying biological risk factors in high-

risk adolescents could reveal mechanisms of heterogeneity in clinical outcomes in this
population and enable earlier interventions to prevent development of depression in this age
group characterized by a peak in incidence of depressive disorders (Kieling et al., 2019).

A large literature base discusses the link between reward processing and depression risk

in adolescence, and suggests that altered reward processes (e.g., blunted neural response to
reward) are related to risk for depression (Luking et al., 2016; O’Callaghan and Stringaris,
2019). These studies suggest that particularly striatal response to reward across a variety

of different reward task types (e.g., monetary, social) may be associated with depressive
symptoms. Furthermore, a growing literature base suggests neural reward responsivity

(both in anticipation and outcome of rewards) in adolescence predicts worsening of
depressive symptoms in adolescence (Stringaris et al., 2015). Mechanistically, dysfunction
of reward processing may relate to failure of stress buffering in adolescence (a timeperiod
characterized by normative elevations of stress) or may be an early neural marker that may
portend development of depressive symptoms, though the exact mechanism remains unclear.

Specifically, studies indicate that dysfunctional reward circuitry, specifically decreased
connectivity between the ventral striatum(VS) and brain regions including the prefrontal
cortex (PFC) and default mode network (DMN), may herald depressive symptoms in
adolescence, but the mechanism by which this occurs is unclear (Hwang et al., 2016;
Morgan et al., 2019). In recent years, increasing evidence has suggested that peripheral
inflammatory markers (PIMSs), particularly C-reactive protein (CRP), interleukin-6 (IL-6)
and tumor-necrosis factor alpha (TNFa), are associated with this dysfunction in reward
neural circuitry (Felger et al., 2016; Rengasamy et al., 2022a). These PIMs are thought to
disrupt neuronal functioning and/or alter neurotransmitter activity to decrease dopaminergic
signaling in the VS (Felger and Treadway, 2017). Thus, dysregulated PIM activity and
dysfunctional reward-related neural circuitry might contribute to behavioral processes
related to anhedonia or depression in adolescents (D’Acunto et al., 2019; Rengasamy et
al., 2021a).

In studies of depressed youth and adults, dysfunction in neural circuitry is linked to
dysregulated reward processing and behaviors related to reward processing, both in
regard to reward anticipation (i.e., when the potential for the reward is realized) and
reward consumption (i.e., when the reward is received or omitted) (Oldham et al.,
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2018). Existing theories suggest that reward anticipation and consumption involve inter-
related but disparate neurobiological substrates and neurotransmitters (e.g. dopamine for
anticipation and endogenous opioids for consumption) (Berridge and Robinson, 2016).
Reward anticipation and reward consumption are both associated with greater VS activity,
but reward consumption is linked to greater activity of DMN components (e.g., posterior
cingulate cortex [PCC], ventromedial prefrontal cortex [vmPFC]) as compared to reward
anticipation (Borsini et al., 2020; Oldham et al., 2018). However, studies have not examined
how PIMs might associate or interact with these different temporal aspects of neural reward
processes, which might explain heterogeneity found in results of studies attempting to link
neural reward circuitry to behavior or clinical outcomes.

Although the literature in neural reward circuitry has focused on task-related differences in
neural activity, to move beyond these more simplistic models of brain region activation and
in recognition of the inter-related nature of different brain regions during reward processing,
researchers have turned to task-dependent functional connectivity (FC) analyses (also
termed generalized psychophysiological interactions; gPPI). gPPI allows examination of
differences in functional connectivity during different reward conditions, thereby unveiling
pathways of circuit-level connectivity that may not be apparent on more standard task-
related activations. For instance, preliminary literature indicates that anhedonia may be
associated with increased FC between the VS and mPFC/DMN regions (Healey et al., 2014;
Quevedo et al., 2017). On separating reward processing into temporal components however,
the literature suggests that functional connectivity between the VS and DMN regions might
be decreased during reward anticipation (Schreiter et al., 2016) but increased during reward
consumption (Dobryakova and Smith, 2021), emphasizing that dissecting such processes
into these temporal phases may provide a more nuanced understanding of these distinct
processes at the individual level.

Just as direct differences in functional connectivity exist between reward anticipation

and consumption, dysregulation in PIM activity may be more strongly associated with
dysfunction in processes related to reward anticipation (compared with reward outcome)
based on conceptual models and prior studies (Treadway et al., 2019). For instance,

as a part of the adaptive evolutionary strategy of “sickness behavior”, individuals with
infectious illnesses and elevated PIMs exhibit decreases in motivation for external rewards,
decreases in social interaction, and decreased engagement in activities with high energy
burden, in order to preserve energy to adequately heal from illness. Thus, individuals with
dysregulation in PIMs and dysfunction in neural connectivity during reward anticipation
specifically may display behavioral effects of maladaptive reward processing (i.e., decreased
motivation to expend effort), which may ultimately contribute to depressive symptomology
(Stringaris et al., 2015; Treadway et al., 2019). Understanding potential links between PIMs
and dysfunctional frontostriatal reward circuitry (such as prior studies finding negative
correlations between PIMs and frontostriatal connectivity (Felger et al., 2016; Rengasamy et
al., 2022a)) is particularly relevant in adolescence. Specifically, in adolescence, frontostriatal
reward circuitry is in a period of active neurodevelopment that is vulnerable to external
insults such as stress (Sinclair et al., 2014), with studies indicating that disruption

to normative neurodevelopment may result in both an increased risk of depression in
adolescence (Stringaris et al., 2015) and persistence of dysfunction in reward circuitry across
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the lifespan (Forbes and Dahl, 2012; Stringaris et al., 2015). Furthermore, adolescence is
a period of important immunodevelopment (e.g., maturation of microglia) and maladaptive
sensitization between the immune system and neural circuitry during this stage could lead
to dysfunctional neuroimmune interactions that persist into adulthood . Based on these
conceptualizations, PIMs may even moderate relationships between reward circuitry and
behavioral outcomes.

Yet, few studies have examined whether how relationships of PIMs and task-dependent
functional connectivity in reward circuitry vary between anticipation and consumption of
reward in youth at high risk for depression, particularly as related to FC between the

VS and PFC/DMN, which are reward regions thought to be more strongly affected by
PIMs (Marsland et al., 2017). Furthermore, no studies to our knowledge have explored if
PIMs moderate associations between task-dependent FC and behavioral outcomes such as
motivation to expend effort. Such findings could elucidate potential mechanisms of how
PIMs might be associated with reward-related neural circuitry and reward-related behavior.
To address these existing gaps in the literature and given the prior evidence base, we sought
to identify associations of PIMs with task-dependent functional connectivity (FC) of the
VS with PFC and DMN regions (precuneus, vmPFC, and PCC) during a reward task (for
both reward anticipation and reward outcome) in 36 youth at high risk for depression.

We hypothesized that PIMs would be associated with decreased task-dependent FC (for
both anticipation and consumption) between VS and the dmPFC/DMN regions given prior
literature. Second, we hypothesized that moderation effects would exist such that greater
PIM levels and greater task-dependent FC might predict lower motivation to expend effort
on a behavioral effort task.

2.1 Participants

Participants included 36 healthy nondepressed adolescents who had a first-degree relative
with lifetime history of Major Depressive Disorder (recurrent) or dysthymia, based on the
Structured Clinical Interview for DSM-1V. Exclusion criteria included personal history of
specific psychiatric conditions/diagnoses (depression, bipolar disorder, psychosis, substance
use disorder), daily nicotine use, psychotropic medication use, MRI contraindications (e.g.,
pregnancy or presence of ferromagnetic metal in the body), or chronic inflammatory
conditions. In terms of both diagnoses at time of study assessment and historical psychiatric
diagnoses (assessed via the Kiddie Schedule for Affective Disorders and Schizophrenia;
K-SADS), only one adolescent had a diagnosis of Post-traumatic Stress Disorder, with no
adolescents having other psychiatric disorders that were assessed via the K-SADS (including
MDD, dysthymic disorder, Bipolar I and Il disorder, Generalized Anxiety Disorder,
Separation Anxiety Disorder, and Oppositional Defiant Disorder). Informed consent was
provided by parent/guardian of participants and assent was provided by participants. Of

46 participants initially recruited who completed the fMRI reward task, participants were
excluded from the analyses below for not providing blood samples (n = 2), having PIM
levels greater than 3 SDs above average PIM levels (n = 1), not completing all portions of
the fMRI reward task (n=1), or having inadequate coverage (i.e., <65%) of the VS (n = 6),
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leading to ultimately 36 participants. For analyses examining effortful motivation, we did
not include participants who completed less than 75% of behavioral effort task trials (n =
5) or did not complete the effort task (n = 1). All study procedures were approved by the
University of Pittsburgh Institutional Review Board.

2.2 Cytokine Measurement

Serum samples were collected from a 20 mL blood draw. Samples were then centrifuged and
stored in a deep freezer at —80° C. Enzyme linked immune sorbent (ELISA) assays (R&D
Systems for TNFa/IL-6 and ALPCO for CRP) were used on a Bioteck Epoch plate reader,
with all samples run in duplicate. The lower limits of detection are 0.049 pg/mL for TNFa,
1 ng/mL for CRP, and 0.2 pg/mL for IL-6. Manufacturer-reported intra-assay CVs were 3.6
—4.7% for IL-6, 1.9 — 2.2% for TNF-a, and 6.7 — 6.8% for CRP.

2.3 BOLD fMRI Task

Participants completed one block of a well-validated 8-minute card-guessing monetary
reward fMRI task, with the block consisting of 48 trials (20 seconds per trial) (Baranger

et al., 2021; Eckstrand et al., 2019a; Eckstrand et al., 2019b). For each trial, participants
were initially presented a card on a screen and asked to guess whether a number on a card
(ranging from 1-9, described to participants as random card from a deck of cards though

the actual card order was fixed) would be greater or lower than 5 (“guess” phase; 4 s). After
participants indicated their guess with a button press, participants were presented with an
expectancy cue (e.g., win, loss, or no change) where there was expectation of the given
outcome; “anticipation” phase; jittered 2 — 6 s). Then, an outcome cue (e.g., number on

the card and outcome on the card — gain money, lose money, or no change; “outcome”
phase; 1 second) was presented. The reward task contained an equal amount of trials (n

= 12) for 4 different trial types (48 total trials), with equal proportions of outcome for

each trial type: win/no-win trials, loss/no-loss trials, mixed win/loss trials, and neutral trials.
The win/no-win trial contained the anticipation of a win followed by a win or no-change
outcome. The loss/no-loss trial contained the anticipation of a loss followed by a loss or
no-change outcome. The mixed trials contained the anticipation of a win or loss, followed by
a win (6 trials) or loss (6 trials) outcome. The neutral trials contained the anticipation of no
win or loss, followed by a no win or loss outcome. In the present study, we examined each
reward phase (i.e., anticipation or outcome phase) independently given the stronger literature
base for examination of reward phases individually in relation to both inflammatory markers
(Burrows et al., 2021) and behavioral measures of effort (Chat et al., 2021). Win outcome
trials were defined as gaining money, while loss outcome trials were defined as losing
money during the outcome phase. Analyses focused on contrasts of win anticipation > loss
anticipation (WA > LA) and win outcome > loss outcome (WO > LO). Trial order was
pseudorandom with outcomes being predetermined. All participants received a fixed amount
of $10 after completion of the task and were debriefed about deception.

2.4 BOLD fMRI Data Acquisition and Analysis

Participants completed fMRI scans on a Siemens 3T Trio scanner. Functional blood oxygen
level dependent (BOLD) responses were acquired with a multi-band gradient echo EPI (328
slices, three factor multiband; 2.3 mm isotropic voxels; TR = 1500 ms, TE = 3.17 ms;
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field of view = 220 x 220 mm; matrix 96 x 96; flip angle 58°, bandwidth 2004 Hz Px).
Structural 3D axial MPRAGE images (TR = 1500 ms, TE = 3.17 ms; flip angle 8° FOV =
256 x 256 mm; 1 mm isotropic voxels; 176 continuous slices) were acquired as well during
the scan. For all participants, the neuroimaging software Statistical Parametric Mapping
(version 12) was used. Standard preprocessing steps were applied, including slice time
correction, co-registration, spatial distortion correction, realignment, warping to standard
MNI/ICBM 152 template, co-registration to anatomical image, realignment, and smoothing.
The Artifact Detection Toolbox (ART; http://www.nitrc.org/projects/artifact_detect/) was
utilized and censored volumes with movement of >3 standard deviations from participants
mean, >.5-mm scan-to-scan translation, or >.01° of scan-to-scan rotation.

First-level single subject analysis involved a GLM fit with all task regressors (convolving
stimulus onsets of each task phase with a canonical hemodynamic response function (HRF))
and nuisance covariates, including ART regressors and motion parameters/derivatives. In
SPM, to compute functional connectivity, we used the built-in PPI toolbox. We extracted
the generated seed region BOLD time series for the seed regions (left and right ventral
striatum), which were then deconvolved using the standard deconvolution algorithm in
SPM to estimate the neuronal time series for the given volume of interest (e.g., ventral
striatum, VS). The neuronal time series was then multiplied by the psychological variable
(task contrast, either WA>LA or WO>LO) to generate an interaction term which was then
convolved with the HRF to generate an gPPI interaction term. The physiological variable
(original BOLD time series of the volume of interest), psychological variable (stimulus
onsets convolved with the HRF) and gPPI interaction term were then included into the PPI
design matrix.

Masks for seed regions and ROIs were derived from the Neurosynth meta-analytic database
(using thresholded versions of the association test map, thresholded at 50%)(L.iu et al.,
2020). Seed regions included the left and right ventral striatum, and ROIs, based on
previous findings identifying PIM associations with the dmPFC and DMN(Marsland et al.,
2017), included the dorsal medial prefrontal cortex (dmPFC), ventromedial prefrontal cortex
(vmPFC), bilateral precuneus, left and right posterior cingulate cortex (PCC). Beta weights
for the gPPI interaction term were then extracted from each ROI for analysis for use in
regression analyses in the statistical software R.

2.5 Clinical Measures

To measure effort-based motivation, we used the behavioral Effort-Expenditure for Rewards
Task (EEfRT) task, which was done on a computer outside the scanner, with one run of

the fifteen-minute task done in identical fashion to the prior study which had validated

the EEfRT task. In brief (with further description of the task detailed in prior studies),
participants were presented with a brief fixation point, followed by screen presenting the
probability of “winning” (i.e., 88%, 50% or 12%), and then had the option to select either an
easy task for a lower reward amount or a hard task for a higher reward amount (Treadway et
al., 2009). Participants were then required to press a button 100 times with the non-dominant
little finger for the hard task in 30 seconds or 30 times with the dominant index finger for 7
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seconds for the easy task. A screen then presented the result (“Success” or “Failure”) for the
trial followed by the dollar amount for the reward.

For our primary analytic measure of motivation to expend effort, we used the proportion

of hard trial choices at high probability of winning (88% odds of winning), given that this
metric has been associated with anhedonic symptoms in prior studies (Treadway et al.,
2009). The mean proportion of hard trial choices (Motivation to Expend Effort) was 57.8%
(SD 24.3%) in this population of adolescents at high-risk for depression (see Supplement S3
for further descriptive statistics), which is concordant with studies identifying that depressed
participants generally choose between 50% - 60% of hard trial choices using the same
paradigm (Treadway et al., 2012). These findings are furthermore consistent with a growing
literature suggesting reward and motivational processes in adolescents both at high-risk for
depression and with depression have similar features (e.g., decreased response to reward and
decreased effortful motivation) (Luking et al., 2016; Rzepa et al., 2017).

For sensitivity measures, depression severity was assessed through the Center for
Epidemiologic Studies Depression Scale (CESD; a 20-item questionnaire with scores
ranging from 0 to 60 with greater scores indicating worse depression severity) (Eaton et

al., 2004) and anhedonia severity was measured through the Snaith-Hamilton Pleasure Scale
(SHAPS; a 14-item questionnaire with scores ranging from 14 to 56 with greater scores
indicating higher levels of anhedonia).

2.6 Statistical Analysis

Statistical analyses were conducted using the statistical software R (version 4.0.05). Across
all analyses, we winsorized PIM values to reduce effects of any other outliers (rescaling
extreme values less than the 5% percentile of values or greater than the 95% percentile

of values, which included <15% of all values). In our statistical analysis examining direct
associations of PIMs with task-dependent FC (for 2 task contrasts, WA>LA and WO>LO),
we used multiple linear regression models with each ROI beta weight (from seed-based
connectivity maps) as the dependent variable and each PIM as the independent variable,
statistically adjusting for age, gender, and BMI consistent with prior studies (e.g., ROl Beta
Weight ~ PIM + age + gender + BMI; see Supplement S5 for a detailed description of

all analytic models used) (Rengasamy et al., 2021a). In moderation analyses, we similarly
used linear regression to examine if PIMs interacted with the ROl Beta Weight to predict
proportion of hard trials. Thus, we included the interaction terms (including main effects)
for the ROI beta weight and PIM in predicting proportion of hard trials completed. To
examine moderation effects in more detail, we utilized the Johnson-Neyman technique
(using the johnson_neyman function from R package /nferactions), which identifies regions
of significance, which reflect the values of the moderator (PIM) above and below which

a statistically significant association exists between the independent (ROI beta weight)

and dependent variable (proportion of hard trials). For each PIM, we conducted a False
Discovery Rate (FDR) multiple-comparisons correction (g<0.05) for 20 tests, given 2 task
contrasts (WA>LA and WO>LO), 2 seed regions (LVS and RVS), and 5 ROIs (bilateral
precuneus, vmPFC, right PCC, left PCC, and dmPFC) for each outcome measure.

J Affect Disord. Author manuscript; available in PMC 2024 October 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rengasamy et al.

Results

Page 8

In sensitivity analysis, we also included potential confounders individually (which included
race [defined as White/non-White], depression severity, or anhedonia severity) in linear
regression models as done in prior studies(Rengasamy et al., 2022b; Rengasamy et al.,
2021a). No appreciable differences in findings were noted on these sensitivity analyses (see
Supplement S4). For interested readers, descriptive neuroimaging findings (e.g., group-level
contrasts for WA>LA and WO>LO and whole-brain gPPI findings) along with associations
of task-dependent FC with demographic variables are presented in the Supplement (see
Supplement S2).

Given our sample size, presentation of reliability estimates of different parameters is
important. For the behavioral EEfRT task, studies examining test-retest reliability have
found fair to good reliability of the task (Reddy et al., 2015). Although prior studies do not
directly assess immediate test-retest reliability of our fMRI reward task (which is a needed
area of research), similar paradigms show fair reliability (Baranger et al., 2021; Waltmann
et al., 2022) and similar versions of the task have been shown to reliably activate the ventral
striatum (Corral-Frias et al., 2015; Delgado et al., 2000; Eckstrand et al., 2019a).

3.1 Participant Characteristics

Participants included 36 healthy nondepressed adolescents who had a first-degree relative
with lifetime history of MDD or dysthymia. Adolescents were 15.3 years old, 55.6% male,
and identified as different races/ethnicities (69.4% Caucasian, 13.9% African American,
5.6% biracial and 11.1% not identifying a particular race/ethnicity). See Table 1 for baseline
clinical characteristics (and Supplemental Table S1 for a full correlation matrix of variables).
Average peripheral inflammatory marker levels (IL-6 — 1.1 pg/mL, TNFa — 1.2 pg/mL,

CRP - 2.4 mg/L) fell uniformly within PIM values reported by prior studies for healthy
adolescents and adults .

3.2 Association of PIMs with gPPI

For the WA>LA contrast, we found that TNFa was positively associated with task-
dependent functional connectivity between the LVS and the right PCC (B = 0.71, unadjusted
p = 0.003, adjusted p = 0.026, n = 35), left PCC (B = 0.7, unadjusted p = 0.003, adjusted p =
0.026, n=35), and vmPFC (B = 0.71, unadjusted p = 0.004, adjusted p = 0.026, n = 35). No
other direct associations between PIMs and task-dependent functional connectivity emerged
(see Supplement S6).

3.3 Anticipation Contrast: Moderation Analysis of PIMs and gPPI in predicting behavioral

effort

We then examined if individuals with both elevations in PIMs and increases in task-
dependent connectivity (during anticipation and outcome phases) exhibited different patterns
of effort-based motivation (defined by proportion of high-probability hard-trial choices), see
Table: Moderator Findings. For the WA>LA contrast, we found that individuals with greater
IL-6 and greater task-dependent functional connectivity for the LVS (to ROIs of precuneus,
left PCC and right PCC;) and RVS (to ROIs of the precuneus and left PCC) exhibited less
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motivation to expend effort (B’s = —0.74 to —0.79, adjusted p’s < 0.05, n = 30). See Figure 1
and Table 2.

3.4 Outcome Contrast: Moderation Analysis of PIMs and gPPI in predicting behavioral

effort

For the WO>LO contrast, individuals with greater IL-6 and greater task-dependent
functional connectivity (from RVS to precuneus and dmPFC) exhibited greater motivation to
expend effort (B’s = 0.15 to 0.24, adjusted p’s < 0.05, n = 30). No moderator associations
were found in task-dependent functional connectivity for TNFa or CRP (adjusted p’s > 0.1),
see Supplement S7.

3.5 Regions of Significance Testing

To examine moderation effects further, we also conducted regions of significance testing,
noting that these moderation effects were generally significant at IL-6 values less than 0.72
to 0.88 pg/mL, depending on the ROI, (for anticipation: stronger gPPI-PIM associations;

for outcome: weaker gPPI-PIM associations) and at 1L-6 values greater than 1.32 — 2

pg/mL, depending on the ROI (for anticipation: weaker gPPI-PIM associations; for outcome:
stronger gPPI-PIM associations) (Ambrosia et al., 2018). See Figure 2.

Discussion

In this study of healthy adolescents at high risk for depression, we found that higher levels
of TNFa were directly associated with greater task-dependent functional connectivity (win
anticipation > loss anticipation) between the ventral striatum and regions of the default
mode network (PCC and vmPFC). In a moderation analysis examining neural connectivity
during reward outcome, we found that greater motivation to expend effort on a behavioral
effort task was predicted by higher IL-6 levels and greater task-dependent FC (for win >
loss outcome contrasts) between the LVS and DMN regions (PCC, precuneus). Conversely,
when examining reward anticipation, we found that less motivation to expend effort was
predicted by greater IL-6 levels and greater task-dependent FC (for win > loss anticipation
contrasts) between the RVS and a DMN region (precuneus) along with the dmPFC. To our
knowledge, this is the only study examining relationships between PIMs and gPPI related
to different subtypes of reward in adolescents. Our results provide valuable insight into the
role of PIMs in neural reward processing related to the VS and regions of the DMN, along
with dissection of variations of neural connectivity during two distinct temporal periods of
reward processing and how these may differentially interact with low-grade inflammatory
processes to influence behavior. Ultimately, our findings in this group of adolescents at
high-risk of depression (with low rates of any psychiatric diagnosis) could guide research
that might modify maladaptive trajectories of neuro- and immuno-development to reduce
risk for adolescent psychopathology such as depressive illnesses.

First, we found that higher levels of TNFa were linked to greater connectivity during win
anticipation as compared to loss anticipation, specifically between the LVS and three major
regions of the DMN (right and left PCC and vmPFC). Given that depressive disorders
(associated with elevated PIM levels) are linked to greater dysfunction in reward anticipation
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and association of PIMs with neurotransmitters specifically relevant to reward anticipation
(e.g., dopamine), higher levels of TNFa may result in more profound dysfunction in VS
dopaminergic activity during win anticipation (Burrows et al., 2021; Bylsma et al., 2008),
leading to compensatory overconnectivity of LVS-DMN circuitry during win anticipation.
Alternatively, recent large-scale studies also suggest that elevated PIM levels in healthy
individuals (in contrast to depressed individuals) are linked to lower levels of certain
depressive symptoms (e.g., depressed mood, suicidal ideation) (Milaneschi et al., 2021) and
that depressive symptoms are linked to less VS-DMN connectivity during win anticipation
(vs loss anticipation) (Quevedo et al., 2017). Thus, TNFa may help to buffer against such
dysfunction in VS-DMN connectivity. Notably, our findings were specific to connectivity
during anticipation of reward, which is consistent with conceptualizations of inflammation
being associated with “sickness behavior” which affects anticipatory reward processes (e.g.,
reducing desire for external activities/reward) more than outcome reward processes. Also,
our findings were specific to the LVS, which is concordant with the broader literature

in depressed patients that tends to identify stronger associations related to inflammatory
markers and the LVS (as opposed to the RVS) (Felger et al., 2016; Rengasamy et al., 2022a).

On examination of moderation effects of task-dependent connectivity and PIMs in predicting
effort on a behavioral effort task, we found first that greater FC during win > loss
anticipation (for LVS and RVS to precuneus/PCC) and higher IL-6 levels were associated
with less motivation to expend effort. On the other hand, we also found that greater FC
during win > loss outcome (RVS to precuneus and dmPFC) and higher IL-6 levels were
associated with greater motivation to expend effort. These opposing set of findings in

our sample of high-risk adolescents may be explained by the fact that during anticipatory
phases, greater VS-DMN connectivity during win trials may represent greater negative
self-rumination about potential reward (e.g., “I never get good things”), while during
outcome phases, greater connectivity represents greater positive rumination or learning
related to more salient positive outcomes (e.g., “l am getting a good thing”) and self,
which is consistent with studies of depressed patients identifying greater deficits in reward
anticipation processes as compared to reward outcome processes (Halahakoon et al., 2020;
Northoff and Hayes, 2011; Olino et al., 2011). Alternatively, from a neurobiological
standpoint, given that IL-6 has neurotrophic and synaptogenetic properties (Islam et al.,
2009; Mirabella et al., 2021), it is also possible that IL-6 functions to enhance whichever
regions of striatal-DMN circuitry that are more strongly connected, which vary between
reward anticipation and outcome. Thus, IL-6 might both facilitate and over-regulate
functional connectivity that enhances motivation to expend effort, dependent on the reward
process (e.g., outcome or anticipation). These effects could respectively then either increase
or decrease motivation to expend effort (Moriarity et al., 2020). Furthermore, prior studies
suggest that reward anticipation may be more closely linked to alterations in dopaminergic
activity while reward outcome is linked to endogenous opioid activity (Berridge and
Robinson, 2016). Given that PIMs are thought to more closely affect dopaminergic activity
through direct effects on dopamine reuptake or release (or effects on cofactors) (Felger
and Treadway, 2017; Rengasamy et al., 2021b), excess PIM activity and increased FC
between VVS-DMN regions (reflecting overregulation of such connectivity secondary to

VS dysfunction) may synergistically contribute to decreased motivation to expend effort,
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particularly in adolescence where the dopaminergic system is rapidly changing. Of note,
these effects appeared to be more pertinent below IL-6 levels of 0.7 pg/mL and at IL-6 levels
greater than 2 pg/mL, which may help guide clinical studies.

Our findings shed light on PIM associations between distinct subtypes of reward processing
— reward anticipation and reward outcome—in an important developmental timeperiod

that is characterized by significant neuronal remodeling and changing of dopaminergic
responsivity (Galvan, 2010; Shaw et al., 2010). Normatively, adolescence is characterized
by significant development of the immune system, particularly in regards to microglial
programming and astrocyte development . Existing studies suggest that immune cells (e.g.,
such as microglia, which release central cytokines) play a necessary important role in
adaptive neurogenesis, synaptic pruning, synaptic transmission, and axonal guidance (Bilbo
and Schwarz, 2012; Willis et al., 2020). Thus, effects of PIMs on circuitry involved

with reward anticipation and outcome in adolescence (where reward circuitry is being
modeled) may have longer-standing effects across the lifespan. Future studies are needed to
better understand neuroimmune interactions in healthy adolescents and long-term effects of
dysfunction neuroimmune interactions on reward processing.

It is important to understand how the current findings can contribute to knowledge of

risk factors for adolescent depression. Familial history of depression is considered the
leading risk factor for depression (Lewinsohn et al., 2000; Thapar et al., 2012), and

in adolescents with such risk, perturbations in reward processes are postulated to play

a key role in development of depression (Luking et al., 2016). Thus, understanding

the biological and behavioral factors that might be contributing to reward processing
disturbances in such populations is of import to elucidate heterogeneity of outcome (i.e.,
who among members of a high-risk population develops depression) and to understand
intervention targets to prevent development of depression (e.g., therapy interventions such
as behavioral activation targeting anhedonia). Our current findings generally identify that
greater levels of inflammatory markers and VS-DMN connectivity differentially (based

on reward anticipation or outcome contrast) predict behavioral effort. More immediately,
studies could identify (using larger samples and/or longitudinal, prospective study designs)
the exact temporal precedence of such moderating findings (e.g., confirming our theoretical
hypotheses here that elevations in inflammatory markers and connectivity measures
predict future behavioral effort). Ultimately, future studies could utilize anti-inflammatory
interventions (e.g., such as has been done with TNFa antagonists(Lee et al., 2020)) in
conjunction with neural data (e.g., elevated VS-DMN connectivity) to potentially increase
behavioral effort in real-world settings (e.g. engagement with peer groups) in high-risk
populations of adolescents to prevent development of depression.

One limitation of our study is the small sample size (and thus risk of Type Il error or
correlation magnitude inflation), though no other studies to our knowledge have examined
such associations in healthy adolescents at high-risk for depression (Marek et al., 2020).
Another is the cross-sectional design, as longitudinal designs would elucidate potential
temporal pathways relating inflammatory activation, reward processing, and behavioral
correlates of motivation. The focus on high-risk adolescents only precludes comparing
this population with adolescents with low familial risk for depression, although a robust
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literature describes dysfunction in reward processing in adolescents at high risk of
depression (Luking et al., 2016) and our goals were primarily to understand heterogeneity
among high-risk adolescents in characteristics that have relevance to putative mechanisms
of depression. In addition, our behavioral effort task (using a monetary reward) reflects

a limited class of rewards that elicit real-world motivation to expend effort, though

prior studies find this task is related to behavioral measures of anhedonia suggesting

its generalizability (Treadway et al., 2009). Thus, future studies could incorporate other
classes of reward, such as socially based rewards (e.g., happy or sad face) to capture other
meaningful “real-world” reward phenotypes and understanding the neural underpinnings of
such processes, with focus on examining internal consistency for neurocimaging indices to
enhance reproducibility (Kohls et al., 2009). Furthermore, it could be fruitful to examine
moderating effects of biological sex, given that boys and girls may have different behavioral
and neural correlates to different types of rewards (Alarcon and Forbes, 2017; Alarcén et al.,
2020; Becker and Chartoff, 2019; Greimel et al., 2018). Future studies would also benefit
from examining a broader array of cytokines, as our inflammatory markers largely index
nonspecific immune system activation.

In summary, in our study of healthy adolescents at high risk for depression, we found
direct positive associations of TNFa with task-dependent FC between the VS and

DMN regions. In moderation analyses, we found that greater IL-6 levels and greater
task-dependent FC were associated with both (1) less motivation to expend effort, when
considering FC during reward anticipation, and (2) greater motivation to expend effort,
when considering FC during reward receipt. Such associations may be present given

the role of inflammatory markers’ involvement in normative immunodevelopment or
stronger associations of dopaminergic activity with reward anticipation, and emphasize
the importance of understanding differences in neuroimmune interactions between different
reward processes. Future longitudinal studies in healthy high-risk adolescents are needed
to temporally understand the role of inflammatory markers in both reward processing and
motivation to expend effort, to guide efforts aimed at prevention of depression in this
high-risk population.
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Highlights:
. Inflammatory markers are linked to neural reward circuitry and behavioral
correlates
. TNFa may specifically be linked to reward-related functional connectivity
. IL-6 interacts with neural connectivity to predict motivational effort
. Future research needs to focus on cytokine interactions with neural circuitry
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Figure 1.

Example of simple slopes moderation effects. This figure illustrates a plot of simple slopes,
with moderating effects of IL-6 on LVS-precuneus FC (for WA>LA) and effort relationships
in Panel A, and moderating effects of IL-6 on RVS-precuneus FC (for WO>LOQ) and effort
relationships in Panel B. Slope lines for predicted values of the moderator at the mean (m)
and mean +/- standard deviation (sd) are plotted.
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Panel A (below): Left VS to precuneus (win anticipation>loss anticipation)

Johnson-Neyman plot
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Panel B (below): Right VS to precuneus (win outcome>loss outcome)
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Figure 2.
Johnson-Neyman Plot (region of significance). These plots represent analyses examining

moderation effects of IL-6 on task-dependent FC in predicting motivation to expend effort.
For task-dependent FC during reward anticipation, as IL-6 level increases, the association
between the FC and effort becomes weaker (Panel A). For task-dependent FC during reward
outcome, as IL-6 level increases, the association between connectivity and effort becomes
stronger (Panel B) .
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Sample Characteristics. For race/ethnicity, a more detailed breakdown of the race/ethnicity is provided.

n | Mean or Percentage | Standard Deviation | Minimum | Maximum

Age 36 15.333 1.707 13 19

BMI 36 23.716 5.586 16.421 44811

Gender (male) 36 55.6% - - -

Race (Non-White) 36 30.6% - - -

Caucasian 25 69.4% - - -

Black 5 13.9% - - -

More than 1 race/ethnicity 2 5.6% - - -

Did not wish to provide 4 11.1% - - -

CRP (mg/L) 35 2.377 3.579 0.1 13.78

IL-6 (pg/mL) 36 1.115 0.699 0.35 3.86

TNFa (pg/mL) 35 1.224 0.416 0.39 2.24

CESD Scores 35 9.886 5.764 0 24

SHAPS Scores 34 24.059 5.444 14 35
Proportion of Hard Trial Choices (Motivation to Expend

Effort) 35 0.577 0.243 0.111 1
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Moderation of the Association between FC during Reward Processing and Motivation to Expend Effort by
Pro-inflammatory Marker IL-6. This table examines the moderation effects of IL-6 on the relationship
between the task-dependent FC and effort. Johnson-Neyman intervals are provided, which indicate the values
of IL-6 at which the slope of the FC-effort relationship was statistically significant. A table of all seed and ROI

FC combinations for moderation effects across all cytokines is available in the Supplement.

IL-6 values below
which FC-Effort

IL-6 values above
which FC-Effort

Beta for Unadjusted P Adjusted P association was association was
Contrast | FC Seed and ROl | FC x IL-6 value value positive negative
WA>LA
LVS-Right PCC -0.76 <0.001 0.004 0.85 1.33
LVS-Precuneus -0.79 <0.001 0.004 0.88 14
LVS-Right PCC -0.79 0.002 0.01 0.86 1.44
RVS-Right PCC -0.76 0.003 0.01 0.79 1.42
RVS-Precuneus -0.74 0.003 0.01 0.72 1.37
I1L-6 values below IL-6 values above
which FC-Effort which FC -Effort
association was association was
WO>LO negative positive
RVS-dmPFC 0.15 <0.001 0.006 0.84 1.45
RVS-Precuneus 0.24 0.017 0.049 0.81 2

Note: Effort was defined by proportion of hard trials. Unstandardized betas are presented for interaction terms.

Abbreviations: FC, functional connectivity; IL-6, interleukin-6; ROI, region of interest; PCC, posterior cingulate cortex; dmPFC, dorsomedial
prefrontal cortex; VS, ventral striatum
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