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Abstract

The default mode network (DMN) encompasses brain systems that exhibit coherent neural activity
at rest. DMN brain systems have been implicated in diverse social, cognitive, and affective
processes, as well as risk for forms of dementia and psychiatric disorders that associate with
systemic inflammation. Areas of the anterior cingulate cortex (ACC) and surrounding medial
prefrontal cortex (mPFC) within the DMN have been implicated specifically in regulating
autonomic and neuroendocrine processes that relate to systemic inflammation via bidirectional
signaling mechanisms. However, it is still unclear whether indicators of inflammation relate
directly to coherent resting state activity of the ACC, mPFC, or other areas within the DMN.
Accordingly, we tested whether plasma interleukin (IL)-6, an indicator of systemic inflammation,
covaried with resting-state functional connectivity of the DMN among 98 adults aged 30-54 (39%
male; 81% Caucasian). Independent component analyses were applied to resting state fMRI data
to generate DMN connectivity maps. Voxel-wise regression analyses were then used to test for
associations between IL-6 and DMN connectivity across individuals, controlling for age, sex, body
mass index, and fMRI signal motion. Within the DMN, IL-6 covaried positively with connectivity
of the sub-genual ACC and negatively with a region of the dorsal medial PFC at corrected
statistical thresholds. These novel findings offer evidence for a unique association between a
marker of systemic inflammation (IL-6) and ACC and mPFC functional connectivity within the
DMN, a network that may be important for linking aspects of immune function to psychological
and behavioral states in health and disease.
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Introduction

Systemic inflammation is implicated in the pathophysiology of several chronic illnesses.
Elevated levels of circulating inflammatory markers, such as interleukin (IL)-6, also confer
risk for a range of adverse physical health conditions, including atherosclerotic
cardiovascular and cerebrovascular diseases, diabetes, premature cognitive aging, frailty and
general functional decline with age (Black, 2003; Ferrucci et al., 1999; Luc et al., 2003;
Pradhan, Manson, Rifai, Buring, & Ridker, 2001; Roriz-Filho et al., 2009; Yaffe et al., 2004;
Yirmiya & Goshen, 2011). Moreover, several psychosocial factors (e.g., chronic
psychological stress) and psychiatric disorders (e.g., mood and anxiety disorders) associate
with systemic inflammation and risk for inflammatory disease (Menard, Pfau, Hodes, &
Russo, 2017), raising the possibility that inflammatory mechanisms are critical for linking
psychosocial factors and related disorders to physical health (Miller, Chen, & Cole, 2009).
Yet despite growing evidence supporting this possibility, there is still little direct evidence
characterizing the neural systems that may plausibly account for the associations of
psychosocial factors and psychiatric disorders with systemic inflammation in health and
disease across the lifespan.

At present, neuroanatomical and empirical evidence suggests that areas of the anterior
cingulate cortex (ACC) and surrounding medial prefrontal cortex (MPFC) might play a role
in linking higher order psychosocial and behavioral processes with peripheral autonomic and
endocrine control mechanisms that are known to modulate inflammation (Critchley &
Harrison, 2013; Eisenberger & Cole, 2012; Gianaros & Wager, 2015). Hence, areas within
the rostral portion of the ACC and adjacent areas of the ventral and dorsal mPFC issue direct
and indirect neural projections to other telencephalic areas and subcortical cell groups
involved in coordinating changes in peripheral physiology with cognitive, affective, and
other behavioral states, including the insula, amygdala, bed nucleus of the stria terminalis,
hippocampus, basal ganglia, thalamus, hypothalamus, periaqueductal gray, pons, nucleus of
the solitary tract, and adjacent medullary territories (Critchley & Harrison, 2013; Ongiir &
Price, 2000; Vertes, 2004). Thus, ACC and mPFC areas are capable of influencing
autonomic and neuroendocrine effector pathways to influence immune function and, thus,
inflammatory states. In the periphery, these pathways specifically regulate inflammatory
gene expression, with acute activation of the sympathetic nervous system acting through p-
adrenergic receptors on immune cells to stimulate the expression and release of pro-
inflammatory mediators, such as interleukin-6 (IL-6) (Eisenberger & Cole, 2012). In
contrast, acute activation of the hypothalamic-pituitary-adrenal (HPA) axis and the release of
glucocorticoids (cortisol in humans) acts via glucocorticoid receptors in immune cells to
suppress transcription of proinflammatory cytokine genes (Eisenberger & Cole, 2012).
Importantly, circulating levels of pro-inflammatory mediators also feed back to the brain to
regulate central neural control of autonomic and endocrine activity, thus defining a circuit
that orchestrates and coordinates immune and inflammatory activity with other
physiological, psychological, and behavioral processes that are believed to confer survival
advantage (Critchley & Harrison, 2013; Irwin & Cole, 2011).

Critically, several areas of the ACC and mPFC are encompassed by the default mode
network (DMN), which comprises brain systems that exhibit coherent neural activity at rest
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and deactivation in the presence of external processing demands (Buckner, Andrews-Hanna,
& Schacter, 2008). Major functional hubs of the DMN include the posterior cingulate cortex
(PCC), precuneus, angular gyrus, and a large territory of the medial prefrontal cortex
(mPFC) that invades the rostral portion of the ACC (Buckner et al., 2008; Raichle et al.,
2001; Yeo et al., 2011). The DMN has also been functionally parcellated into a ‘dorsal
medial PFC subsystem’ that is broadly implicated in interpersonal cognition (PCC, mPFC,
angular gyrus, dorsal medial PFC [dmPFC], temporoparietal junction, lateral temporal
cortex, and anterior temporal pole), as well as a ‘medial temporal lobe subsystem’ that is
chiefly implicated in autobiographical memory, prospective thought, affective processing,
and peripheral physiological control (ventromedial PFC [vmPFC]; rostral ACC;
hippocampal formation, parahippocampal gyrus, retrosplenial cortex, and posterior inferior
parietal lobe) (Andrews-Hanna, Reidler, Sepulcre, Poulin, & Buckner, 2010; Buckner et al.,
2008; Jennings, Sheu, Kuan, Manuck, & Gianaros, 2016). Increasing evidence suggests
further that the DMN may play a role in the development of psychiatric and neurological
disorders that associate with both systemic inflammation and risk for inflammatory disease.
For example, alterations in DMN activity have been observed in mood and anxiety disorders
characterized by impairments in emotion regulation and heightened systemic inflammation
(Hamilton, Farmer, Fogelman, & Gotlib, 2015; Kaiser, Andrews-Hanna, Wager, &
Pizzagalli, 2015; Kaiser, Whitfield-Gabrieli, et al., 2015; Price & Drevets, 2010). Here,
imaging studies of patients with clinical depression specifically show a reliable increase in
the resting state metabolic activity of the sub-genual portion of the rostral ACC (sgACC), a
pattern that appears to be reversible by antidepressant therapies and deep brain stimulation
(Hamani et al., 2011; Mayberg et al., 2005). Finally, recent meta-analyses of studies
examining the role of the DMN in major depressive disorder show consistent increases in
functional connectivity between this network and sgACC and fronto-parietal regions,
possibly reflecting a neural correlate of self-focused rumination (Hamilton et al., 2015;
Kaiser, Andrews-Hanna, et al., 2015).

It is well established that major depression and negative mood states associate with
increased peripheral markers of inflammation (Haapakoski, Mathieu, Ebmeier, Alenius, &
Kivimaki, 2015; Irwin & Miller, 2007; Raison & Miller, 2011; Slavich & Irwin, 2014).
Indeed, inflammatory processes are proposed to play a role in the pathogenesis of depressive
disorder (Slavich & Irwin, 2014) and contribute to the increased risk for inflammatory
disease that accompanies depression (Kiecolt-Glaser, Derry, & Fagundes, 2015). Pro-
inflammatory cytokines are widely accepted to play a key role in immune system-to-brain
signaling, accessing the brain via neural and humoral pathways to influence mood, cognition
and behavior (Dantzer, O’Connor, Freund, Johnson, & Kelley, 2008; Marin & Kipnis, 2017).
Interestingly, recent evidence shows an association of peripheral markers of inflammation
with resting-state connectivity between the striatum and midline PFC areas, encompassing
the sgACC and extending into other rostral ACC regions, that paralleled increased anhedonia
and decreased motor speed among depressed patients (Felger et al., 2015). Similarly,
patients with Hepatitis C showed a rapid decline in mood shortly following a first dose of
interferon-alpha therapy, which associated with reductions in resting whole-brain functional
connectivity and efficiency (Dipasquale et al., 2015). These findings suggest that peripheral
inflammatory mediators can signal the brain to influence social, cognitive, affective and
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behavioral changes that are consistent with symptoms of major depressive disorder. As noted
above, efferent control pathways connect the central nervous and immune systems, with
negative moods activating peripheral physiologic pathways that result in the up-regulation of
systemic inflammation (Slavich & Irwin, 2014). Thus, areas within the DMN that are
implicated in peripheral physiological control, such as rostral ACC areas and those of the
surrounding mPFC, may provide a plausible substrate for these bidirectional relationships.

Here, we aimed to better characterize the neural correlates of peripheral levels of
inflammatory markers among otherwise healthy adults. We specifically tested the
association between circulating IL-6 and resting state fMRI activity (connectivity) within the
DMN, with a particular focus on the ACC and mPFC. The DMN was selected on the basis
of evidence that areas within this network play a joint role in social, cognitive, affective,
behavioral, and physiological processes that are reliably linked to immune processes
underlying systemic inflammation (Critchley, 2005; Hamilton et al., 2015; Roy, Shohamy, &
Wager, 2012). Based on existing evidence, it was hypothesized that functional connectivity
of the DMN, particularly within the ACC and mPFC, would relate to peripheral levels of
IL-6. In sensitivity analyses, we also explored whether similar associations would generalize
to another indirect marker of systemic inflammation, C-reactive protein (CRP). Finally, we
explored whether subclinical symptoms of depression were associated with IL-6, and
whether such symptoms would relate to DMN connectivity in areas that also associated with
IL-6.

Data were derived from Phase |1 of the Adult Health and Behavior project (AHAB-II),
which assessed behavioral and biological traits among middle-aged community volunteers.
Participants were recruited between March 2008 and October 2011 through mass mailings of
invitation letters to individuals randomly selected from voter registration and other public
domain lists. To be eligible for AHAB-II, individuals had to be between the ages of 30-54
years, working at least 25 hours per week outside of the home (a sub-study involving this
cohort was focused on the association between occupational stress and coronary heart
disease risk (Joseph et al., 2016)), and speak English as their first language. Individuals were
excluded if they (a) had a history of cardiovascular disease, schizophrenia or bipolar
disorder, chronic hepatitis, renal failure, major neurological disorder, chronic lung disease,
or stage 2 hypertension (SBP/DBP = 160/100); (b) consumed = 5 alcoholic drinks 3—4 times
(> approximately 201 grams of alcohol) per week; (c) took fish-oil supplements (because of
the requirements for another sub-study (Muldoon et al., 2016)); (d) were prescribed insulin
or glucocorticoid, anti-arrhythmic, antihypertensive, lipid-lowering, psychotropic, or
prescription weight-loss medications; (e) were pregnant; (f) had less than 8th grade reading
skills; or (g) were shift workers. Finally, all participants were screened for prior and current
DSM-IV Axis-1 disorders using the Mini International Neuropsychiatric Interview (MINI)
(Sheehan et al., 1998). The University of Pittsburgh Institutional Board approved the study
and all participants provided informed consent in accordance with its regulations and were
paid for their participation.
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From the initial sample of 490 AHAB-II participants (81% Caucasian, 53% female, mean
age 42.77), 461 completed a functional and structural neuroimaging protocol, with 110
participants completing an eyes-open, resting-state imaging protocol. Of the 110 who
completed this resting-state protocol, 107 had useable resting fMRI BOLD signal data.
Reasons for MRI exclusion (N = 3) were: participant withdrawal during imaging; failure of
anatomical normalization of MRI data; and a data acquisition problem at the time of MRI.
As revealed by Chi-Square analyses and t-tests, these 107 participants did not differ
significantly from remaining AHAB-II participants in demographic characteristics (e.g., age
gender, educational attainment) or IL-6. Of the 107 participants with complete MRI data, 98
had reliable measures of circulating IL-6 and did not have a chronic inflammatory disease or
use medications known to impact immune function (cold medications/antihistamines,
inhaled corticosteroids, immunosuppressants, or allergy shot within prior 2 weeks). One
participant was missing depressive symptom scores. Although we have published
neuroimaging findings from AHAB-II (Allen, Jennings, Gianaros, Thayer, & Manuck, 2015;
Gianaros et al., 2014; Jennings, Allen, Gianaros, Thayer, & Manuck, 2015; Jennings et al.,
2016; Marsland et al., 2015), the current findings are the first bearing on resting-state
connectivity and inflammation in this sample.

Protocol and Measures

Measures for this study encompassed circulating levels of IL-6 and CRP, subclinical
symptoms of depression, resting-state fMRI connectivity metrics, body mass index (BMlI),
demographic characteristics, and smoking status. Plasma levels of IL-6 and CRP were
assessed from blood samples drawn between 7:30AM and 12:35PM (M = 9:16 +/- 0:54
min). Prior to the blood draw, participants were asked to fast for 8 hours, avoid vigorous
exercise for 12 hours and alcohol for 24 hours, and refrain from using tobacco products that
morning. The blood draw was rescheduled if the participant reported symptoms of acute
infection or use of antibiotics or antivirals in the previous 2 weeks. At the blood draw visit, a
registered nurse completed a medical history and medication use interview and obtained
measurements of height and weight to determine body mass index (BMI in kg/m?). The
nurse also drew a 40cc blood sample. Plasma samples were collected from citrated tubes,
frozen at —80°C until analysis in batches. IL-6 levels were determined in duplicate by high
sensitivity quantitative sandwich enzyme immunoassay kit (R & D Systems, Minneapolis,
MN, standard range = 0.156-10pg/mL) run according to manufacturer’s directions. CRP
was measured at the University of Vermont’s Laboratory of Clinical Biochemistry Research
with the BNII nephelometer from Dade Behring utilizing a particle enhanced
immunonephelometric assay. Average inter- and intra- assay coefficients of variation were
<10% for both IL-6 and CRP. Natural-log transformation was applied to IL-6 and CRP to
correct non-normal distributions. Subclinical depressive symptoms were assessed using the
20-item version of the Center for Epidemiologic Studies Depression Scale, CES-D
(Weissman, Sholomskas, Pottenger, Prusoff, & Locke, 1977).

MRI Acquisition and Preprocessing

MRIs were conducted an average of 38 days (range = 0-107, SD=20) after the blood draw
visit. In ancillary analyses, adding the length of time between MRI and blood draw
assessments did not affect the direction or level of statistical significance in primary results
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reported below. Prior to MRI scanning, participants were required to abstain from caffeine,
tobacco, and strenuous exercise for at least 3 hours and to abstain from alcohol and taking
over the counter medications for at least 12 hours. MRI data were collected on a 3T Trio
TIM scanner (Siemens, Erlangen, Germany), equipped with a 12-channel head coil. Resting
state BOLD images were acquired during a 5 min and 6 sec period by a gradient-echo EPI
sequence (FOV = 200%200 mm, matrix size = 64x64, TR = 2000 ms, TE =32 ms, and FA =
90°). We acquired 34 slices (3 mm thick, no gap) in an inferior-to-superior direction,
yielding 150 BOLD images over the period of acquisition (3 initial discarded images
allowing for magnetic equilibration). For spatial co-registration of BOLD images, T1-
weighted 3D magnetization-prepared rapid gradient echo (MPRAGE) images were acquired
over 7. min 17 sec (FOV = 256x208 mm, matrix size = 256x208, TR = 2100 ms, inversion
time (T1) = 1100 ms, TE = 3.31 ms, and FA = 8° (192 slices, 1mm thick, no gap)).

Resting-state BOLD images were first preprocessed using SPM8 (Wellcome Trust Centre
for Neuroimaging, London, UK, www.fil.ion.ucl.ac.uk). Individual images were realigned to
the first image by rigid body transformation. An additional step that corrected signal
distortion was also applied using the SPM unwarp procedure. Realigned and unwarped
images were visually inspected and then normalized to MNI space based on the registration
of individual’s gray matter image to the SPM MNI gray matter template. Each person’s gray
matter image was segmented from the T1 image using the New Segmentation procedure in
SPMS8, co-registered with the realigned functional images and then registered to the SPM
MNI gray matter template by affine transformation. After normalization, resting state images
were re-sliced to 2x2x2 mm voxels and smoothed with a 6mm Gaussian kernel. The
smoothed images were filtered to exclude non-resting state frequencies with a band-pass
filter of 0.008 to 0.15 HZ and submitted to group probabilistic independent component
analysis.

Default Mode Resting-State Connectivity

We applied group probabilistic independent component analysis (ICA) (Beckmann, DeL uca,
Devlin, & Smith, 2005; Beckmann & Smith, 2004, 2005) to identify the DMN and compute
individual DMN connectivity maps. ICA is a multivariate exploratory data analysis method,
which examines the spatial pattern and temporal characteristics of a set of measurements to
identify latent factors underlying the measurements. Accordingly, the voxel-wise BOLD
signal was modeled as a linear mixture of signals from a set of “hidden’ structures
(networks). The hidden structures were characterized by statistically independent non-
Gaussian components. For group ICA, BOLD images (n=107) were concatenated to
construct the spatial-temporal data matrix Y}, which is modeled as the product of a
mixing matrix Xx, and a set of independent components By, namely, Y« = Xpxp Bpsy+
Enx1, Where the rows of B, represent components, €, are Gaussian noise terms, n is the
number of images, v is the number of voxels in a brain, and p is the number of independent
components. The data matrix was z-transformed and the independent components were
determined by determining the unmixing matrix W, = X, L that optimizes the
independence of non-Gaussian components Bpxy, Bpxy, = Wpxy, Y For this approach, we
applied the FSL MELODIC toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC), which
utilizes the FastICA algorithm to define non-Gaussianity by negative-entropy and solves the
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optimization model via fixed-point iteration method (Hyvarinen & Oja, 2000). The derived
DMN component was verified by comparison to that of Yeo and colleagues (Yeo et al.,
2011). The overlap ratio between components was 0.55, as computed by the Dice equation
(Bennett & Miller, 2010). We similarly verified our DMN component against other
canonical DMN templates (http://www.fmrib.ox.ac.uk/analysis/brainmap+rsns/).

Individual functional connectivity maps were then derived by dual regression (Filippini et
al., 2009) using the components computed in the group analysis described above. Individual
temporal mixture weights for all components were estimated by the regression of individual
BOLD images on the components, and then the individual DMN functional connectivity
maps were estimated by the regression of BOLD images on the DMN mixture time series.
Individual functional connectivity maps of the DMN were then used for voxel-wise
regression analyses.

Control Variables

A number of control variables were examined. These included age, sex, race (coded as white
[1] versus other race/ethnicities [2], years of education, smoking status (coded as current
smoker [1] versus ex/non-smoker [0]), BMI, and head motion. Head motion was estimated
at the subject level by first computing the frame-wise displacement (FD) of each acquired
image, calculated as the sum of the absolute values of six realignment parameters produced
during preprocessing (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012). Average FD
was calculated for each subject and tested for association with I1L-6 in particular. Because
FD covaried significantly with IL-6 (r (96) = 0.42; See Table S1) and may impact individual
difference correlations with resting-state connectivity (Hodgson et al., 2016; Power et al.,
2012; Siegel et al., 2016), it was included as an additional covariate in voxel-wise analyses
(Power, Schlaggar, & Petersen, 2015).

Data Analysis

Initial correlation analyses executed in SPSS (IBM SPSS Statistics for Windows, \Version
23.0. Armonk, NY: IBM Corp) tested for bivariate associations between IL-6, CRP,
subclinical symptoms of depression and the demographic and health control variables. To
test for positive and negative associations between circulating markers of inflammation
(IL-6, CRP), subclinical depressive symptoms, and resting-state functional connectivity
within the DMN across participants, we executed voxel-wise linear regression analyses
using participants’ DMN functional connectivity maps derived by ICA as the dependent
variable in SPMS8, controlling for the a priori covariates, age, sex, BMI and FD. We applied a
whole-brain (voxel-wise) false discovery rate (FDR) corrected threshold of g = 0.05, along
with an extent threshold of k = 5 voxels. In line with our study focus, primary analyses were
spatially restricted to a DMN region of interest (ROI) mask. This ROl mask was determined
by a group-level, random-effects analysis of the ICA DMN component, for which we
applied a voxel-wise threshold of T > 3.17 (uncorrected p < 0.001) and a cluster extent of k
= 20 voxels. Accordingly, significant findings would correspond to areas within the DMN
where ICA resting state functional connectivity covaries with inflammatory markers (11-6,
CRP) or subclinical depressive symptoms (CES-D). For completeness of reporting and to
enable comparisons with other studies and data aggregation for meta-analyses, supplemental
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analyses are reported and shown for whole-brain (unmasked) regression analyses at less
conservative statistical thresholds.

Demographic characteristics of the sample are in Table 1, and inter-correlations between
variables are in Table S1. Circulating IL-6 and CRP associated positively with BMI, age,
and FD. Males exhibited lower levels of IL-6 (t (96) = -2.18, p = 0.03), but not CRP (t (96)
=-0.51, p = 0.61) than females. There was a trend towards higher levels of inflammatory
markers among non-whites than whites (IL-6: t (96) = -1.38, p =0.17; CRP: t (96) = -1.91,
p = 0.06) and among current smokers than former/never smokers (IL-6: t (96) = -1.36, p =
0.18; CRP: t (96) = -1.77, p = 0.08). As expected, circulating levels of IL-6 and CRP were
moderately related (r (96) = 0.45, p < 0.001). No participants met criteria for current major
depressive disorder on the MINI; however, 14 reported a past history of MDD. There was no
significant difference in mean levels of IL-6 or CRP between those with (1L-6 = 1.30 (SD =
1.08) pg/ml; CRP = 0.99 (SD = 1.15) ng/ml) and without (IL-6 = 1.02 (0.83) pg/ml; CRP =
1.41 (2.07) ng/ml) a past history of MDD. In this otherwise healthy midlife sample of adults,
there was no significant association of IL-6 or CRP with symptoms of depression as
measured by the CES-D in analyses that controlled for age, sex and BMI (r (92) = -0.15, p =
0.16 and r (92) = -0.02, p = 0.76, respectively).

Figure 1A illustrates the DMN derived by ICA in our sample (Figure S1 also shows
extended coverage). As expected, the anterior territory of this DMN component
encompassed the mPFC and rostral ACC (cf., (Yeo et al., 2011), in addition to
temporoparietal, hippocampal, parahippocampal, retrosplenial, and posterior cingulate areas.
In a voxelwise multiple regression analysis that applied our DMN ROI mask and controlled
for age, sex, BMI, and FD, we observed a positive correlation between IL-6 and DMN
connectivity in Brodmann area 25 (BA 25) of the sgACC (MNI x,y,z=-4,26,-2;k=7;t
(92) = 4.89) at a corrected FDR threshold. Conversely, we observed a negative correlation
between IL-6 and DMN connectivity in the dmPFC (MNI X, y, z = 16, 68, 22; k = 16; t (92)
=5.45) at a corrected FDR threshold. No other areas besides the sJACC and dmPFC were
revealed after FDR correction for multiple testing (see Figure 1B). For completeness of
reporting and comparison with other studies, the results of whole-brain, unmasked, and
uncorrected analyses are provided in Table S2 and Figure S2.

In a parallel voxelwise multiple regression analysis with the same a priori covariates (age,
sex, BMI, FD), we observed no positive or negative associations between CRP and DMN
connectivity at a corrected FDR threshold or at an uncorrected threshold of p < 0.001. In
addition, we similarly observed no significant positive or negative associations of depressive
symptoms with DMN connectivity at a corrected FDR threshold. For completeness of
reporting, Supplemental Table S3 summarizes results of CES-D analyses executed without
an FDR threshold. The areas identified in these ancillary analyses did not spatially overlap
with those showing positive (SJACC) and negative (dmPFC) associations with IL-6.

We note that it is unlikely that inter-individual variation in fMRI motion artifacts
confounded or accounted for the associations of IL-6 with DMN connectivity, as FD was
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included as a covariate in our regression models. Moreover, FD itself did not associate
positively or negatively with DMN connectivity at an FDR threshold (no suprathreshold
voxels). Again, we conducted ancillary analyses that adjusted for number of days between
the blood draw and MRI session, and all associations between IL-6 and DMN connectivity
were retained.

Discussion

This study provides new evidence that circulating levels of IL-6 relate to spontaneous resting
activity that is coherent with the DMN among relatively healthy, midlife adults. Within the
ACC and mPFC, IL-6 covaried positively with connectivity of the sJACC and negatively
with the dmPFC. These associations were independent of the covariates age, sex, BMI, and
FD. In secondary analyses, we explored relationships among IL-6, connectivity within the
DMN and subclinical symptoms of depression. Contrary to expectations, we did not observe
a significant association of 1L-6 with depressive symptoms, and there were no significant
associations of depressive symptoms with DMN connectivity at corrected statistical
thresholds. Finally, we observed that CRP, an acute phase reactant whose production is
stimulated by 1L-6, did not covary significantly with DMN connectivity.

Our findings of associations between IL-6 and resting DMN connectivity build on existing
work on the neural correlates of inflammation. For example, recent studies have begun to
examine changes in coordinated activity of the resting brain following experimental
inflammatory challenge. Findings show that endotoxin-induced increases in 1L-6 associate
with increased metabolic activity of the dorsal portion of the ACC (Hannestad et al., 2012)
and with resting-state connectivity of the left thalamus with the right posterior cingulate
cortex (Labrenz et al., 2016). Furthermore, Dispasquale and colleagues (Dipasquale et al.,
2015) used graph theory analysis of resting state fMRI data and showed a rapid reduction in
whole brain network connectivity and efficiency shortly following administration of the first
dose of interferon-alpha therapy to patients with Hepatitis C. In apparent contrast to the
current null findings regarding CRP, Felger and colleagues (Felger et al., 2015) identified an
inverse association between circulating levels of CRP and functional connectivity of the
vmPFC with the ventral and dorsal striatum among patients with major depressive disorder.
Reasons for divergence between our reports are unclear, but may relate to sample
differences, with higher levels of inflammation known to accompany major depressive
disorder (Haapakoski et al., 2015), or to evidence that CRP does not usually permeate the
blood brain barrier in the absence of disease (Hsuchou, Kastin, Mishra, & Pan, 2012). In
aggregate, the current findings would thus appear consistent with a growing number of
studies that specifically focus on pro-inflammatory cytokines (e.g., IL-6) that modulate
central inflammatory processes and may consequently influence coordinated activity of the
resting brain.

In addition to relationships with resting brain activity, peripheral inflammation associates
with task-induced activation, particularly within regions of the PFC that are implicated in
peripheral physiological control. Indeed, we have previously shown an association of
circulating IL-6 with engagement of ACC and mPFC during effortful emotion regulation
among a sample of 183 participants that partly overlaps with the current sample (Gianaros et
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al., 2014). Similarly, increased activity of the dACC in response to a social rejection task has
been shown to associate positively with stress-induced increases in peripheral inflammation
(Slavich, Way, Eisenberger, & Taylor, 2010). Experimentally induced increases in peripheral
IL-6 also relate to increased activity within the ACC. For example, Harrison and colleagues
(Harrison, Brydon, Walker, Gray, Steptoe, Dolan, et al., 2009) showed that typhoid
vaccination increased circulating levels of IL-6 and influenced stressor-evoked reactivity in
the ACC and dorsolateral PFC. Similarly, Kullman et al. (Kullmann et al., 2013) showed that
endotoxin-induced increases in IL-6 positively associated with activation of the inferior
orbitofrontal cortex and the superior and medial PFC in response to emotionally aversive
visual stimuli. Heightened dACC activity in response to a visuospatial attention task has also
been observed in response to IFN-a. therapy (Capuron et al., 2005). Finally, O’Connor et al
(O’Connor, Irwin, & Wellisch, 2009) showed a positive association of salivary markers of
inflammation with activation of the sgACC and orbitofrontal cortex in response to a grief
elicitation task among recently bereaved women. In sum, converging evidence supports an
association of inflammation with functional and resting state activity, particularly within the
PFC and cingulate. However, there appears to be regional variation in the neural correlates
of systemic inflammation that may depend on the specific marker of systemic inflammation,
task assessment protocol, participant sample, and metric of neural activity examined.

Although the functions of synchronized activity of the DMN remain uncertain, growing
consensus supports a role in coordinating processes relevant for survival (Kaiser, Andrews-
Hanna, et al., 2015; Roy et al., 2012). The DMN is thought to operate as an intrinsic and
coherent network that is activated at rest when individuals are focused internally (Buckner et
al., 2008). Analysis of activity within the DMN suggests two coordinated subsystems that
interact with a core set of hubs, yet exhibit distinct contributions to behavioral functions
(Andrews-Hanna et al., 2010). A “medial temporal lobe subsystem” includes anterior
midline and cingulate regions, posterior parietal lobule, retrosplenial cortex,
parahippocampal cortex and hippocampal formation and is activated when individuals
formulate episodic decisions about their future (Andrews-Hanna et al., 2010). A “dorsal
medial prefrontal cortex subsystem” includes the dmPFC, tempoparietal junction, lateral
temporal cortex, and temporal pole and is active when individuals consider their present
mental states (Andrews-Hanna et al., 2010). Because of differences in methodology, we are
reluctant to draw strong conclusions regarding how the current findings map onto the
functionality of these putative subsystems. However, it is possible that the observed positive
association of 1L-6 with connectivity of the sgACC maps onto the medial temporal lobe
subsystem and the negative association of IL-6 with dmPFC connectivity onto the dmPFC
subsystem. Future research is warranted to further examine associations of peripheral
markers of inflammation with patterns of activity within the DMN and to consider their
functional relevance for present vs. prospective oriented cognitive functions that may guide
self-relevant behaviors.

The coordinated activity of anterior midline regions of the DMN, including the ACC and
networked regions of the adjacent mPFC, is proposed to play a role in evaluating the
emotional significance of stimuli (Roy et al., 2012) and appraising threat, with ACC and
mPFC regions comprising a larger hub that links higher order social cognitive and affective
processes to subcortical brain regions that control autonomic and endocrine mechanisms
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known to modulate inflammation (Eisenberger & Cole, 2012). Neuroanatomical evidence
supports this possibility, with afferent and efferent pathways connecting the mPFC, sgACC,
and other ACC areas to subcortical nuclei involved in the experience of core affect and in
related homeostatic regulation of peripheral physiology (Critchley & Harrison, 2013; Ongir
& Price, 2000). Feedback from the periphery, including levels of systemic inflammation,
may provide an important interoceptive drive in the assessment of biological threat and play
arole in a circuit that fine tunes peripheral physiology in preparation for anticipated
situations (Bechara, Tranel, Damasio, & Damasio, 1996). The current findings extend prior
work to show an association of peripheral inflammation with tonic activity within anterior
portions of the DMN, which in speculation may play a key role in the homeostatic control of
physiological state (Critchley & Harrison, 2013).

Studies showing central effects of the experimental induction of peripheral immune
activation provide support for afferent viscerosensory pathways that link peripheral
inflammation to brain systems relevant to motivational and emotional behavior (Hannestad
et al., 2012; Harrison, Brydon, Walker, Gray, Steptoe, & Critchley, 2009; Kullmann et al.,
2013). By crossing the blood-brain barrier, binding to receptors on endothelial cells in brain
microvasculature, and/or activating vagal nerve afferents, peripheral proinflammatory
cytokines have been shown to stimulate the production of central proinflammatory cytokines
by microglial cells (Banks & Kastin, 1991; Ek et al., 2001; Tracey, 2002; Yirmiya &
Goshen, 2011). Converging evidence suggests that this afferent pathway communicates
information regarding internal physiological states to areas of rostral ACC and other PFC
areas that play a role in emotional regulation and motivation in response to threat appraisal
(Critchley & Harrison, 2013; Eisenberger & Cole, 2012; Gianaros & Wager, 2015). The
coordinated activity of ACC and PFC areas within the DMN may represent the top of a
feedback circuit, receiving afferent viscerosensory representation, but also contributing to
the “top-down” modulation of visceromotor pathways that control peripheral physiology,
including the inflammatory response.

A network of regions within the ACC and PFC, including the dmPFC and sgACC identified
here in association with IL-6, are also thought to play a role in the appraisal of threat and
activate subcortical regions, including the amygdala, ventral pallidum, hypothalamus,
hippocampus and insula, which contribute to emotional arousal and control peripheral
autonomic and neuroendocrine mechanisms that regulate inflammatory gene expression
(Eisenberger & Cole, 2012). The sgACC is proposed to be a key node in this visceromotor
network (Drevets, Price, & Furey, 2008; Zhang et al., 2014), with sgACC activity relating to
peripheral physiological indices of sympathetic and parasympathetic activity both at rest and
in response to emotional, cognitive and motor tasks (Gianaros & Wager, 2015; Matthews,
Paulus, Simmons, Nelesen, & Dimsdale, 2004; Thayer, Ahs, Fredrikson, Sollers, & Wager,
2012). Interestingly, the brain regions that show the greatest associations with tonic levels of
physiologic arousal belong to the DMN (Nagai, Critchley, Featherstone, Trimble, & Dolan,
2004), and it is suggested that coordinated activity of anterior areas within the DMN during
resting states may contribute to control of the autonomic nervous system (Wong, Masse,
Kimmerly, Menon, & Shoemaker, 2007). Recent anatomical tracing findings in the
nonhuman primate show that a major component of cortical influence over the adrenal
medulla arises from sgACC (Dum, Levinthal, & Strick, 2016). Interestingly, we observed
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that DMN connectivity in the sgACC associated positively with IL-6 at rest. This raises the
possibility that a sympathoadrenal pathway influenced by sgACC and networked areas
contributes to tonic control of peripheral inflammation. In this regard, it is known that
catecholamines act through beta-adrenergic receptors on immune cells to stimulate
expression and release of proinflammatory mediators, such as IL-6 (Eisenberger & Cole,
2012).

Functional neural variation within the DMN is implicated in diverse social, cognitive, and
affective processes, as well as psychiatric and neurological disorders that associate with
systemic inflammation. For example, converging evidence suggests that bidirectional
pathways link peripheral inflammation to neural activity within corticolimbic circuits that
are believed to underlie affective symptoms of depression. Contrary to expectations, we did
not observe an association of IL-6 or DMN connectivity with symptoms of depression.
Although consistent evidence shows an association of major depressive disorder with
elevated IL-6 (Haapakoski et al., 2015), findings are smaller and more variable when
considering subclinical symptoms of depression in community samples (Howren, Lamkin, &
Suls, 2009). In this regard, no participants in the current study were taking psychotropic
medications or met criteria for current mood disorder, which may explain our null findings.

Our novel findings should be interpreted in the context of a number of limitations. First, the
cross-sectional design precludes causal interpretations. As outlined above both afferent and
efferent pathways link the central nervous and immune systems, with IL-6 serving as a
primary messenger in a feedback loop. It is also possible that peripheral IL-6 and DMN
connectivity independently relate to third factors, such as subclinical brain inflammation
(Licastro et al., 2000) or genetic modification. Another limitation of the current study is the
single assessment of IL-6 and CRP that occurred an average of 38 days before the MRI scan.
Although evidence suggests both markers of inflammation are relatively stable over
extended periods (Danesh et al., 2004; Glynn, MacFadyen, & Ridker, 2009; Hardikar et al.,
2014; Rao, Pieper, Currie, & Cohen, 1994), a more reliable indicator of stable inter-
individual variability would be derived from multiple assessments over time. In regard to
time between the blood draw and scan, the current findings were retained in supplemental
analyses that adjusted for this period. However, it will be important to include assessment of
markers of inflammation on the day of brain imaging in future work. Future work should
also consider the possibility that other peripheral markers of inflammation may associate
differently with resting brain activity. In this regard, converging animal and human evidence
suggests that 1L-6 is one of a number of peripheral proinflammatory cytokines that stimulate
central inflammatory processes and modulate brain function (Yirmiya & Goshen, 2011). In
contrast, there is evidence that CRP does not permeate the blood-brain barrier under normal
conditions (Hsuchou et al., 2012) and arguably reflects a downstream marker of the pro-
inflammatory response, which may explain less consistent associations of CRP with resting-
state functional connectivity. The current study was also limited to the examination of only
one of several intrinsic brain networks. A number of resting networks have been identified
with distinct patterns of connectivity and function (Yeo et al., 2011). We targeted the DMN
because it is well characterized, has been implicated in the control of peripheral physiologic
pathways known to modulate magnitude of inflammatory response, and has received the
most attention in the context of conditions that associate with inflammation, e.g., depression
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(Kaiser, Andrews-Hanna, et al., 2015). In the future, an examination of the association of
inflammation with functional connectivity of other resting networks is indicated. Finally, we
observed that I1L-6 was significantly associated with individual differences in FD, an index
of fMRI signal motion. Recent evidence shows that motion parameters appear to track with
individual difference factors that have been related to systemic inflammation (e.g., BMI
(Hodgson et al., 2016)) and resting state connectivity (Siegel et al., 2016). To account for
this, we adopted Power et al’s (Power et al., 2015) conservative approach and statistically
adjusted for FD in all analyses. Our findings contribute to the literature by providing initial
evidence that fMRI signal motion associates with peripheral levels of IL-6 and thus should
be considered in studies examining the neurophysiological (e.g., resting state connectivity)
correlates of individual differences in systemic inflammation.

To conclude, we provide initial evidence of an association between IL-6, a widely measured
marker of systemic inflammation and risk for chronic disease, and resting-state DMN
connectivity among a sample of relatively healthy, midlife adults. These findings are
consistent with a brain system that connects higher order cognitive and emotional processes,
e.g., appraisal processes that evaluate events and experiences for their personal significance,
to subcortical systems that control peripheral physiological pathways that moderate systemic
inflammation. IL-6, in turn, may participate in a feedback loop via viscerosensory pathways
to influence coordinated resting activity of the DMN. At rest, this brain-body visceral
control loop may contribute to the tonic regulation and representation of peripheral
inflammation, coordinating inflammatory responses with other physiological processes that
may possibly confer survival advantage.
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