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Abstract

Relatively little is known about associations between peripheral inflammation and neural function
in humans. Neuroimaging studies in adults have suggested that elevated peripheral inflammatory
markers are associated with altered resting state functional connectivity (rsFC) in several brain
networks associated with mood and cognition. Few studies have examined these associations in
adolescents, yet scarce data from adolescents point to different networks than adult studies. The
current study examined the associations between peripheral inflammation and rsFC in a
community sample of adolescents (n = 70; age, 12-15 years; 32 female, 36 male, 2 nonbinary).
After blood sampling, an fMRI scan was performed to assess rsFC. Assay for serum inflammatory
markers, including interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and C-reactive
protein (CRP), was performed. Results indicated that higher TNF-a. was associated with altered
rsFC between the right amygdala and left striatum and between the right inferior frontal gyrus and
left parietal cortex (p < 0.05 whole-brain corrected). Associations with IL-6 and CRP were not
significant. In contrast with findings in adults, inflammation may have unique links with the
connectivity of the developing adolescent brain. Results have implications for understanding how
peripheral inflammation may influence connectivity during adolescence, when neural networks are
undergoing major developmental changes.
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1. Introduction

The neuroimmune network hypothesis proposes that bidirectional communication between
the immune system and the brain alters neural function, with implications for mental health
(Nusslock and Miller, 2016). Emerging evidence in adults supports this hypothesis and
suggests that higher peripheral inflammation is linked to specific alterations in brain
function, but relatively little is known about how peripheral inflammation is associated with
brain function during adolescence, when the brain is still undergoing major developmental
changes and may be particularly sensitive to both exogenous and endogenous influences.
The neuroimmune network hypothesis integrates evidence from animal models that shows
that peripheral inflammation can reach the central nervous system through several different
routes (Nusslock and Miller, 2016). Specifically, peripheral cytokines such as interleukin-6
(IL-6) and tumor necrosis factor-alpha (TNF-a) can access the brain through several
mechanisms, including carrier-mediated transport, via leaky regions in the blood-brain
barrier, or activating receptors on afferent nerves (e.g., the vagus nerve) that stimulate the
release of cytokines centrally (Felger and Miller, 2012; Capuron and Miller, 2011). Through
these routes, peripheral inflammatory signaling is relayed centrally through the brainstem to
other regions in the brain including the hypothalamus, amygdala, hippocampus, striatum,
and thalamus (Kraynak et al., 2018). Thus, peripheral inflammatory markers could affect
central nervous system function through a variety of routes.

In adults, studies have used functional magnetic resonance imaging (fMRI) to examine
associations between peripheral inflammatory markers and resting state functional
connectivity (rsFC). This research has identified several patterns of altered rsFC associated
with peripheral inflammation. First, cross-sectional research in adults with depression has
shown that higher levels of the peripheral inflammatory marker, C-reactive protein (CRP),
are associated with reduced rsFC between the amygdala and ventromedial prefrontal cortex
(Mehta et al., 2018). Second, in adults with depression, elevated CRP levels are correlated
with reduced rsFC between the ventral striatum and ventromedial prefrontal cortex (Felger
et al., 2016). Third, in adults with depression, higher CRP is associated with decreased
connectivity between the ventromedial prefrontal cortex and a range of regions, including
the striatum, insula, orbital and dorsolateral prefrontal cortex, and temporal and associative
cortices (e.g., temporal gyrus, postcentral gyrus, precuneus) (Yin et al., 2019). Fourth, in a
community sample of adults, higher levels of the inflammatory marker IL-6 are associated
with increased connectivity between the subgenual anterior cingulate cortex and default
mode network, as well as decreased connectivity between the dorsomedial prefrontal cortex
and default mode network (Marsland et al., 2017). Finally, studies that use an acute
inflammatory challenge to transiently increase inflammation show that higher inflammation
(as indexed by increased IL-6, TNF-a,, and/or IL-8) is associated with increased connectivity
between the anterior insula and midcingulate cortex (Lekander et al., 2016), decreased
connectivity between salience network regions, including the insula, amygdala, dorsal
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anterior cingulate cortex, and anterior prefrontal cortex (Labrenz et al., 2019), and increased
thalamus-cerebellum connectivity as well as decreased connectivity between the amygdala
and fronto-parietal regions, between the insula and frontal, temporal, and parietal regions,
and between the anterior cingulate cortex and frontal and temporal regions (Labrenz et al.,
2016). The pattern of results in adults generally suggests that higher peripheral inflammation
is associated with decreased subcortico-cortical as well as decreased cortico-cortical
connectivity; however, most studies conducted in adults have examined different regions of
interest, making it difficult to draw strong conclusions across studies.

In comparison to adults, findings in adolescent participants are limited, which stands in
sharp contrast to the salient developmental changes of these resting state networks during the
period of adolescence (van Duijvenvoorde et al., 2019). It is currently unknown whether the
associations between inflammation and rsFC in adolescents are similar to findings in adults.
Only one study to our knowledge has examined the association between peripheral
inflammation and rsFC in adolescents. Specifically, Nusslock et al. (2019) examined the
association between an inflammation composite variable that included CRP, IL-6, TNF-a.,
and IL-10 and resting state connectivity in two samples, a sample of 82 African American
adolescents aged 13-14 years old and a sample of 90 African American young adults aged
25 years old. In the sample of adolescents, they found that higher inflammation was
associated with lower rsFC within an “emotion regulation” network comprising the
somatomotor area, inferior frontal gyrus, precentral gyrus, middle temporal gyrus, and
angular gyrus, and lower rsFC within a “central executive” network comprising the inferior
parietal lobule, middle frontal gyrus, middle temporal gyrus, medial frontal gyrus, and right
caudate. In the sample of young adults, they found that higher inflammation was associated
with lower rsFC in the emotion regulation network. Contrary to some results observed in
adults (Yin et al., 2019; Marsland et al., 2017; Lekander et al., 2016; Labrenz et al., 2019,
2016), findings in the adolescent and young adult samples showed no significant
associations between inflammation and rsFC within the salience network or default mode
network. Taken together with results of studies in adults, the results in adolescents also
suggest that higher inflammation is associated with decreased cortico-cortical connectivity,
although generally in different regions than those identified in adults.

In sum, in both adolescents and adults, there is evidence that higher peripheral inflammation
is associated with decreased cortico-cortical connectivity, but the specific regions where
connectivity differences are observed may differ. In adults, there is also evidence that higher
peripheral inflammation is associated with decreased subcortico-cortical connectivity. These
initial results suggest that more research is needed in adolescent samples to determine the
associations between peripheral inflammation and rsFC during this crucial developmental
stage. To address this gap in knowledge, the primary goal of the current study was to
examine whether peripheral inflammatory markers are associated with rsFC in adolescents
aged 12 to 15 years old. Based on prior research in adolescents and adults, we chose 11 seed
regions of interest (ROIs) to examine how peripheral inflammation is associated with rsFC
between these regions and the rest of the brain. First, we chose the left and right amygdala
and left and right nucleus accumbens as ROIs, based on research in adults finding that
inflammation is associated with decreased connectivity between these regions and prefrontal
regions (Mehta et al., 2018; Felger et al., 2016; Labrenz et al., 2016). Next, we chose the
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ventromedial prefrontal cortex as an ROI, based on research in adults finding reduced
connectivity between the ventromedial prefrontal cortex and a range of other regions (Yin et
al., 2019). We chose the left and right insula as ROIs based on research in adults finding that
higher inflammation is associated with both increased insula connectivity (Lekander et al.,
2016) and decreased insula connectivity with other regions (Labrenz et al., 2019, 2016).
Finally, to limit the number of comparisons performed, we selected one ROI from each of
the networks associated with peripheral inflammation in the adolescent sample (Nusslock et
al., 2019) based on theoretical grounds and our secondary goal of examining associations
with symptoms of depression (see next paragraph). For the “emotion regulation” network,
we selected the left and right inferior frontal gyrus based on meta-analytic evidence that the
ventrolateral prefrontal cortex/inferior frontal gyrus is abnormally activated across a range of
psychiatric disorders (McTeague et al., 2020). For the “central executive” network, we chose
the left and right middle frontal gyrus (corresponding to the dorsolateral prefrontal cortex),
based on meta-analytic evidence that this region is abnormally activated across a range of
psychiatric disorders (McTeague et al., 2020). We hypothesized that higher inflammation
would be associated with decreased subcortico-cortical as well as decreased cortico-cortical
connectivity.

Although not a primary goal of the study, we also planned to test whether the inflammatory
markers or any of the patterns of rsFC associated with inflammatory markers in this sample
were cross-sectionally associated with depressive symptoms. This secondary goal was
motivated by research in adults (Dowlati et al., 2010; Zorrilla et al., 2001; Valkanova et al.,
2013; Fraguas et al., 2019) and adolescents (Miller and Cole, 2012; Khandaker et al., 2014;
Slavich et al., 2020; Kim et al., 2014; Flouri et al., 2020) demonstrating that higher
peripheral inflammation can increase risk for several psychiatric disorders including
depression; we therefore sought to test whether any of the patterns of connectivity associated
with inflammation were also associated with depressive symptoms in this sample.

2. Methods and materials

2.1. Participants

Participants were from the ongoing Adolescent Health and Brain (AHB) Study, which was
designed to examine associations between peripheral inflammation, brain function, and
mental health. Participants were recruited from the community through a variety of methods,
including mailing postcard advertisements to households, posting fliers in community
settings (e.g., coffee shops) and adult mental health clinics, advertising online (e.g.,
Facebook and Craigslist), and setting up recruitment tables at the local mall, farmer’s
market, and other community events. Non-overlapping analyses using other measures from a
subset of the participants in this study have been reported in prior published research
(Swartz et al., 2019).

Inclusion criteria were that participants were between 12 and 15 years old; could speak,
read, and write in English; were capable of understanding all study procedures, providing
informed assent, and remaining supine and still in the MRI scanner. Exclusion criteria
included a diagnosis of autism spectrum disorder, attention-deficit/hyperactivity disorder,
schizophrenia, or bipolar disorder (based on parent report of whether their child had ever
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received one of these diagnoses from a mental health professional); chronic disease or
condition that could affect cerebral blood flow such as hypertension or diabetes; use of
psychotropic medications such as selective serotonin reuptake inhibitors, medications for
high blood pressure (e.g., beta blockers), glucocorticoids (e.g., dexamethasone), or
medications for high cholesterol (e.g., statins); and any contraindications to MRI scanning
(e.g., braces, metal in the body, pregnancy, etc.). All procedures were approved by the
University of California, Davis Institutional Review Board; parents provided informed
consent and adolescents provided informed assent before beginning study procedures.

The AHB study is ongoing; the current paper reports on the results of the first 104
participants recruited for the study through November 15, 2019, for which inflammatory
marker data have been assayed. Of these 104 participants enrolled in the study through
November 15, 2019, 5 participants refused to provide a blood sample, 2 participants did not
attend the MRI scan, and 7 participants attended the MRI but did not complete a resting state
scan due to ending the MRI scan early, technical difficulties with the stimulus computer, or
running out of time during the scanning appointment, leaving 90 participants with both a
blood sample and resting state MRI scan. Of these participants, 19 did not meet quality
control criteria for the resting state scan (see quality control section below), resulting in a
total of 71 participants who had usable rsFC data meeting quality control criteria and a blood
sample. In addition, one participant was removed from the current analyses because they
reported use of antibiotics for an infection, resulting in a final sample size of 70 participants.
We examined whether the final sample of 70 participants differed significantly from the
excluded participants on any key study variables. There was no difference between included
and excluded participants in age, £102) = -0.25, p = 0.80, gender, x2(2) = 1.70, p= 0.43,
depressive symptoms, £100) = 0.65, p= 0.521, or the I1L-6/CRP inflammation composite,
K97)=-0.15, p= 0.88.2 There was a marginally significant difference for TNF-a,, in which
included participants had higher TNF-a (M =0.13, SD = 1.01) compared to excluded
participants (M = -0.31, SD = 0.92), {97) = -2.02, p= 0.046.

Participants were 12 to 15 years old (M= 13.60, SD = 1.04); 32 were female, 36 were male,
and 2 identified as non-binary. There were 4 sets of siblings in the sample. Given the small
number of sibling sets in the sample, we did not statistically adjust for clustering within
families for this paper. Participants’ race/ethnicity was assessed through self-report: 6 self-
reported as Asian, 3 as Black or African American, 5 as Hispanic/Latino, 3 as Native
Hawaiian or Pacific Islander, 26 as White, 24 as two or more races, 1 as other, and 2 did not
report their race. Parents were asked to report whether their child or any of the child’s first-
degree relatives had ever received a psychiatric diagnosis from a health professional such as
a psychologist or psychiatrist. One parent reported that their child enrolled in the study had
received a diagnosis of a mood disorder. Fourteen participants (20% of the sample) had a
first-degree relative that had received a diagnosis (past or current) of a mood disorder

lDegrees of freedom are lower for this #test because two participants in the included sample were missing depressive symptoms, as

described below.

Degrees of freedom are lower for this #test because five participants were excluded from analyses because they did not provide a

blood sample.
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according to parent report. Participant characteristics are reported in Table 1 and bivariate
correlations between key study variables and nuisance regressors are reported in Table 2.

Procedure

The study was conducted during two visits. During the first visit, which was conducted at
the UC Davis CTSC Clinical Research Center (CCRC), participants provided informed
consent/assent. Next, nurses at the CCRC took anthropometric measurements to calculate
body mass index (BMI) and the temperature of the adolescent, to confirm absence of a fever.
Adolescents then provided one non-fasting blood sample of 6 ml drawn by a CCRC certified
phlebotomist via antecubital venipuncture. Visits generally occurred in the afternoon (mean
time of day for blood sample was 2:00 pm, although they ranged from 8:44 am to 5:15 pm).
Time of day of the blood sample was included as a covariate in analyses, as described below.
After this, participants and their accompanying parent completed self-report measures on
tablets using Qualtrics survey software to assess depressive symptoms and other measures.

The second study visit included the MRI scan and was conducted at the UC Davis Imaging
Research Center. This visit generally took place within a week of the first visit (mean time
between visits = 4.16 days; SD = 6.48; range = 0 to 30 days). During this visit, all
participants first completed a practice scan in a mock scanner to become accustomed to the
MRI scanner and to learn and practice each MRI task. During MRI scanning, participants
completed three tasks, followed by a resting state scan. For the present paper, we only report
results from the resting state scan.

Inflammatory markers

CCRC staff processed the blood samples within 2 h of collection, including centrifuging and
serum aliquoting, and samples were stored on site in a —80C freezer located in the CCRC.
Frozen serum samples were then shipped to the UCLA Cousins Center for
Psychoneuroimmunology to be assayed. A panel of six immune markers was assayed from
serum samples, including IL-6, IFN-g, IL-10, IL-8, TNF-a (using Multiplex assays by Meso
Scale Discovery, Rockville, Maryland), and CRP (using a high-sensitivity ELISA assay by
R&D Systems, Minneapolis, MN). Mean inter-assay CVs for IL-6, IFN-g, IL-10, IL-8,
TNF-a, and CRP were 4.0%, 6.1%, 11.3%, 3.6%, 5.6%, and 1.2%, respectively. Mean intra-
assay CVs were 1.0%, 1.2%, 12.5%, 0.5%, 4.9%, 1.0%, respectively. Samples were assayed
in duplicate. Since the primary hypotheses were focused on inflammation, we selected the
inflammation markers IL-6, TNF-a, and CRP for the present analyses. We selected these
three markers based on theoretical grounds. Specifically, IL-6 and TNF- a are both pro-
inflammatory cytokines and both regulate CRP production (Baumann and Gauldie, 1994;
Calabro6 et al., 2003), and thus they are closely linked biologically. Moreover, these are the
markers that have most frequently been examined in relation to rsFC in prior research,
facilitating comparison with other studies. Future analyses will consider the roles of IFN-g,
which plays important roles in regulating antiviral immunity, the chemokine IL-8, and the
anti-inflammatory cytokine 1L-10. Because IL-6 and CRP were significantly correlated
(Table 2), we combined these into a composite variable. Because TNF-a was not
significantly correlated with the other markers, we examined this as a separate variable. We
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log-transformed all markers before Z-scoring them. We then summed the log-transformed
and Z-scored IL-6 and CRP to create the composite.

2.4. fMRI data acquisition

Scanning took place at the UC Davis Imaging Research Center on a research-dedicated 3 T
Siemens TIM Trio MRI system. After acquiring localizer scans, a T1-weighted
magnetization-prepared rapid gradient-echo (MPRAGE) sequence was applied to obtain
high-resolution structural images with the following parameters: TR/TE/flip angle = 2500
ms/4.33 ms/7; FOV = 243 mm; 208 slices; slice thickness = 0.95 mm, voxel size: 0.9 mm
isotropic. After high-resolution structural images were acquired, a semi-automated high-
order shimming program was used to ensure global field homogeneity. After the shimming
program, participants completed the tasks and the resting state scan while blood-oxygen-
level dependent (BOLD) images were collected. In between tasks, a field map was collected
with slices prescribed along the EPI slices, with TE 1 = 2.46 ms and TE 2 = 4.92 ms, for
static magnetic field inhomogeneity correction.

For the BOLD sequence, a series of 35 interleaved transversal slices were acquired for full-
brain coverage with a gradient-echo based, echo planar imaging (EPI) sequence with the
following parameters: TR/TE/flip angle = 2000 ms/27 ms/80; FOV = 224 mm; slice
thickness = 3.5 mm, voxel size: 3.5 mm isotropic. For the first 13 participants reported on in
this paper, 200 volumes of rsFC data were collected, for a total rsFC length of 6.7 min. For
the remaining participants, the rsFC collection was shortened to allow for the addition of a
new modality (diffusion tensor imaging), and so for the remaining 57 participants in the
sample, 168 volumes of rsFC data were collected, for a total rsFC length of 5.6 min. We
included a covariate in all statistical analyses to control for the difference in rsFC length, as
described below in the covariates section. Participants viewed a white fixation cross on a
black screen during the resting state acquisition.

2.5. Resting state functional connectivity

The rsFC images were pre-processed using the CONN toolbox v.17.f (https://web.conn-
toolbox.org) with the ‘default_mniphase’ option because high-quality field maps were
available. Pre-processing steps included realignment and unwarping using the field map,
slice-timing correction, detection of outlier scans, segmentation and normalization
(resampled to 2 mm isotropic voxels) of functional images into a standard stereotaxic space
(Montreal Neurological Institute; MNI), and smoothing with a 6 mm FWHM Gaussian
kernel. In addition, images were processed with the CONN toolbox’s default denoising
pipeline, including censoring (i.e., scrubbing) volumes according to the conservative criteria
within the CONN toolbox (any volumes exceeding a global-signal Z-value threshold of 3 or
a 0.5 mm volume-to-volume motion threshold), and adding nuisance regressors for noise
components from white matter and cerebrospinal areas (using the anatomical component-
based noise correction procedure) and subject motion parameters (3 translation, 3 rotation,
and their first-order derivatives). During this step, BOLD images were bandpass filtered to a
0.01 Hz-0.1 Hz window. Participants with more than 15% of volumes censored by motion
scrubbing were excluded from analyses; this resulted in the removal of 18 participants from
the data set. In addition, images were visually inspected for quality control, and one
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participant was removed due to artifact in the images, resulting in the removal of a total of
19 participants for quality control, as described above in the participants section.

To test our hypotheses regarding rsFC, we used seed-to-voxel analysis. The CONN toolbox
calculates seed-based connectivity maps with Fisher-transformed bivariate correlation
coefficients. To limit the number of comparisons performed, we selected 11 seed ROIs based
on prior research and theoretical considerations. ROIs were all selected from the standard
CONN toolbox cortical atlas, which is derived from the Harvard-Oxford structural atlas
(Fig. 1). ROIs with the following names from the CONN toolbox atlas were selected: left
and right amygdala (327 and 342 voxels, respectively), left and right accumbens (107 and 84
voxels, respectively), left and right insular cortex (1334 and 1344 voxels, respectively),
frontal medial cortex (984 voxels), left and right inferior frontal gyrus, pars triangularis (650
and 555 voxels, respectively), and left and right middle frontal gyrus (2924 and 2740 voxels,
respectively).

2.6. Depressive symptoms

Depressive symptoms were measured through adolescent self-report with the well-validated
Children’s Depression Inventory 2 (CDI-2) (Kovacs, 2010) and the Center for
Epidemiologic Studies Depression Scale for Children (CESDS-C) (Faulstich et al., 1986).
The CDI assesses depressive symptoms in the past two weeks with 28 items on a scale of 0
to 2. This measure demonstrated good reliability in this sample, Cronbach’s alpha = 0.88.
This variable was skewed and so was log-transformed. The CESDS-C assesses depression
symptoms in the past week with 20 items on a scale of 0 to 3. This measure demonstrated
good reliability, Cronbach’s alpha = 0.87, and was also log-transformed to adjust for
skewness. Scores on the CDI and CESDS-C were significantly correlated, = 0.66, p <
0.001, and so they were Z-scored and summed into a single depressive symptom variable for
analyses. One participant was excluded from this analysis because their Qualtrics data were
missing due to technical difficulties with the tablets, and one participant was excluded
because they skipped half of the questions on the CDI-2, resulting in 68 participants
available to examine associations between rsFC and depressive symptoms.

2.7. Covariates

Covariates included in all analyses were gender (dummy-coded for male, female, and non-
binary groups, with female as the reference group); age; BMI, to control for correlations
with both inflammation and depressive symptoms (see Table 2); time of day for the blood
draw, to control for circadian variation in the inflammatory markers; number of days
between blood draw and MRI scan; length of resting state scan (0 = longer length; 1 =
shorter length); mean framewise displacement from the rsFC scan (Power et al., 2012); and
medication use (0 = no medications reported; 1 = medications). The following medications
(based on participant self-report) were coded as 1 for this single variable: antihistamines,
oral contraceptives, nonsteroidal antinflammatory drugs such as ibuprofen, and
bronchodilators such as albuterol. Sixteen participants reported they were taking one or
more of these medications. One participant was missing medication data due to technical
difficulties with the Qualtrics questionnaire, so was coded as 0 for this variable.
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2.8. Statistical analyses: Peripheral inflammation and rsFC

Our primary goal was to examine the association between peripheral inflammatory markers
and resting state connectivity with the selected ROIs. To achieve this, we conducted whole-
brain multiple regressions in SPM for each seed region selected. The main variable of
interest in this regression was the inflammation variable, either the IL-6/CRP composite or
TNF-a.

We used 3dClustSim in AFNI to calculate cluster-size thresholds to achieve a whole-brain
correction of p < 0.05. To conduct 3dClustSim cluster size calculations, we saved out
residuals from the second-level group analysis (the multiple regression), which creates one
residual file for each participant in the analysis. We then used 3D to 4D file conversion in
SPM to create one 4D residual file containing the residuals for each participant in the
analysis. This residual file was then entered into AFNI’s 3DFWHMXx using AFNI version
20.3.02 to estimate the smoothness in the residuals of the data with the “‘acf’ option. Cluster
size threshold was determined using 2-sided thresholding with the first-nearest neighbor
clustering (NN1) option. To examine whole-brain effects, we used an uncorrected voxelwise
p-value of p< 0.002 and a cluster extent threshold based on the 3dClustSim results (see
Table 3). One of the limitations of 3dClustSim is that it determines whether an observed
cluster is below a specified significance threshold, but does not provide an exact p-value.
Therefore, in order to conduct a Bonferroni correction for the number of comparisons tested,
we used the cluster-level g (FDR-corrected p-value) provided by SPM to conduct a multiple
comparisons correction. Specifically, a cluster-level g < 0.0022 from the SPM output was
determined to meet correction for 22 comparisons (11 seed regions x 2 inflammation
variables).

2.9. Statistical analyses: Inflammatory markers, rsFC, and depressive symptoms

A secondary goal was to examine whether the inflammatory markers or any of the patterns
of connectivity associated with peripheral inflammation were also associated with
depressive symptoms in the sample. To test the association between the inflammation
variables and depressive symptoms, we conducted a multiple regression analysis including
all covariates described above. To examine the association between rsFC and depressive
symptoms, we extracted connectivity values for rsFC from any clusters found to be
significant in the whole-brain rsFC analyses described above using the eigenvariate function
in SPM12. These connectivity values were then imported into SPSS for further analyses. To
examine the association between rsFC and depressive symptoms, we conducted a multiple
regression analysis with the rsFC connectivity values as a predictor variable and depressive
symptoms as the dependent variable, including all covariates described above.

3. Results

3.1.

Peripheral inflammation and rsFC

We identified two patterns of connectivity associated with TNF-a.. First, when examining
results for the amygdala, we observed a significant positive association between TNF-a and
right amygdala connectivity with the left striatum, including the ventral striatum, caudate,
and putamen (Table 4; Fig. 2), and this effect survived correction for multiple comparisons.
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In addition, TNF-a. was negatively associated with connectivity between the right inferior
frontal gyrus (IFG) and left parietal cortex (Table 4; Fig. 3), and this effect survived
correction for multiple comparisons. There were no significant effects surviving correction
for the IL-6/CRP composite variable.

3.2. Associations with depressive symptoms

Neither the IL-6/CRP composite or TNF-a. were associated with depressive symptoms in the
multiple regression analysis (all p’s greater than 0.05). We extracted rsFC values from all
significant clusters identified above and imported them into SPSS to examine whether
connectivity in any of these clusters was associated with depressive symptoms. Results of
the multiple regressions indicated that amygdala-striatum connectivity was not significantly
associated with depressive symptoms when not controlling for TNF-a in the regression (p =
0.33), and when controlling for TNF-a in the regression (p = 0.89). There was an
association between IFG-parietal connectivity and depressive symptoms when not
controlling for TNF-a in the regression, B = 2.93, SE = 1.29, p = 0.03; however, when
controlling for TNF-a in the regression, this association was no longer significant, B = 2.52,
SE =1.52, p=0.10.

4. Discussion

The goal of this paper was to examine cross-sectional associations between peripheral
inflammation and rsFC of 11 ROIs that included cortical and subcortical regions in
adolescents 12 to 15 years old. We observed two significant effects that survived correction
for multiple comparisons. First, there was a positive association between TNF-a and right
amygdala connectivity with the left striatum. Second, there was a negative association
between TNF-a and right inferior frontal gyrus connectivity with the left parietal cortex.
Below, we discuss each of these results separately, their implications for emotional and
cognitive functioning, and how these compare to prior research conducted in adolescents and
adults.

First, we found that higher TNF-a was associated with increased rsFC between the right
amygdala and left striatum in a cluster that encompassed the ventral striatum, caudate, and
putamen. This is different from what has been observed in adults, in that studies in adults
have found that inflammation is associated with altered connectivity between the amygdala
and mPFC (Mehta et al., 2018) and between the ventral striatum and mPFC (Felger et al.,
2016), but not between the amygdala and striatum. This could be because subcortico-cortical
and cortico-subcortical connectivity exhibit protracted courses of development extending
across the period of adolescence, so that associations between inflammation and altered
connectivity between subcortical regions and the medial prefrontal cortex may not be
evident until later in adolescence (Casey et al., 2019). The one prior study conducted in
adolescents did not test for associations between inflammation and connectivity between the
amygdala and striatum (Nusslock et al., 2019). Thus, a novel implication of the current
results is that, in adolescents, higher peripheral inflammation may be associated with
heightened subcortico-subcortical connectivity, potentially because these connections are
still developing during adolescence.

Brain Behav Immun. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Swartz et al.

Page 11

This novel finding aligns with what is known about the development of these regions from
childhood to adulthood. Specifically, prior research has shown that significant positive
coupling between the ventral striatum and amygdala is evident starting in childhood and that
these regions remain positively coupled across adolescence and early adulthood (Fareri et
al., 2015). These regions work together to process information about reward and
punishment. The amygdala responds to all salient and emotional stimuli, both positive and
negative, but tends to respond most strongly to threatening or stressful stimuli. The striatum
is involved in reward learning and reward processing and integrates information about
reward and punishment. It is possible that increased connectivity between these regions
could shift processing towards more aversive or punishing stimuli during reward learning. If
the integration of information about rewards and punishments is shifted towards the
processing of more aversive information, this could contribute to the enhanced sensitivity
towards punishment that has been observed in depressed individuals (Hevey et al., 2017), a
possibility that should be tested in future research with behavioral measures of reward
learning. Consistent with this possibility, animal research has demonstrated that amygdala-
striatum connections are involved in connecting incentive value to stimulus-outcome
associations, including connecting negative incentive value to stimuli paired with stressful
outcomes such as foot-shock (Zorrilla and Koob, 2013).

The mechanisms through which higher TNF-a relates to increased amygdala-striatum
connectivity remain to be determined. In an animal model, induction of chronic pain resulted
in increased TNF-a. expression in the basolateral amygdala (BLA) (Chen et al., 2013). This
study also found that TNF-a increased excitatory signaling and decreased inhibitory
signaling in the BLA. The authors proposed that this imbalance between excitation and
inhibition in the BLA could contribute to the development of anxiety-related behaviors.
Other tracing studies have shown that there are extensive connections from the amygdala to
the striatum, and that the BLA is one of the primary amygdala sub-regions that sends inputs
to the striatum (Zorrilla and Koob, 2013). All together, these studies suggest that altered
BLA excitation could be a potential neurobiological mechanism through which higher
inflammation could influence connectivity between the amygdala and striatum. However, it
is important to keep in mind the limitations of this study, including that it is unclear if levels
of peripheral inflammation reflect levels of inflammation in the central nervous system, and
that the correlational results preclude drawing firm conclusions regarding the direction of
associations between peripheral inflammation and altered neural connectivity. Future
inflammatory challenge paradigms in human research could be useful for examining
changes in amygdala-striatum connectivity resulting from experimentally-induced increases
in inflammation, as well as testing the hypothesis that this could alter sensitivity to noxious
or stressful stimuli.

We did not find evidence for cross-sectional associations between depressive symptoms and
amygdala-ventral striatum connectivity or inflammatory markers in this sample. This is
perhaps not entirely surprising given the relatively young age of the sample (mean age of
13.6). Research in longitudinal samples such as the Dunedin study suggests the lifetime
prevalence of depression is relatively low by the age of 13 (3.2%), but rises substantially by
age 18 (to 20.7%), suggesting that depression becomes much more prevalent towards the
end of adolescence (Thapar et al., 2012). Thus, further research is needed to test whether the
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pattern of connectivity observed here may predict higher risk for developing depression later
in adolescence, when symptoms begin to rise. Indeed, the present sample is being followed
longitudinally, which will allow us to test this possibility. It is also possible that this pattern
of connectivity only predicts the development of depressive symptoms within stressful
environmental contexts; and this question will also be examined. Prior research in other
samples suggests higher amygdala-ventral striatum connectivity may be associated with
depression risk. For example, in a large sample of 926 children, adolescents, and adults
between 8 and 22 years old, Barber et al. (Barber et al., 2019) found that depression, but not
other forms of psychopathology such as psychosis or ADHD, was associated with
accelerated development of connectivity between the striatum and subcortical limbic regions
including the amygdala. Thus, accelerated development of connectivity between these
regions could represent a potential neurodevelopmental mechanism through which higher
peripheral inflammation increases depression risk. Although our data are correlational and
cannot address the causal relationship between inflammation and amygdala-striatum
connectivity, some research in adults supports the possibility that inflammation may cause
changes in function within these regions. For example, prior research in adults that has used
brief inflammatory challenges to induce inflammation has found that the induction of
inflammation results in increased amygdala activity to socially threatening images (Inagaki
etal., 2012).

Results also indicated that TNF-a was associated with decreased connectivity between the
right IFG and left parietal cortex, with peak coordinates in the angular gyrus. Although this
exact pattern of connectivity has not been observed in relation to peripheral inflammation in
adult samples, this is in accordance with our general prediction that higher inflammation
would be associated with decreased cortico-cortical connectivity. This finding also agrees
with that of Nusslock et al. (2019), who found that higher peripheral inflammation was
associated with decreased connectivity in an emotion regulation network that included the
right inferior frontal gyrus and left angular gyrus, among other regions. Consistent with the
idea that these regions form part of an emotion regulation network, other research has shown
that the inferior frontal gyrus plays an important role in inhibitory control (Taylor et al.,
2018) and emotion regulation (Hallam et al., 2015), and has functional connections with the
parietal cortex (Du et al., 2020). Some research frameworks suggest that parietal regions
including the angular gyrus are involved in embodied emotion regulation and executing
regulatory processes directed by prefrontal regions (Kohn et al., 2014). Thus, a correlation
between higher TNF-a and decreased connectivity between these regions could suggest
decreased emotion regulation or ability to inhibit undesirable behaviors, which could have
implications for the future development of psychopathology. Interestingly, there was an
association between IFG-parietal connectivity and depressive symptoms, but the positive
association was in the opposite direction than would be expected. However, this effect would
not survive correction for multiple comparisons and was no longer significant when
controlling for TNF-a in the regression, overall suggesting this association was relatively
weak and not robust. This highlights the need for future longitudinal research to examine
how observed patterns of rsFC relate to depressive symptoms later in adolescence, when
depression prevalence rises markedly.
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Because this study is correlational, there is an alternative explanation that should be
considered in interpreting this pattern of results. Specifically, in addition to the afferent
pathways described in the introduction through which peripheral inflammation can influence
brain function, there are also efferent pathways through which brain function regulates
peripheral inflammation and can stimulate an increase in peripheral inflammation in
response to stress (Marsland et al., 2017; Miller et al., 2009; Rohleder, 2014). Thus, it is
possible that higher peripheral inflammation could lead to the observed patterns of rsFC, or
alternatively that the observed patterns of rsFC could influence levels of peripheral
inflammation. Specifically, heightened amygdala-striatal connectivity could shift processing
towards more threatening stimuli (as postulated above), which could in turn lead to
heightened stress sensitivity and higher peripheral inflammation in response to stress.
Further longitudinal research with multiple time points of data and/or experimental
paradigms that include a stress induction are needed to help determine the direction of these
effects.

Overall, some of these patterns of connectivity in adolescents were different from those
observed in adult samples and in one prior study conducted in adolescents. There were
several differences in methodology between the present study and the study conducted by
Nusslock et al. (Nusslock et al., 2019) that may have contributed to these differences. First,
the participants in that study were limited to urban African American adolescents. The
present paper examined these associations in a diverse community sample of adolescents
that includes most major racial/ethnic groups. Second, that study did not include many of the
seed regions examined in the present analysis, including the amygdala. Third, that study
only examined associations between peripheral inflammatory markers and within-network
connectivity. Fourth, that study did not control for body mass index (BMI), even though this
is a potential confound of associations between inflammation, brain function, and
psychiatric symptoms (Byrne et al., 2015). Indeed, the significant correlation between
IL-6/CRP and BMI in our sample could explain why we did not observe robust associations
between these markers and rsFC, given that we did control for BMI in our analyses. All of
these factors may have contributed to differences in results across the studies.

In addition, results of the present study should be interpreted with respect to several
limitations. First, there was some variability in the time of day of blood sampling and the
amount of time between the blood sample and MRI scan. Although we controlled for these
factors with covariates, it is possible this could have led to some noise in our estimates.
Second, some participants were using medications which could have impacted inflammation
levels or rsFC. However, we included a covariate in all analyses to control for medication
use. Third, this was a community sample of adolescents with relatively low levels of
depressive symptoms. This could explain why we did not observe robust associations
between depressive symptoms and inflammatory markers or rsFC. As described above, we
plan to follow these participants longitudinally, which will allow us to examine whether any
of these patterns of rsFC are prospectively related to changes in depressive symptoms.
Fourth, some of the ROIs provided in the CONN toolbox which were used as seed regions
for the rsFC analyses are relatively large, and may have prevented our ability to detect
patterns of rsFC within sub-regions of these larger regions.
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In sum, our study identified several patterns of rsFC associated with higher TNF-a.,
including increased amygdala-striatal connectivity and decreased IFG-parietal connectivity.
Further research is needed to examine how these patterns of connectivity relate to cognitive
and emotional processing, and which of these patterns of connectivity mediate the
association between higher TNF-a. and changes in depressive symptoms later in
adolescence. If future research finds that increased amygdala-striatum connectivity is
associated with enhanced sensitivity to punishment during reward processing, this could
help identify ways to target treatments for adolescents with elevated TNF-a,, such as using
cognitive treatments that alter reward learning to shift processing towards positive outcomes
(Craske et al., 2016).
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Fig. 1.
Regions of interest for seed-to-whole brain resting state functional connectivity analysis.

Note: Regions of interest were obtained from the CONN toolbox atlas, which is derived
from the Harvard-Oxford atlas. Coronal and sagittal views of the middle frontal gyrus are
both shown to better depict this ROI.
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Fig. 2.

Aéqsociation between TNF-a and right amygdala connectivity. Note: Region where TNF-a is
significantly associated with resting state connectivity using right amygdala as seed. Cluster
in red depicts right amygdala seed ROI and cluster in blue depicts the striatal region where a
significant effect was observed, thresholded at p < 0.05 whole-brain corrected using the
3dClustSim correction.
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Fig. 3.

Agsociation between TNF-a and right inferior frontal gyrus connectivity. Note: Region
where TNF-a is significantly associated with resting state connectivity using right inferior
frontal gyrus as seed. Cluster in red depicts right inferior frontal gyrus seed ROI and cluster
in blue depicts the parietal cortex region where a significant effect was observed,
thresholded at p < 0.05 whole-brain corrected using the 3dClustSim correction.

Brain Behav Immun. Author manuscript; available in PMC 2022 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Swartz et al.

Table 1
Participant Characteristics.

Mean SD  Min Max
Age 13.60 1.04 12 15
BMI 22.08 534 148 43.6
IL-6 (pg/mL) 049 048 010  3.00
TNF-a (pg/mL) 249 062 133 435
CRP (mg/L) 160 412 006  23.90
CDI-2 Total 745 640 0 28
CESDS-C Total 11.74 875 0 39
Inflammation composite (Z-score) 000 1.81 -287 5.23
Depressive symptoms (Z-score) 0.00 1.82 -451 356

Page 20

Note: SD = Standard deviation; Min = Minimum; Max = Maximum. BMI = Body mass index; IL-6 = interleukin-6; TNF-a = tumor necrosis
factor-alpha; CRP = C-reactive protein; CDI-2 = Children’s Depression Inventory-2; CESDS-C = Center for Epidemiologic Studies Depression
Scale for Children. Values reported in table for BMI, IL-6, TNF-a, CRP, CDI, and CESDS-C are reported for non-transformed data for ease of
interpretation. These variables were transformed before statistical analysis. The inflammation composite was obtained by summing Z-score values

for IL-6 and CRP. The depressive symptoms composite was obtained by summing Z-score values for the CDI-2 and CESDS-C.
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