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Abstract

Background: Inflammation has been hypothesized to contribute to reward dysfunction across 

psychiatric conditions, but little is known about this relationship in youth. Therefore, the present 

study investigated the associations between general and specific markers of inflammation and 

neural activation during reward processing, including anticipation and attainment, in youth with 

diverse psychiatric symptoms.

Methods: Forty-six psychotropic medication-free youth with diverse psychiatric symptoms 

underwent a blood draw to measure 41 cytokines, as well as structural and functional magnetic 

resonance imaging. The Reward Flanker Task examined neural activation during reward 

anticipation and attainment. Relationships between inflammation and neural activation were 

assessed using data reduction techniques across the whole-brain, as well as in specific reward 

regions of interest (basal ganglia, anterior and mid-cingulate cortex [ACC/MCC]).
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Results: Whole-brain principal component analyses showed that factor 3 (12 cytokines: FGF-2, 

Flt3-L, frac-talkine, GM-CSF, IFN-α2, IFN-γ, IL-3, IL-4, IL-7, IL-17A, MDC, and VEGF) was 

negatively correlated with pre-cuneus/posterior cingulate cortex activity during anticipation. Factor 

2 (11 cytokines: eotaxin, IL-1α, IL-1Rα, IL-2, IL-5, IL-9, IL-12P40, IL-13, IL-15, MCP-3, and 

TNF-β) was negatively correlated with angular gyrus activity during attainment. ROI analyses 

additionally showed that multiple cytokines were related to activity in the basal ganglia (EGF, 

FGF-2, Flt-3L, IL-2, IL-13, IL-15, IL-1Rα, MCP-3) and ACC/MCC (Flt-3L) during attainment. 

C-reactive protein (CRP) was not associated with neural activation.

Conclusions: Investigation of specific markers of immune function showed associations 

between inflammatory processes and activation of posterior default mode network, prefrontal 

cortex, and basal ganglia regions during multiple phases of reward processing.

Keywords

Reward processing; Functional magnetic resonance imaging; Reward anticipation; Reward 
attainment; Peripheral inflammation; Youth

1. Introduction

There has been extensive evidence in both adults (Felger, 2017; Felger et al., 2016; Felger 

and Lotrich, 2013; Felger and Treadway, 2017; Miller et al., 2013) and adolescents (Gabbay 

et al., 2009b; Gabbay et al., 2009c; Miklowitz et al., 2016; Mitchell and Goldstein, 2014) 

that inflammation has a role in the development of major depressive disorder (MDD). 

However, patterns of increased inflammation have also been noted across other psychiatric 

disorders and age groups (Gabbay et al., 2009a; Najjar et al., 2013). Together, these findings 

suggest that inflammation is not specific to one diagnostic category, but rather related to 

some overlap of symptoms between disorders and shared etiology.

One theory to explain this phenomenon is that inflammation induces alterations within the 

reward circuitry, a salient feature in many psychiatric conditions (Der-Avakian and Markou, 

2012; Felger and Treadway, 2017; Swardfager et al., 2016). There is support for the link 

between immune system functioning and reward dysfunction in both preclinical and clinical 

research. For example, in animal models, immunological challenges, such as exposure to 

endotoxins (e.g., lipopolysaccharide; LPS), often produce sickness behaviors characterized 

by sleep disturbances, reduced consumption of food, as well as decreased locomotion, social 

interaction, and sexual behavior (Dantzer, 2009; De La Garza, 2005; Hart, 1988; Konsman et 

al., 2002; Yirmiya et al., 2001). All of these behaviors share phenomenological similarity to 

clinical symptoms that reflect reward dysfunction, such as anhedonia, fatigue, malaise, 

anorexia, and decreased sexual desire (Maes et al., 2012). Sickness behaviors such as these 

may be an adaptive response that allows the conservation of energy to facilitate healing and 

recovery from illness.

Clinical studies of healthy adults have also shown that administration of immunological 

challenges such as endotoxins alters activation within reward circuits (Eisenberger et al., 

2010; Inagaki et al., 2015; Muscatell et al., 2016). Eisenberger et al. (2010) found that in 

healthy adults, exposure to endotoxin increased depressed mood and reduced activation in a 
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key reward-related region, the ventral striatum (VS), in response to monetary reward 

anticipation. Inagaki et al. (2015) alternately found that healthy adults exposed to endotoxin 

had increased motivation to be near social support figures, and this was associated with 

greater VS activation. Similarly, endotoxin administered to healthy adults also induced 

increased activation in reward regions, namely the VS and ventromedial prefrontal cortex 

(vmPFC), in response to social reward feedback (Muscatell et al., 2016). From these studies, 

it seems that the type of reward given (i.e., monetary or social) influences the direction of 

VS activation in response to an immunological challenge; monetary rewards elicit reduced 

VS activation, while social rewards elicit increased VS activation. Another study by Slavich 

et al. (2010) similarly documented that psychological stress was associated with increased 

interleukin-6 and a soluble receptor for tumor necrosis factor-a, the latter of which was 

subsequently correlated with increased neural activation in the anterior cingulate cortex 

(ACC) and insula during social rejection. Taken together, these data support the possible role 

of inflammation in neural function during different types of monetary and social reward 

tasks.

Despite the above evidence linking inflammation to alterations in activation of the reward 

circuitry in adults, there has been scarce neuroimmunological research in relation to reward 

processing in adolescence. It is important for investigations to target adolescence, as this is a 

period of time during which many psychiatric disorders first emerge (Galvan, 2017; 

Jaworska and MacQueen, 2015; Kessler et al., 2005). It has been suggested that maturational 

alterations within the rapidly changing reward circuitry during adolescence may trigger the 

emergence of psychiatric symptoms (Fairchild, 2011). Moreover, investigations of youth 

also allow us to better examine neurobiological mechanisms of dysfunction prior to the 

cumulative effects of aging, treatment, and disease chronicity.

In order to bridge the abovementioned gap in the literature, we aimed to assess the 

relationships between a wide 41-cytokine panel, as well as a more general marker of 

inflammation, C-reactive protein (CRP), and reward circuitry activation in youth with 

diverse psychiatric symptoms. We used a research domain criteria (RDoC) approach and did 

not sample one specific diagnostic category since reward deficits are salient across many 

psychiatric conditions (Freed et al., 2018; Hagele et al., 2015) and might therefore share the 

same biological underpinnings. Additionally, we investigated a wide panel of cytokines, 

including hematopoietic growth factors, chemokines, proinflammatory and anti-

inflammatory cytokines, due to the complexity of the immune system. Since reward function 

reflects multiple reward processes, we used the Reward Flanker Task (RFT) during 

functional magnetic resonance imaging (fMRI) to study brain activation during two key 

reward processes, reward anticipation and attainment. In our prior pilot of the RFT, we 

examined neural activation patterns during distinct phases of reward processing in youth 

with diverse psychiatric symptoms. We documented a much larger network of regions was 

involved in reward processing beyond the traditionally identified PFC and VS, especially 

during reward attainment (Bradley et al., 2016). More specifically, we showed that while 

certain regions such as the PFC and VS were more activated during reward anticipation, 

other more posterior regions such as the cuneus, precuneus, posterior cingulate cortex 

(PCC), etc. were more activated during reward attainment (Bradley et al., 2016).
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Here, as an extension of this pilot, we utilized a novel data-driven analytical approach that 

used principal component analysis to condense a 41-cytokine panel into ‘inflammatory 

factors’ that were then correlated with whole-brain activation during the RFT. Given the 

exploratory nature of the factor analysis that reduced the 41-cytokine panel into 

‘inflammatory factors’, we additionally included an examination of the relationship between 

a more general and well-known marker of peripheral inflammation, CRP, and whole-brain 

neural activation during the RFT. Lastly, due to the preponderance of evidence specifically 

implicating the PFC and VS in reward dysfunction in depression (Bradley et al., 2016; 

Haber, 2011; Silverman et al., 2015; Urban et al., 2012; Zhang et al., 2013), we also 

included an analysis of the correlations between a priori selected reward-related regions of 

interest (ROIs; the bilateral basal ganglia and anterior cingulate cortex [ACC]/mid-cingulate 

cortex [MCC]) and all cytokines.

Based on prior research in adults, we hypothesized that reduced VS and PFC activity would 

be associated with increased cytokine plasma levels, especially during reward anticipation, 

based on findings in adults (Eisenberger et al., 2010). Furthermore, we also hypothesized 

that more posterior reward-related brain regions (e.g., precuneus, PCC, etc.) would show 

reduced activation in association with increased inflammation, especially during 

consummatory reward processes such as attainment of reward, given the findings from our 

original pilot of the RFT (Bradley et al., 2016).

2. Methods

2.1. Participants

The current sample consisted of 46 youth, all psychotropic medication-free, ages 12–20 

years old, 22 of which were included in a prior published pilot of the Reward Flanker Task 

(Bradley et al., 2016). In order to examine of a full range of reward function and examine the 

relationship between inflammation and reward processing dimensionally according to the 

RDoC framework, both youth with and without psychiatric symptoms were sampled. 

Individuals with current psychiatric symptomatology were recruited, whether or not 

diagnostic criteria for Diagnostic and Statistical Manual of Mental Disorders, Fourth 
Edition-Text Revision (DSM-IV-TR) disorders (APA, 2000) were met. Thirty-four 

participants displayed psychiatric symptoms, predominantly of mood and anxiety disorders, 

but also included obsessions, compulsions, attention, and impulse control difficulties (see 

Section 3.1 and Table 2 for full diagnostic details). Twelve participants did not display any 

current or past psychiatric illnesses. All participants were free of major neurological or 

medical conditions, including acute inflammatory conditions such as the flu or common 

cold.

General exclusionary criteria included an IQ below 80 on the Kaufmann Brief Intelligence 

Test [KBIT; (Kaufman and Kaufman, 1990)] and MRI contraindications. Additionally, a 

positive drug toxicology test on the day of the MRI scan and a positive pregnancy test in 

females were exclusionary. Immune-modulating medications, including nonsteroidal anti-

inflammatory drugs (NSAIDs), were not allowed in the two weeks prior to the blood draw 

and scan for all participants. Moreover, suicidal ideations requiring immediate medical 

attention were also exclusionary. As noted, participants with psychiatric symptoms were 
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required to be psychotropic medication-free for at least one month prior to the scan (or 3 

months for drugs with a longer half-life such as fluoxetine). Current psychosis and substance 

abuse disorders, as well as pervasive developmental disorder, were exclusionary due to 

concerns that they would not be able to participate in the RFT.

2.2. Procedures

Participants underwent a full clinical evaluation using the Kiddie Schedule for Affective 

Disorders and Schizophrenia—Present and Lifetime Version [KSADS-PL; (Kaufman et al., 

1997)] by either a board-certified child/adolescent psychiatrist or a licensed clinical 

psychologist trained in administration of the KSADS-PL. The final clinical report was 

discussed between the Principal Investigator, a licensed child/adolescent psychiatrist, and the 

assessor in order to ensure diagnostic accuracy. While only validated for use through age 17 

(Kaufman et al., 1997), the KSADS-PL was used for all participants up to age 20 for 

consistency and because the age range of ‘adolescence’ is still debated and may extend into 

the twenties due to continued frontal lobe development (Jaworska and MacQueen, 2015).

Participants also underwent a fasting blood draw (for plasma cytokines) in the morning, 

immediately prior to an fMRI scan that took place that same day and included both 

structural and functional imaging. The fasting blood draw was conducted in a child research 

clinic in a hospital setting by a nurse trained to draw blood in pediatric patients. A parent or 

guardian was allowed to be present during the blood draw in order to provide comfort to the 

child and alleviate stress. All procedures were approved by the Institutional Review Boards 

of the Icahn School of Medicine at Mount Sinai and the Nathan S. Kline Institute of 

Psychiatric Research. Signed consent was obtained by participants 18 years and older; those 

under 18 provided signed assent, and a parent or legal guardian provided signed consent.

2.3. Behavioral assessments

In addition to the full clinical evaluation using the KSADS-PL, depression severity was 

assessed using the clinician-rated Children’s Depression Rating Scale-Revised [CDRS-R; 

(Poznanski et al., 1985; Poznanski et al., 1984; Poznanski and Mokros, 1996)]. Anhedonia 

was quantified using the self-rated Snaith-Hamilton Pleasure Scale [SHAPS; (Snaith et al., 

1995)], and anxiety was assessed using the self-rated multidimensional anxiety scale for 

children [MASC; (March et al., 1997)]. Lastly, suicidality was assessed using the self-rated 

Beck Scale for Suicide Ideation [BSS; (Beck et al., 1979)].

2.4. Multiplex analysis of immune biomarkers

Blood samples for all participants were collected in the morning after an overnight fast and 

processed within 20 min of collection; samples were stored at −80 °C. Sera cytokine profiles 

were measured using a Luminex-200 system and the XMap Platform (Luminex 

Corporation), and xPONENT software was used to analyze acquired fluorescence data. 

Forty-one peripheral inflammation markers (see Table 1 for a full list, abbreviations, and 

descriptive statistics) were determined in duplicate 25 μL volumes of plasma or serum using 

the multiplex cytokine panel (Multiplex High Sensitivity Human Cytokine Panel, Millipore 

Corp.). Using this system, multiple targets can be measured and analyzed simultaneously 

from a single sample. A bead-based multiplex system is used in which all 41 cytokines are 
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measured in a single well using microsphere beads coated with analyte specific antibodies. 

Microspheres are individually examined in a fast flowing fluid stream as they pass through 

the Luminex analyzer. High-speed digital signal processing quantifies the reaction and 

classifies microspheres based on their spectral addresses.

In the statistical analyses, when bead counts were low (i.e., below 20), samples were deemed 

undetectable and excluded. Only GCSF had multiple samples (n = 10) with low bead counts, 

and thus this cytokine was left out of all analyses due to 22% of participants not having data 

for this biomarker. Eight of the cytokines (i.e., fractalkine, IFN-α2, IL-7, IL-9, IL-13, 

MCP-1, MIP-1α, PDGF-AB/BB) had one sample with a low bead count; in these cases, 

mean imputation was used to allow these cytokines to be included in the fMRI regression 

models. Staff at Mount Sinai’s Human Immune Monitoring Center (HIMC) who were blind 

to participants’ clinical designation performed these assays. Median fluorescence intensity 

(MFI) values of all 41 cytokines were used in the final statistical models rather than absolute 

concentration values. This decision was made because concentration values can introduce 

bias for samples that have very low or very high values in relation to the standard curves 

(Breen et al., 2015; Breen et al., 2016). Lastly, intra-assay coefficients of variability (CV) 

were calculated using assay duplicates. The average was 4.63%. The range was between 

0.22% and 12.10%, with the majority < 10%. The average inter-assay CV was 16% 

(minimum to maximum quartile range 12–45%). Data showed reproducibility above the 

limit of detection over 8 consecutive assays. Analytes with CV greater than 20% were nearly 

all for analytes with the lowest detection range in these samples, close to the limit of 

detection, thereby introducing greater standard deviation over average.

2.5. Reward Flanker Task (RFT)

The RFT has been fully described previously in a published pilot study (Bradley et al., 

2016). In brief, participants were tasked to identify a target letter surrounded by four flanker 

letters using a hand-held button box in the MRI scanner and received a monetary reward if 

they chose correctly. Each trial consisted of a monetary cue [low reward (“10¢”), high 

reward (“50¢”), no reward (“0¢”), and unknown reward (“?”)] that informed subjects how 

much a trial would be worth if a correct response was made to flanker stimuli (to index 

reward anticipation). After making a response, subjects received feedback (value of the 

attained or unattained reward; Fig. 1). In total, 120 trials were presented in a pseudo-random 

event-related design over 4 equal runs.

2.6. MRI acquisition and analysis

2.6.1. Image acquisition—Imaging data were acquired after the fasting blood draw on 

a 3 Tesla Skyra scanner with a 16 + 4 head-neck coil using a previously described protocol 

(Bradley et al., 2016). A magnetization prepared rapid acquisition gradient echo sequence 

was used to acquire high-re-solution T1-weighted anatomical images [repetition time (TR) = 

2400 ms, echo time (TE) = 2.06 ms, flip angle = 8°, field of view (FOV) = 256 mm × 256 

mm, 224 sagittal slices 0.9 mm thick, inplane resolution = 0.9 mm × 0.9 mm]. During the 

RFT, T2*-weighted gradient echo multiband echo planar images were acquired over the 4 

runs with alternating left-right and right-left phase-encoding directions [TR = 1000 ms, TE = 

31.4 ms, flip angle = 60°, FOV = 624 mm × 720 mm, 374 transverse slices 2.3 mm thick, in-
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plane resolution = 2.3 mm × 2.3 mm]. Field maps with opposing right-left and left-right 

phase-encoding directions were also acquired [TR = 6150 ms, TE = 57 ms, flip angle = 80°, 

FOV = 624 mm × 720 mm, 2 transverse slices 2.3 mm thick, in-plane resolution = 2.3 mm × 

2.3 mm].

2.6.2. Image analysis—Neuroimaging analyses utilized a combination of Human 

Connectome Project (HCP) minimal pre-processing scripts (Glasser et al., 2013) and 

Statistical Parametric Mapping (SPM) processes, version 12 (Wellcome Trust Centre for 

Neuroimaging, London, UK), running on a Matlab 2015a platform (The MathWorks, Inc., 

Natick, MA, USA). Gradient non-linearity and echo planar image distortion correction were 

performed using HCP scripts, while realignment, coregistration of the functional images to 

the anatomical images, normalization to a standard Montreal Neurological Institute (MNI) 

template, and spatial smoothing with a 6 mm full width at half maximum (FWHM) Gaussian 

kernel, were all conducted in SPM. Motion plots from realignment were examined and runs 

with more than 5 mm of translation or rotation were eliminated from analyses; if more than 

one run of data did not meet motion requirements, that participant was excluded due to an 

insufficient number of trials for analysis. In total, 9 participants were excluded due to 

motion. The participants excluded due to motion were slightly younger than those included 

[mean age of excluded = 14.50, SD = 2.68; mean age of included = 16.43, SD = 2.24; Mann-

Whitney U = 109, p = .026], but this is to be expected given that younger participants have 

greater difficulty holding still through lengthy scans. However, there were no other 

significant differences in demographic characteristics between those included and excluded, 

including sex [χ2 = 0.004, p = .95], BMI [Mann-Whitney U = 230, p = .52], ethnicity [χ2 = 

1.26, p = .74], or in diagnostic clinical makeup [i.e. psychiatric symptoms vs. no symptoms; 

χ2 = 0.059, p = .81].

At the first-level, a general linear model included 17 regressors convolved with the canonical 

hemodynamic response function: 11 task-based regressors [reward anticipation (high, low, 

no reward, and unknown reward cues), reward attainment (high, low, and no reward 

feedback on correct trials, separately for known and unknown cues), error feedback 

(incorrect trials)] and 6 motion parameters from realignment. First-level contrasts of interest 

included anticipation of known rewards (10¢ and 50¢ cues) versus an implicit baseline and 

attainment of known rewards (10¢ and 50¢) versus an implicit baseline. Unknown reward 

conditions, including those involved in calculating positive prediction error (PPE), were not 

of primary interest in this investigation and thus not included; they will be reported 

separately.

Three separate second-level analyses were conducted. The first utilized a more exploratory 

data-reduction approach whereby a factor analysis of the multiplex cytokine panel was done 

in order to examine the association between a reduced number of specific ‘inflammatory 

factors’ with whole-brain activation during the RFT. The second examined the association 

between CRP and whole-brain activation during the RFT. The third utilized a ROI approach 

to extract the activation signal from a priori selected regions in order to correlate all 

individual cytokine levels and CRP with activation in previously established reward-related 

fronto-striatal regions.
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2.6.2.1. Factor analysis.: A principle component analysis (PCA) was conducted on 40 of 

the baseline cytokine levels across the entire participant sample; granulocyte colony-

stimulating factor (G-CSF) was left out of the factor analysis due to missing values in 10 

participants (22% of the sample) due to failure of these samples to pass quality assurance 

procedures as described above. This more exploratory technique allowed the data to inform 

us of patterns within the 40 cytokines rather than presumptively picking only a few cytokine 

levels to examine in relation with brain activity. Given the complexity of the immune system 

and the unknown relations between inflammatory markers and reward processing in the 

brain, this factor analysis allowed the results to be data-driven.

The factor analysis used orthogonal rotation. Initially, only factors that showed eigenvalues 

greater than 1 were retained. From this initial PCA, 7 ‘inflammatory factors’ had 

eigenvalues greater than 1. However, only 4 of the factors explained at least 5% of the 

variance and were thus retained; visual inspection of the scree plot confirmed retention of 4 

factors. Each of these 4 factors was included as predictors in separate second-level 

regression models that examined whole-brain activation for both reward anticipation (10¢ 

+ 50¢ cues) versus an implicit baseline and reward attainment (10¢ and 50¢) versus an 

implicit baseline in relation to inflammation; age, sex, and BMI were also included as 

regressors of no interest in these models to control for the effects of factors known to impact 

inflammation and neuroimaging measures.

2.6.2.2. CRP analysis.: CRP was included as a predictor in a second-level regression 

model that examined whole-brain activation for both reward anticipation (10¢ + 50¢ cues) 

versus an implicit baseline and reward attainment (10¢ and 50¢) versus an implicit baseline 

in relation to inflammation; age, sex, and BMI were included as regressors of no interest to 

control for the effects of these factors. Four participants did not have CRP data and thus 

were excluded from the analyses.

All correlational neuroimaging analyses used Threshold-Free Cluster Enhancement (TFCE) 

as implemented in PALM (Winkler et al., 2014), family-wise error (FWE) corrected for 

multiple comparisons (p < .05).

2.6.2.3. ROI analysis.: Four a priori ROIs were created using the WFU Pickatlas 

(Maldjian et al., 2003), including the left and right ACC/MCC, and the left and right basal 

ganglia (including the dorsal and ventral striatum). Marsbar in SPM (Brett et al., 2002) was 

used to extract parameter estimates from each of these ROIs in two contrasts of interest. 

Specifically, at the group level, one-sample t-tests that included age as a covariate examined 

whole-brain activation for reward anticipation (10¢ and 50¢ cues) versus an implicit baseline 

and reward attainment (10¢ and 50¢ outcomes) versus an implicit baseline for the full 

sample of subjects. Parameter estimates were extracted in each ROI (left basal ganglia, right 

basal ganglia, left ACC/ MCC, right ACC/MCC) from the raw data from each of these 

contrasts of interest. Statistical analyses were conducted using SPSS, version 23 (IBM 

Corp., Armonk, NY). Descriptive statistics were used to describe the sample and examine 

the distribution and normality of each of the experimental variables. Due to non-normal data, 

rank-based partial correlations between extracted parameter estimates in each of the ROIs 

and all 40 usable cytokines and CRP were examined in the total sample and the group with 
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psychiatric symptoms only, controlling for age, sex, and BMI, with significance false 

discovery rate (FDR) corrected for multiple comparisons (p < .05) in SPSS (IBM Corp., 

Armonk, NY).

3. Results

3.1. Demographics and clinical characteristics of the sample

The final sample consisted of 46 participants between the ages of 12 and 20 years old, 34 of 

whom had psychiatric symptoms. Of the 34 participants with psychiatric symptoms, 19 had 

a depressive disorder, 19 had an anxiety disorder, 3 had a bipolar spectrum disorder, 10 had 

attention-deficit/hyperactivity disorder (ADHD), and 6 had a behavior disorder. Twelve 

youth did not exhibit symptoms of any psychiatric disorder and had no history of mental 

illness. Demographic and clinical characteristics of the sample are presented in Table 2.

3.2. Whole-brain factor analysis

The factor analysis yielded 4 ‘inflammatory factors.’ The four-component solution from the 

PCA explained 76.4% of the total variance. The complete component loadings and 

communalities of the rotated solution can be seen in Table 3.

3.2.1. Reward anticipation—Across all participants, only factor 3 (FGF-2, Flt3-L, 

fractalkine, GM-CSF, IFN-α2, IFN-γ, IL-3, IL-4, IL-7, IL-17A, MDC, and VEGF) was 

negatively correlated with activity in 3 clusters within the bilateral pre- cuneus/PCC (k = 255 

voxels, MNI X = 4, Y = −74, Z = 24; k = 15 voxels, MNIX =14, Y = −74, Z = 12; k = 2 

voxels, MNIX = 10, Y = −84, Z = 2) during reward anticipation when results were FWE 

corrected for multiple comparisons (p < .05). See Fig. 2 for visual representation. While 

only a single much smaller cluster was significant, results remained unchanged with respect 

to region when healthy individuals with no psychiatric symptoms were excluded from the 

analyses (k = 3 voxels; MNI X = 2, Y = −74, Z = 24).

3.2.2. Reward attainment—Across all participants, only factor 2 (eotaxin, IL-12p40, 

IL-13, IL-15, IL-1α, IL-1Ra, IL-2, IL-5, IL-9, MCP-3, and TNF-β) was negatively 

correlated with activation in a single cluster within the right angular gyrus (k = 128 voxels; 

MNI X = 48, Y = −54, Z = 18) during reward attainment when results were FWE corrected 

for multiple comparisons (p < .05). See Fig. 2 for visual representation. While the cluster 

was smaller, results again remained unchanged when the individuals with no psychiatric 

symptoms were excluded from the analyses (k = 10 voxels; MNI X = 50, Y = −54, Z = 18).

3.3. Whole-brain CRP analysis

3.3.1. Reward anticipation—Contrary to our expectation, there were no correlations 

between whole-brain neural activation during reward anticipation and CRP levels, either in 

the total sample or the participants with psychiatric symptoms alone, when results were 

FWE corrected for multiple comparisons (p < .05).
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3.3.2. Reward attainment—There were also no significant correlations between whole-

brain activation during reward attainment and CRP levels, both in the total sample and the 

psychiatric subgroup, when results were FWE corrected for multiple comparisons (p < .05).

3.4. ROI analysis

3.4.1. Reward anticipation—Only one cytokine was correlated with neural reward 

activation during reward anticipation in the total sample. Eotaxin was negatively correlated 

with activation in the right ACC/MCC (rho (ρ) = −0.57, p < .0005) and right basal ganglia 

(rho (ρ) = −0.52, p < .0005) during reward anticipation. None of the other correlations 

between ROI activation and cytokine or CRP levels in the total sample or the subgroup with 

psychiatric symptoms were significant when results were FDR corrected for multiple 

comparisons (p < .05). Complete correlation results are presented in the Supplementary 

Materials, Tables S1-S4.

3.4.2. Reward attainment—There were no significant correlations between activation 

during reward attainment in the 4 ROIs and any of the cytokines or CRP levels in the total 

sample, when results were FDR corrected for multiple comparisons (p < .05). However, 

when analyses were restricted to only participants with psychiatric symptoms, several 

correlations were significant. Activation in the left basal ganglia during attainment was 

negatively correlated with FGF-2 (rho (ρ) = −0.55, p < .005) and Flt- 3L (rho (ρ) = −0.57, p 
< .0005). Activation in the right ACC/MCC during attainment was negatively correlated 

with Flt-3L (rho (ρ) = −0.56, p < .005). Lastly, activation in the right basal ganglia during 

attainment was negatively correlated with EGF (rho (ρ) = −0.49, p = .01), FGF-2 (rho (ρ) = 

−0.52, p < .005), Flt-3L (rho (ρ) = −0.62, p < .0005), IL-2 (rho (ρ) = −0.55, p < .005), IL-13 

(rho (ρ) = −0.50, p = .01), IL-15 (rho (ρ) = −0.48, p = .01), IL-1Ra (rho (ρ) = −0.56, p < .

005), and MCP-3 (rho (ρ) = −0.49, p = .01). There were no significant correlations between 

activation during reward attainment in the 4 ROIs and CRP levels. Results are presented in 

Supplementary Materials, Tables S1-S4.

4. Discussion

To our knowledge, this is the first study to examine the relationship between peripheral 

inflammation and brain activation during a fMRI reward task in a diverse sample of 

psychotropic medication-free youth with and without psychiatric symptoms. Specifically, we 

used the fMRI RFT to examine neural activation during two reward processes, reward 

anticipation and attainment, in relation to both specific (i.e., cytokine levels) and general 

(i.e., CRP) markers of peripheral inflammation. Overall, our primary hypothesis that 

increased peripheral inflammation would be associated with reduced reward-related brain 

activation during the RFT was partially supported. When we utilized an exploratory whole-

brain PCA approach that clustered specific cytokines into ‘inflammatory factors,’ inverse 

relationships between inflammation and brain activation during both anticipation and 

attainment were found in posterior default mode network (DMN) brain regions such as the 

precuneus/PCC and angular gyrus, respectively. ROI analyses further confirmed that reduced 

activation of fronto-striatal brain regions during reward attainment were associated with 

increased levels of multiple cytokines in youth with diverse psychiatric symptoms. However, 
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when we examined the relationships between a more general marker of peripheral 

inflammation (i.e., CRP) and neural activation during the RFT, our hypothesis was not 

supported; there were no significant relationships between this general marker of 

inflammation and neural activation during either reward anticipation or attainment. These 

results suggest the importance of investigating more specific relationships between 

functional components of the immune system and reward processing in youth. These 

findings are discussed in detail below.

4.1. Immune function and reward processing

Through both data-driven whole-brain PCA, as well as a priori selected fronto-striatal ROI 

analyses, we found that a wide variety of cytokines were associated with neural activation 

during both anticipatory and consummatory reward processing. This is significant, as 

conservative multiple comparison corrections were applied and analyses controlled for 

factors such as age, sex, and BMI, which are known to impact both inflammation and 

neuroimaging markers. Using whole-brain PCA, factor 3, in which 12 cytokines loaded 

(FGF-2, Flt3-L, fractalkine, GM-CSF, IFN-2α2, IFN-γ, IL-3, IL-4, IL-7, IL-17A, MDC, 

and VEGF), was associated with activation in the precuneus/PCC during reward 

anticipation, while factor 2, in which 11 cytokines loaded (eo-taxin, IL-1α, IL-1Rα, IL-2, 

IL-5, IL-9, IL-12P40, IL-13, IL-15, MCP-3, and TNF-β), was associated with activation in 

the angular gyrus during reward attainment. While factors 2 and 3 were associated with 

different regions of brain activation during separate phases of reward processing, it is 

important to note that the cytokines that load onto each of these two factors are similar in 

that the immune functions of both factors are overlapping; for example, the cytokines are 

comparably dispersed into hematopoietic growth factors, chemokines, proinflammatory 

cytokines, and anti-inflammatory cytokines in both factors 2 and 3 (see Fig. 2).

Hematopoietic growth factors (IL-2, IL-3, IL-7, IL-9, IL-12p40, IL-15, IL-17α, FGF-2, 

Flt3-L, VEGF, GM-CSF, TNF-β) typically induce proliferation and maturation of blood 

cells and assist in the initiation of an immune response in the bone marrow. Alternately, 

chemokines, such as fractalkine, MDC, and MCP-3, were also involved and may initiate cell 

migration during an immune reaction. Lastly, both pro-inflammatory (IL-1α, IL-2, IL-3, 

IL-7, IL-5, IL-9, IL-12p40, IL-15, IL-17α, FGF-2, Flt3-L, VEGF, G-CSF, GM-CSF, TNF-β, 

IFN-γ, IFN-α2) and anti-inflammatory (IL-4, IL-10, IL-1Rα, IL-13) cytokines were 

involved, with these cyto-kines initiating or inhibiting an immune response, respectively. 

Therefore, it seems that more than one functional component of the immune system is 

related to neural reward processing—during both anticipation and attainment. This finding 

suggests that the relationships between inflammation and reward dysfunction may be more 

diverse and complicated than previously thought.

In line with the whole-brain findings, the ROI analyses in general also showed that reduced 

reward-related brain activation is associated with increased levels of a functionally diverse 

set of immune components. Importantly, all but one (i.e., EGF) of the immunological 

markers that were associated with fronto-striatal ROI activation were also the same as those 

that loaded onto both significant factors from the whole- brain PCA analyses, factor 2 

(IL-1Rα, IL-2, IL-13, IL-15, and MCP-3) and factor 3 (Eotaxin, FGF-2, Flt-3L). However, 
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unlike the whole-brain results, most of the ROI findings were restricted to the subgroup of 

participants with diverse psychiatric symptoms and the attainment phase of reward 

processing. It is possible that these ROI findings were more restricted and showed fewer 

cytokines from both factors 2 and 3 as significant in part due to the very stringent multiple 

comparisons corrections that controlled for all cytokines in the multiplex panel, thus 

suggesting a need for larger, stronger powered studies.

4.2. Inflammation and default mode network activation

While the ROI findings linking decreased fronto-striatal activation with increased 

inflammation were expected given previous literature (Eisenberger et al., 2010; Felger and 

Lotrich, 2013; Felger et al., 2016), the whole brain PCA analyses yielded surprising findings 

documenting associations between activation of posterior reward-related brain regions that 

function as part of the default mode network (DMN) and cytokine levels. Specifically, we 

found that factor 3 (comprised of FGF- 2, Flt3-L, fractalkine, GM-CSF, IFN-α2, IFN-γ, 

IL-3, IL-4, IL-7, IL-17A, MDC, and VEGF) was negatively correlated with activation of the 

bilateral precuneus/PCC during reward anticipation. Additionally, factor 2 (comprised of 

eotaxin, IL-1α, IL-1Rα, IL-2, IL-5, IL-9, IL-12p40, IL-13, IL-15, MCP-3, and TNF-β) was 

negatively correlated with activation of the right angular gyrus/inferior parietal lobule (IPL) 

during reward attainment. These results suggest that increased peripheral inflammation is 

associated with reduced activation in what is postulated to be the “core hub” of the DMN 

during both anticipatory and consummatory reward processing.

It has been suggested that the “core hub” of the DMN consists of the mPFC, as well as the 

PCC/precuneus and inferior parietal lobule (IPL) (Buckner et al., 2008; Fransson and 

Marrelec, 2008; Utevsky et al., 2014), the latter both of which we see activated less in 

association with increased inflammation. The PCC/precuneus is thought to play an 

especially pivotal role mediating activity within the DMN, as this region has been previously 

found to be the only node within the DMN that directly interacts with all other nodes in the 

network (Fransson and Marrelec, 2008). Typically, the default mode network is thought to 

be activated during periods of rest, with these same regions deactivated during tasks 

requiring cognitive effort (Zhang and Li, 2012). However, this is not always the case, as 

some studies have shown task-related increases in DMN regions (Zhang and Li, 2012). 

Despite these conflicting findings, it is clear that alterations in both resting state and task-

based PCC/precuneus activity and connectivity have been implicated in reward dysfunction 

in youth, including research from our laboratory. Previously, we documented that resting-

state intrinsic functional connectivity of the striatum with the precuneus and IPL were 

correlated with anhedonia severity in depressed adolescents (Gabbay et al., 2013). More 

recently, we found that resting state connectivity of the precuneus with the dorsal ACC was 

positively correlated with kynurenic acid (KA) levels and negatively correlated with 

kynurenine pathway (KP) activity, indexed by the kynurenine (KYN)/tryptophan (TRP) ratio 

(DeWitt et al., 2018).

Studies in adults similarly support our findings. For example, in adults with obsessive-

compulsive disorder (OCD), patients with OCD were found to exhibit decreased activation 

of the PCC/precuneus during monetary reward attainment but increased connectivity 
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between the PCC bilaterally and with the mPFC (Koch et al., 2018). The authors suggested 

that decreased PCC/precuneus activity during reward appraisal could indicate lower levels of 

arousal and responsivity to reward feedback, while the increased connectivity of this region 

with the PFC could indicate more internally focused thought patterns due to these regions 

role in mentation and self-thought (Koch et al., 2018). These results are in line with our own 

that documented decreased activation of the PCC/precuneus in association with higher 

inflammation and together suggest that individuals exhibiting reward dysfunction may show 

a reduced level of arousal in response to both the anticipation and attainment of a reward.

4.3. Clinical significance of immune/reward relations

The current findings, which display the diverse complexity of the associations between 

inflammation and neural reward processing in youth, are an extension of a recently 

published study from our laboratory examining the link between these same markers of 

peripheral inflammation and clinical symptomatology. In this study of a larger, partially 

overlapping sample of youth, our laboratory found that levels of 19 cytokines were 

positively correlated with anhedonia severity, but not other clinical symptoms, such as 

depression severity, anxiety, fatigue, or suicidality in adolescents with diverse psychiatric 

symptoms (Freed et al., 2018). Remarkably, 16 out of the 19 cytokines identified in this 

larger study as being associated with a clinical measure of an-hedonia severity (FGF-2, Flt3-

L, fractalkine, GM-CSF, IL-1α, IL-2, IL-3, IL-4, IL-7, IL-9, IL-12p40, IL-15, IL-17α, 

MCP-3, TNF-β, VEGF) (Freed et al., 2018) overlapped with the results of either the data-

driven whole-brain PCA or ROI analyses in the current investigation that showed an inverse 

association between inflammation and neural reward processing. Only 3 additional cytokines 

(IL-10, IL-12p70, and G-CSF) were identified by Freed et al. (2018) as showing an 

association with anhedonia severity. Together, these findings display the clinical significance 

of the associations between inflammation and neural reward activation. Here, increased 

inflammation was associated with reduced activation of key reward-related brain regions, 

which in combination with the findings of Freed et al. (2018), may also suggest that this 

neural dysfunction manifests clinically as anhedonia, even across diagnostic categories. Our 

findings implicating inflammation in the development of anhedonia add to the current notion 

that the pathophysiology of depression is complex, involving not only monoamine 

dysfunction but also the hypothalamic-pituitaryadrenal axis stress response, changes in 

neuroplasticity, mitochondrial dysfunction, and neuroimmunological pathways (see Ferrari 

and Villa, 2017 for a review of the neurobiology of depression). Further examining specific 

symptoms dimensionally across diagnostic categories using similar RDoC methods may 

facilitate our understanding of heterogeneous psychiatric disorders such as depression as a 

whole.

4.4. Mechanisms of immune/reward dysfunction

There is extensive evidence to support the notion that peripheral inflammation could extend 

to the brain and affect neural circuits and subsequent behavioral patterns. Cytokines are 

thought to cross the blood-brain barrier (BBB) through multiple pathways, such as by 

passive transport at circumventricular sites lacking a BBB, by binding to cerebral vascular 

endothelium and inducing secondary messengers such as prostaglandins and nitric oxide, 

through carrier-mediated transport across the BBB, and by activation of peripheral afferent 
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nerve terminals (Cserr et al., 1992; Dantzer, 2009; Dantzer et al., 1998; Pollmacher et al., 

2002; Watkins et al., 1995). Furthermore, recent evidence of a central nervous system (CNS) 

lymphatic system capable of shuttling cytokines and kynurenine pathway (KP) metabolites 

across the BBB (Louveau et al., 2015) gives further support for the idea that peripheral 

inflammation could extend to the brain. Specifically, Louveau et al. (2015) discovered 

lymphatic vessels that line the dural sinuses and are connected to cervical lymph nodes, 

which are capable of shuttling immune cells to cerebrospinal fluid. Previously, it has been 

hypothesized that the neuroimmune KP is the mechanism through which inflammation 

impacts reward processing in the brain, and the discovery of this CNS lymphatic system 

further supports the viability of this hypothesis.

The KP is activated by the enzyme indoleamine 2,3-dioxygenase (IDO), which is induced by 

pro-inflammatory cytokines and metabolizes tryptophan (TRP), the precursor of serotonin, 

into either neuro-trophic (e.g., kynurenic acid) or neurotoxic factors (e.g., quinolinic acid). 

Both neuroimaging and clinical behavioral work have supported the specific link between 

the KP and reward dysfunction. For example, in depressed adults, IDO levels were related to 

striatal volumes (Savitz et al., 2015a). Additionally, neurotoxic KP metabolites were related 

to mPFC thickness (Meier et al., 2016) in depressed adults and to amygdala and 

hippocampal volumes in bipolar and depressed adults (Savitz et al., 2015a; Savitz et al., 

2015b). Furthermore, our own laboratory documented multiple relationships between the KP 

and reward dysfunction in youth. For example, we found increased IDO levels (kynurenine 

[KYN]/tryptophan ratio) in melancholic, depressed adolescents (Gabbay et al., 2010), as 

well as positive correlations between IDO levels (KYN/TRP) and anhedonia severity in 

depressed adolescents (Gabbay et al., 2012). Moreover, we found that IDO levels (KYN/

TRP) were related to suicidality, specifically in depressed adolescents (Bradley et al., 2015), 

and KA and the KA/QUIN ratio were related to resting state connectivity of reward-related 

brain regions such as the anterior cingulate cortex (ACC), precuneus, medial prefrontal 

cortex (mPFC), and inferior temporal gyrus in youth (DeWitt et al., 2018).

Despite that all of these studies provide strong support for a link between inflammatory 

processes and neural reward dysfunction via the KP, it is important to note that causal 

mechanisms cannot be extrapolated from these correlational associations. It is also possible 

that increased inflammation could instead be a consequence of neural dysfunction in 

individuals with psychiatric symptoms rather than the cause of it. This issue requires further 

investigation to better understand whether inflammation induces neural alterations or rather 

that inflammation is a consequence of neural alterations that are the result of psychiatric 

illness.

4.5. Limitations

Despite the novelty and importance of the current investigation, the findings should be 

interpreted in light of several limitations. The relatively small sample size (n = 46), along 

with the use of stringent multiple comparisons corrections in all analyses may have 

prevented smaller associations between inflammation and neural activation from being 

detected. Additionally, due to the relatively small sample size, not all biological and health 

factors that affect inflammation could be controlled (e.g., menstrual cycle stage, exercise, 
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sedentary behavior, diet, stress, sleep, etc.). Lastly, due to higher motion, some of our very 

young adolescents had to be excluded due to lack of high quality imaging data for analysis. 

Larger replication studies of adolescents displaying a wide range of anhedonia and reward 

deficits are thus necessary to further examine the relationship between inflammation and 

reward processing, while controlling for additional health and lifestyle factors.

5. Conclusion

In conclusion, this is the first study that examined the relationship between peripheral 

inflammation and neural activation during distinct phases of reward processing in 

psychotropic medication-free youth with diverse psychiatric symptoms. Importantly, we 

found evidence for an inverse relationship between both fronto-striatal and more posterior 

DMN activation during reward processing and inflammation. Given the large number of 

cytokines from different functional classes, including pro-inflammatory cytokines, anti-

inflammatory cytokines, chemokines, and hematopoietic growth factors, that were 

associated with patterns of neural activation, this study provides additional evidence linking 

multiple functional components of the immune system to reduced neural activation of the 

posterior core hub of the DMN during both anticipatory and consummatory phases of 

reward processing in youth, which may suggest lower levels of arousal and reward 

responsivity in these individuals. These findings thus underscore the need for future studies 

that use similar data-driven modeling techniques to better understand the mechanisms 

underlying the relationships between the many functional components of the immune system 

and patterns of neural activation and connectivity that contribute to reward dysfunction in 

youth.
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Fig. 1. 
Reward Flanker Task (RFT). This figure depicts an example trial of the RFT.
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Fig. 2. 
Peripheral Inflammation and Neural Activation. This figure depicts the results of the whole-

brain principle component analysis. Factor 3 was negatively correlated with activation of the 

bilateral precuneus/posterior cingulate cortex (PCC) during reward anticipation [k = 255 

voxels, MNI X = 4, Y = −74, Z = 24; k = 15 voxels, MNI X = 14, Y = −74, Z = 12; k = 2 

voxels, MNI X = 10, Y = −84, Z = 2]. Factor 2 was negatively correlated with activation of 

the right angular gyrus during reward attainment [k = 128 voxels; MNI X = 48, Y = −54, Z = 

18]. Abbreviations: FGF = fibroblast growth factor; Flt3-L = FMS-like tyrosine kinase 3- 

ligand; GM-CSF = granulocyte-macrophage colony-stimulating factor; IFN = interferon; IL 

= interleukin; MCP = monocyte chemotactic protein; MDC = macrophage-derived 

chemokine; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor.

Bradley et al. Page 21

Brain Behav Immun. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bradley et al. Page 22

Ta
b

le
 1

C
yt

ok
in

es
, A

bb
re

vi
at

io
ns

, a
nd

 D
es

cr
ip

tiv
e 

St
at

is
tic

s.

C
yt

ok
in

es
A

bb
re

vi
at

io
n

M
ea

n 
(S

D
)

R
an

ge

E
pi

de
rm

al
 g

ro
w

th
 f

ac
to

r
E

G
F

31
7.

91
 (

38
0.

71
)

17
.0

0–
15

99
.2

5

E
ot

ax
in

E
ot

ax
in

12
0.

08
 (

13
6.

27
)

19
.0

0–
86

1.
50

Fi
br

ob
la

st
 g

ro
w

th
 f

ac
to

r-
2

FG
F-

2
22

.1
1 

(1
0.

49
)

9.
25

–6
0.

75

FM
S-

lik
e 

ty
ro

si
ne

 k
in

as
e 

3-
lig

an
d

Fl
t3

-L
27

.9
1 

(9
.1

1)
10

.0
0–

46
.5

0

Fr
ac

ta
lk

in
e

Fr
ac

ta
lk

in
e

20
.5

1 
(6

.9
2)

8.
50

–3
8.

50

G
ra

nu
lo

cy
te

-m
ac

ro
ph

ag
e 

co
lo

ny
-s

tim
ul

at
in

g 
fa

ct
or

G
M

-C
SF

26
.4

1 
(1

2.
31

)
10

.5
0–

62
.0

0

G
ra

nu
lo

cy
te

 c
ol

on
y-

st
im

ul
at

in
g 

fa
ct

or
G

-C
SF

30
.4

1 
(1

8.
77

)
7.

00
–8

5.
50

G
ro

w
th

 r
eg

ul
at

ed
 o

nc
og

en
e

G
R

O
26

10
.9

3 
(3

61
2.

34
)

25
.0

0–
10

88
3.

50

In
te

rf
er

on
-a

lp
ha

 2
IF

N
-α

2
29

.1
0 

(2
2.

26
)

10
.0

0–
15

6.
50

In
te

rf
er

on
-g

am
m

a
IF

N
-γ

47
.4

0 
(5

1.
05

)
11

.0
0–

27
8.

50

In
te

rl
eu

ki
n-

1 
al

ph
a

IL
-1
α

37
.9

3 
(2

2.
28

)
12

.0
0–

12
2.

00

In
te

rl
eu

ki
n-

1 
be

ta
IL

-1
β

15
1.

48
 (

80
0.

53
)

11
.5

0–
54

57
.5

0

In
te

rl
eu

ki
n-

1 
re

ce
pt

or
 a

nt
ag

on
is

t
IL

-1
R
α

84
.0

3 
(1

65
.0

7)
15

.0
0–

98
9.

00

In
te

rl
eu

ki
n-

2
IL

-2
52

.4
2 

(2
5.

63
)

11
.5

0–
14

2.
00

In
te

rl
eu

ki
n-

3
IL

-3
25

.6
6 

(1
0.

01
)

11
.0

0–
61

.5
0

In
te

rl
eu

ki
n-

4
IL

-4
30

.3
2 

(3
0.

06
)

11
.5

0–
16

9.
00

In
te

rl
eu

ki
n-

5
IL

-5
47

.1
0 

(1
02

.1
5)

8.
00

–6
55

.7
5

In
te

rl
eu

ki
n-

6
IL

-6
23

4.
68

 (
11

59
.8

5)
12

.0
0–

78
64

.5
0

In
te

rl
eu

ki
n-

7
IL

-7
21

.4
2 

(8
.7

2)
9.

75
–4

3.
50

In
te

rl
eu

ki
n-

8
IL

-8
64

7.
21

 (
22

78
.0

1)
30

.5
0–

11
21

9.
00

In
te

rl
eu

ki
n-

9
IL

-9
35

.2
7 

(2
6.

69
)

13
.0

0–
14

0.
00

In
te

rl
eu

ki
n-

10
IL

-1
0

31
.5

3 
(3

1.
23

)
11

.5
0–

19
4.

75

In
te

rl
eu

ki
n-

12
p4

0
IL

-1
2p

40
30

.1
3 

(2
3.

45
)

11
.5

0–
11

6.
50

In
te

rl
eu

ki
n-

12
p7

0
IL

-1
2p

70
23

.3
6 

(1
6.

69
)

7.
50

–1
14

.2
5

In
te

rl
eu

ki
n-

13
IL

-1
3

88
.6

1 
(2

14
.8

6)
11

.5
0–

13
26

.7
5

In
te

rl
eu

ki
n-

15
IL

-1
5

29
.8

3 
(2

3.
40

)
11

.7
5–

13
1.

00

In
te

rl
eu

ki
n-

17
A

IL
-1

7A
50

.2
4 

(4
4.

66
)

18
.7

5–
20

7.
00

In
te

rf
er

on
 g

am
m

a-
in

du
ce

d 
pr

ot
ei

n-
10

IP
-1

0
37

5.
83

 (
35

7.
06

)
60

.7
5–

20
31

.5
0

Brain Behav Immun. Author manuscript; available in PMC 2019 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bradley et al. Page 23

C
yt

ok
in

es
A

bb
re

vi
at

io
n

M
ea

n 
(S

D
)

R
an

ge

M
on

oc
yt

e 
ch

em
ot

ac
tic

 p
ro

te
in

-1
M

C
P-

1
87

0.
82

 (
18

65
.5

0)
49

.5
0–

12
72

7.
00

M
on

oc
yt

e 
ch

em
ot

ac
tic

 p
ro

te
in

-3
M

C
P-

3
17

4.
45

 (
52

4.
36

)
10

.0
0–

33
85

.2
5

M
ac

ro
ph

ag
e-

de
ri

ve
d 

ch
em

ok
in

e
M

D
C

52
6.

23
 (

27
0.

40
)

17
5.

50
–1

08
1.

50

M
ac

ro
ph

ag
e 

in
fl

am
m

at
or

y 
pr

ot
ei

n-
1 

al
ph

a
M

IP
-1
α

41
5.

11
 (

21
97

.2
0)

10
.0

0–
14

76
8.

75

M
ac

ro
ph

ag
e 

in
fl

am
m

at
or

y 
pr

ot
ei

n-
1 

be
ta

M
IP

-1
β

28
9.

68
 (

14
27

.2
5)

17
.5

0–
97

29
.2

5

Pl
at

el
et

-d
er

iv
ed

 g
ro

w
th

 f
ac

to
r-

A
A

PD
G

F-
A

A
40

70
.6

1 
(4

93
9.

07
)

26
8.

25
–1

57
80

.5
0

Pl
at

el
et

-d
er

iv
ed

 g
ro

w
th

 f
ac

to
r-

A
B

/B
B

PD
G

F-
A

B
/B

B
93

2.
22

 (
15

27
.6

5)
21

.2
5–

62
48

.5
0

R
eg

ul
at

ed
 o

n 
ac

tiv
at

io
n,

 n
or

m
al

 T
 c

el
l e

xp
re

ss
ed

 a
nd

 s
ec

re
te

d
R

A
N

T
E

S
64

93
.2

0 
(5

57
0.

48
)

52
0.

25
–1

93
76

.2
5

So
lu

bl
e 

cl
us

te
r 

of
 d

if
fe

re
nt

ia
tio

n 
40

 li
ga

nd
sC

D
40

L
10

39
.7

0 
(1

62
8.

91
)

32
.2

5–
60

37
.0

0

T
ra

ns
fo

rm
in

g 
gr

ow
th

 f
ac

to
r-

al
ph

a
T

G
F-
α

33
.5

1 
(2

7.
37

)
13

.0
0–

15
2.

50

T
um

or
 n

ec
ro

si
s 

fa
ct

or
-a

lp
ha

T
N

F-
α

16
0.

85
 (

51
3.

62
)

25
.0

0–
35

10
.0

0

T
um

or
 n

ec
ro

si
s 

fa
ct

or
-b

et
a

T
N

F-
β

85
.1

3 
(1

95
.3

6)
10

.0
0–

12
41

.2
5

V
as

cu
la

r 
en

do
th

el
ia

l g
ro

w
th

 f
ac

to
r

V
E

G
F

36
.3

5 
(4

6.
84

)
12

.5
0–

32
5.

00

Brain Behav Immun. Author manuscript; available in PMC 2019 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bradley et al. Page 24

Table 2

Demographic and Clinical Characteristics of the Study Sample.

Demographic Variables Sample (n = 46)

Age [mean ± SD] (Range) 16.43 ± 2.24 (12–20)

Sex [n female] (%) 25 (54%)

Ethnicity [n] (%)

Caucasian 19 (41%)

African American 17 (37%)

Asian 1 (2%)

Other 9 (20%)

Clinical Variables

 [mean ± SD] (Range)

SHAPS 22.49 ± 6.42 (14–38)

CDRS-R 31.80 ± 15.69 (17–78)

BDI-II 10.09 ± 11.16 (0–47)

BSSI 1.98 ± 3.71 (0–15)

MASC Total 37.25 ± 18.67 (2–78)

Illness History

No history of psychiatric illness [n] (%) 12 (26%)

Psychiatric symptoms [n] (%) 34 (74%)

Depressive disorder 19 (56%)

Bipolar disorder 3 (9%)

Anxiety disorder 19 (56%)

ADHD 10 (29%)

Behavior disorder 6 (18%)

Abbreviations: ADHD = attention-deficit/hyperactivity disorder; BDI-II = Beck Depression Inventory, Second Edition; BSSI = Beck Scale of 
Suicidal Ideation; CDRS-R = Children’s Depression Rating Scale-Revised; MASC = Multidimensional Anxiety Scale for Children; Snaith-
Hamilton Pleasure Scale.
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Table 3

Factor Loadings for Principle Component Analysis (PCA).

Cytokine Components

1 2 3 4 Communalities

EGF 0.332 0.840 0.830

Eotaxin 0.882 0.794

FGF-2 0.548 0.679 0.853

Flt3-L 0.546 0.451

Fractalkine 0.535 0.659 0.754

GM-CSF 0.559 0.736 0.874

GRO 0.937 0.890

IFN-α2 0.341 0.140

IFN-γ 0.448 0.676 0.715

IL-10 0.779 0.499 0.912

IL-12P40 0.332 0.784 0.311 0.822

IL-12P70 0.816 0.518 0.952

IL-13 0.873 0.809

IL-15 0.384 0.831 0.926

IL-17A 0.478 0.568 0.589

IL-1α 0.515 0.712 0.349 0.894

IL-1β 0.980 0.968

IL-1Rα 0.373 0.886 0.937

IL-2 0.606 0.539 0.731

IL-3 0.330 0.559 0.445

IL-4 0.518 0.327

IL-5 0.953 0.919

IL-6 0.983 0.976

IL-7 0.360 0.322 0.556 0.502 0.795

IL-8 0.741 0.557

IL-9 0.822 0.357 0.842

IP-10 0.762 0.335 0.721

MCP-1 0.958 0.939

MCP-3 0.957 0.924

MDC 0.346 0.147

MIP-1α 0.981 0.972

MIP-1β 0.979 0.970

PDGF-AA 0.954 0.929

PDGF-AB/BB 0.856 0.739

RANTES 0.666 0.469

sCD40L 0.941 0.897

TGF-α 0.661 0.533 0.834
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Cytokine Components

1 2 3 4 Communalities

TNF-α 0.982 0.982

TNF-β 0.981 0.969

VEGF 0.567 0.374

Note: Table displays the rotated structure matrix for PCA with varimax rotation and 4 components. Major loadings for each cytokine are bolded.

Abbreviations: EGF = epidermal growth factor; FGF = fibroblast growth factor; Flt3-L = FMS- like tyrosine kinase 3-ligand; GM-CSF = 
granulocyte-macrophage colony-stimulating factor; GRO = growth regulated oncogene; IFN = interferon; IL = interleukin; IP = interferon gamma-
induced protein; MCP = monocyte chemotactic protein; MDC = macrophage-derived chemokine; MIP = macrophage inflammatory protein; PDGF 
= platelet-derived growth factor; RANTES = regulated on activation, normal T cell expressed and secreted; sCD40L = soluble cluster of 
differentiation 40 ligand; TGF = transforming growth factor; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor.

Brain Behav Immun. Author manuscript; available in PMC 2019 August 01.


	Abstract
	Introduction
	Methods
	Participants
	Procedures
	Behavioral assessments
	Multiplex analysis of immune biomarkers
	Reward Flanker Task (RFT)
	MRI acquisition and analysis
	Image acquisition
	Image analysis
	Factor analysis.
	CRP analysis.
	ROI analysis.



	Results
	Demographics and clinical characteristics of the sample
	Whole-brain factor analysis
	Reward anticipation
	Reward attainment

	Whole-brain CRP analysis
	Reward anticipation
	Reward attainment

	ROI analysis
	Reward anticipation
	Reward attainment


	Discussion
	Immune function and reward processing
	Inflammation and default mode network activation
	Clinical significance of immune/reward relations
	Mechanisms of immune/reward dysfunction
	Limitations

	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Table 1
	Table 2
	Table 3

