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Abstract

Psychological stress is implicated in the etiology of many common chronic diseases and mental 

health disorders. Recent research suggests that inflammation may be a key biological mediator 

linking stress and health. Nevertheless, the neurocognitive pathways underlying stress-related 

increases in inflammatory activity are largely unknown. The present study thus examined 

associations between neural and inflammatory responses to an acute laboratory-based social 

stressor. Healthy female participants (n = 31) were exposed to a brief episode of stress while they 

underwent an fMRI scan. Blood samples were taken before and after the stressor, and plasma was 

assayed for markers of inflammatory activity. Exposure to the stressor was associated with 

significant increases in feelings of social evaluation and rejection, and with increases in levels of 

inflammation. Analyses linking the neural and inflammatory data revealed that heightened neural 

activity in the amygdala in response to the stressor was associated with greater increases in 

inflammation. Functional connectivity analyses indicated that individuals who showed stronger 

coupling between the amygdala and the dorsomedial prefrontal cortex (DMPFC) also showed a 

heightened inflammatory response to the stressor. Interestingly, activity in a different set of neural 

regions was related to increases in feelings of social rejection. These data show that greater 

amygdala activity in response to a stressor, as well as tighter coupling between the amygdala and 

the DMPFC, are associated with greater increases in inflammatory activity. Results from this 
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study begin to identify neural mechanisms that might link stress with increased risk for 

inflammation-related disorders such as cardiovascular disease and depression.
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1. Introduction

Psychological stress is implicated in the onset and progression of many common and costly 

chronic diseases, including cardiovascular disease, chronic pain conditions, and major 

depressive disorder (Cohen et al., 2007; Kendler et al., 1999; Steptoe and Kivimäki, 2012). 

An emerging body of evidence suggests that inflammation may be a key biological 

mechanism by which stress affects health (Baker et al., 2012; Miller et al., 2009; Slavich et 

al., 2010). Indeed, psychological stressors can induce increases in inflammation (Slavich and 

Irwin, 2014; Kiecolt-Glaser et al., 2003; Rohleder, 2014; Steptoe et al., 2007), which might 

contribute to the development of disease (Capuron and Miller, 2004; Choy and Panayi, 

2001; DellaGiola and Hannestad, 2010; Raison and Miller, 2013; The Emerging Risk 

Factors Collaboration, 2010). Despite this growing literature linking stress, inflammation, 

and poor health, little is known about the neurocognitive mechanisms that underlie stress-

induced changes in inflammatory activity.

Given our limited knowledge of the neural mechanisms linking stress and inflammation, the 

aim of the present study was to examine neural and inflammatory responses to a social 

stressor. We hypothesized that greater activity in neural regions known to activate during 

threatening experiences, including the amygdala, the dorsal anterior cingulate cortex 

(dACC), and the periaqueductal gray (PAG), would be associated with increases in 

inflammation. This hypothesis was based in part on animal research suggesting a critical 

role for these threat-related brain regions in translating stress into inflammatory-related 

conditions. For example, lesions to the amygdala or the anterior cingulate prevent stress 

from exacerbating inflammatory-induced gastric pathology, while electrical stimulation of 

these regions leads to heightened inflammatory-related symptoms (Henke, 1982). 

Furthermore, human neuroimaging research suggests that these regions are often activated 

during tasks that involve processing social threats (e.g., threatening facial expressions, social 

rejection; (Eisenberger, 2012; Kross et al., 2011; Whalen et al., 2001), and social stressors 

are among the most potent psychological activators of inflammatory responses (Dickerson et 

al., 2009; Murphy et al., 2013; Sheridan et al., 2000). Finally, the dACC and amygdala have 

dense anatomical projections to regions that play a role in inflammatory responding (e.g., 

hypothalamus, brainstem; Eisenberger and Cole, 2012; Irwin and Cole, 2011), thus 

providing further evidence that they may play a role in stress-induced inflammation.

In addition to testing whether activation of threat-related neural regions may be related to 

inflammatory responses to stress, we also examined if functional connectivity between these 

regions and pre-frontal cortical structures may be related to stress-induced changes in 

inflammation. In animal work, stimulation of a region analogous to the human dorsomedial 
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prefrontal cortex (DMPFC) has been shown to amplify transient amygdala responses to 

threat (Burgos-Robles et al., 2009), providing evidence of an “aversive amplification 

circuit” involving DMPFC–amygdala coupling (Robinson et al., 2012). Furthermore, a 

growing body of human research suggests that there is increased functional connectivity 

between DMPFC and threat-related limbic structures during negative emotional states and 

among individuals with mood disorders (Etkin et al., 2011). This raises the intriguing 

possibility that greater functional connectivity between the DMPFC and amygdala during 

stress may also be related to heightened inflammatory responses.

To investigate the relationships between threat-related neural activity, as well as functional 

connectivity, and inflammatory responses to stress, healthy young women (N = 31) were 

scanned using fMRI while they were exposed to an acute episode of social stress. Blood 

samples taken before and after the stressor were assayed for levels of the inflammatory 

cytokines interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α). Both of these 

inflammatory cytokines are activated in response to stress (Rohleder, 2014; Steptoe et al., 

2007), and are associated with chronic disease and depression (Choy and Panayi, 2001; 

Howren et al., 2009). We hypothesized that greater activity in neural regions often 

associated with processing threat (i.e., the amygdala) would be associated with greater 

inflammatory responses to the stressor. We also explored the possibility that stronger 

functional connectivity between threat-related neural regions (i.e., the amygdala) and 

cortical regions implicated in sustaining threat responses (i.e., DMPFC) would be associated 

with heightened inflammatory activity. We focused this investigation on women, given that 

females are at heightened risk for developing inflammatory-related diseases (e.g., 

depression, rheumatoid arthritis; Nolen-Hoeksema, 2001; Tengstrand et al., 2004), are more 

sensitive to the negative effects of social stress (Stroud et al., 2011, 2002), and may be more 

likely to show an exaggerated inflammatory response to a stressor (Prather et al., 2009; 

Rohleder et al., 2001; Steptoe et al., 2002).

2. Methods and materials

2.1. Participants

Participants were 31 healthy young-adult females (M age = 19 years; Range = 18–22 years). 

The sample self-identified as 32% Asian/Asian American, 23% Hispanic/Latina, 22% 

Mixed/Other, 13% African American, and 10% White. All participants provided written 

informed consent, and procedures were approved by the UCLA Institutional Review Board. 

Participants were paid $135 for participating.

2.2. Procedure

Interested participants responded to an advertisement for a study on “how the brain and 

body respond to first impressions.” Prospective participants were screened via telephone, 

and excluded from further participation if they endorsed any of the following exclusionary 

criteria: acute cold or flu symptoms during the fMRI session, current or prior chronic 

physical illness, current or lifetime history of Axis-I psychiatric disorder, allergies or 

autoimmune diseases; major sleep disturbance in the past six weeks; tobacco use; current 

prescription medication use, including hormonal birth control; excessive caffeine use (i.e., 
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>8 caffeinated beverages per day), Body Mass Index over 30, left-handed, claustrophobic, or 

metal in the body.

Participants who met all inclusionary criteria were then invited to the lab where we 

confirmed their psychiatric status using the Structured Clinical Interview for DSM-IV Axis I 

Disorders (First et al., 1995). Next, participants completed a video recorded “impressions 

interview” that lasted approximately ten minutes, in which they responded to questions such 

as “What would you most like to change about yourself?” and “What are you most proud 

of?” Participants were told that in the next session for the study, they would meet another 

participant, and the experimenters would choose one person to form an impression of the 

other based on the video of the interview. Meanwhile, the other person would be scanned 

while they saw the impression being formed of them.

The fMRI session occurred within 2 days of the interview session. Upon arrival at the 

scanner, participants met a female confederate, whom they believed was also participating in 

the study. After a brief introduction, participant and confederate were taken to separate 

testing rooms where a nurse inserted an indwelling catheter into the participant’s left (non-

dominant) forearm, through which blood samples were taken. Following at least 45 min of 

acclimation time, a first baseline blood sample was taken (approximately 55 min before the 

stressor).

Following the blood collection, participant and confederate were reunited and told that the 

experimenters had decided that the confederate was going to watch the participant’s video 

and form an impression of her, while the participant would undergo the fMRI scan and view 

the confederate’s impressions. After being familiarized with the impression formation task 

(see below), a second baseline blood sample was drawn (approximately 35 min prior to the 

stressor). Next, the confederate was seated in front of a computer screen in the scanner 

control room, while the participant was set up in the scanner. Following structural scans, the 

confederate supposedly evaluated the participant’s interview, and the participant received 

feedback about how she was supposedly coming across. Participants also viewed the 

confederate’s feedback about a nature video (not included in the present study). After the 

scan, the participant returned to the testing room to complete questionnaires; additional 

blood samples were collected 30, 60, and 90 min after the termination of the stressor. After 

the final sample, participants were probed regarding any suspicion about the cover story, and 

were fully debriefed. No participants indicated that they thought the feedback was fake or 

that the confederate was a member of our research team.

2.3. fMRI social stress task

We induced social stress using procedures similar to those in a prior study (Eisenberger et 

al., 2011). Briefly, during the scan, participants viewed a video of a mouse cursor moving 

around a screen that displayed 24 “adjective buttons”, which they believed was a live 

interface of the confederate’s impressions of their interview. Feedback adjectives were 

divided into one-third positive (e.g., “intelligent”), one-third neutral (e.g., “practical”), and 

one-third negative words (e.g., “annoying”). The cursor selected (by depressing) a new 

adjective button every 11–12 s (see Fig. 1). Over the course of the scan, participants 

received positive, neutral, and negative feedback (15 “trials” of each valence), and every 

Muscatell et al. Page 4

Brain Behav Immun. Author manuscript; available in PMC 2015 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



time an adjective was selected, participants responded to the question “How do you feel?” 

using a button box with 4 buttons (1 = really bad, 4 = really good; reverse-coded for 

analyses). The feedback task was preceded and followed by a fixation crosshair (10 s each), 

which formed the implicit baseline.

2.4. Self-reports of social evaluation and social rejection

Participants were asked five questions before and after the scan, which served as measures 

of social evaluation and social rejection. Participants indicated the extent to which they felt 

“evaluated” and “judged” by the confederate, on a seven-point scale (1 = not at all, 7 = very 

much), which were combined to form a measure of feelings of evaluation (α = .84). 

Participants also indicated the extent to which they agreed with the following statements (1 

= not at all, 7 = very much): “I feel like the other participant likes me; I feel like the 

participant has a positive impression of my interview; I feel the other participant accepts 

me.” Responses to these three items were reverse coded (i.e., so higher number indicate 

greater feelings of rejection) and combined to form a measure of social rejection perception 

(α = .88). Changes in self-reported feelings of social evaluation and rejection were 

marginally significantly correlated (r = .317, p = .082).

2.5. Inflammatory responses

Inflammatory responses were assessed at two baseline (BL) time points prior to the stressor 

and three time points after the stressor. Blood was drawn into EDTA Vacutainer tubes, held 

on ice until the completion of all blood draws, then centrifuged for collection of plasma and 

frozen at −80 °C until assays were performed. Concentrations of IL-6 and TNF-α were 

measured in duplicate using high sensitivity enzyme-linked immunosorbent assays (ELISAs; 

R&D Systems, Minneapolis, MN) according to the manufacturer’s protocols; all samples 

from a single participant were assayed on the same plate. The lower limit of detection for 

these assays is 0.2 pg/mL and 0.5 pg/mL for IL-6 and TNF-α, respectively.1 Within- and 

between-assay coefficients of variation were <9% for both IL-6 and TNF-α ELISAs. All 

cytokine data were positively skewed, so raw values were log transformed to normalize the 

distribution prior to statistical testing. Though log transformed values were used in statistical 

analyses, raw mean and median values are reported in text for ease of interpretation. 

Analyses linking the neural and inflammatory data focus exclusively on cytokines that 

showed a significant change in response to the task.

2.6. fMRI image acquisition

Imaging data were acquired using a Siemens Trio 3.0 Tesla MRI scanner at the UCLA 

Staglin Center for Cognitive Neuroscience. First, we acquired a T1-weighted MPRAGE 

anatomical image for functional image registration and normalization (slice thickness = 1 

mm, 176 slices, TR = 2300 ms, TE = 2.98 ms, flip angle = 9 degrees, matrix = 256 × 256, 

FOV = 256 mm). Then, we acquired 288 functional T2-weighted EPI volumes, during the 

1Two TNF-α samples (one at the BL1 time point, one at the 60 min time point) were below the detectable limit of the assay, and were 
thus set to half of the lower limit of detection (.25), a commonly-used approach for dealing with such values (LaFleur et al., 2011). 
Furthermore, we were unable to obtain a blood sample for one participant at the 60-min time point due to difficulty with the 
indwelling catheter.
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stress task (slice thickness = 3 mm, gap = 1 mm, TR = 2000 ms, TE = 25 ms, flip angle = 90 

degrees, matrix = 64 × 64, FOV = 200 mm.

2.7. Data analysis

Neuroimaging data were pre-processed and analyzed using Statistical Parametric Mapping 

(SPM8; Wellcome Department of Cognitive Neurology, London, UK). Pre-processing 

included image realignment to correct for head motion, normalization into Montreal 

Neurologic Institute space (resampled at 3 × 3 × 3 mm), and spatial smoothing using an 8 

mm Gaussian kernel, full width at half maximum, to increase signal-to-noise ratio. All 

imaging coordinates are reported in Montreal Neurological Institute (MNI) format.

Following pre-processing, a general linear model was constructed for each participant. The 

selection of each feedback word (lasting 3 s) and the subsequent 8–9 s (until the next word 

was selected) were modeled as a block, and were convolved with a canonical hemodynamic 

response function. Our regressor-of-interest coded for the type of feedback presented 

(positive, neutral, negative), and we included the six motion parameters as covariates. For 

each model, the time series was high-pass filtered using a 128 Hz function, and serial 

autocorrelation was modeled as an AR(1) process. For the current study, we focused on 

neural activity during the negative feedback trials compared to the neutral feedback trials. 

Following estimation, we computed linear contrasts for each participant that compared 

BOLD signal during the negative feedback trials to BOLD signal during neutral feedback. 

Contrast images for each participant were then entered into random effect analyses at the 

group level for statistical inference.

Functional connectivity analyses were conducted using a generalized psychophysiological 

interaction analysis (gPPI; McLaren et al., 2012), with left and right amygdala anatomical 

regions-of-interest (ROIs) as seeds. At the individual subject level, we extracted a 

deconvolved time course averaged across voxels in each amygdala ROI. This time course 

was then included in a generalized PPI model, together with a PPI regressor for each of the 

variables of interest (i.e., negative feedback, neutral feedback), as well as motion 

parameters. The resulting PPI connectivity estimates were then taken to the group level, 

where we conducted an independent samples t-test, in which we grouped participants into 

“high responder” and “low responder” groups (based on a median split of inflammatory 

responses), and examined differences in PPI connectivity between the groups. This analysis 

allowed us to determine which neural regions were correlated with the time course of 

activity in the amygdala, during negative feedback > neutral feedback, for those who 

showed a higher inflammatory responses to the social stressor compared to those who 

showed a smaller change in inflammation.

A statistical threshold of p < .005, 40 voxels, which corresponds to a false-discovery rate of .

05, as determined by Monte Carlo simulations conducted in the AFNI program 3dClustSim 

(parameters: individual voxel p-value = 0.005; 10,000 simulations; FWHM 8 mm in each 

direction x, y, and z; whole-brain mask including 44,428 resampled voxels), was used for all 

main-effect analyses and regressions with self-report data. For analyses involving the 

inflammatory data, we used a more liberal threshold of p < .005, 10 voxels. Given that this is 

the first study to examine neural and inflammatory responses to a social stressor, and the 

Muscatell et al. Page 6

Brain Behav Immun. Author manuscript; available in PMC 2015 March 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



difficulty of comparing neural activity at one point in time with peripheral biological 

responses collected hours later, using a more liberal threshold allowed us to increase 

sensitivity for detecting any relations between neural activity and inflammatory responses.

3. Results

3.1. Manipulation check

To ensure that participants felt worse in response to receiving negative feedback compared 

to positive or neutral feedback, we examined their ratings of how they felt after each 

adjective was selected. As expected, there was a significant effect of feedback valence on 

these ratings, F(2,60) = 240.42, p < .001, such that participants felt significantly worse in 

response to receiving negative feedback (M = 3.27, SD = .51) compared to neutral feedback 

(M = 1.97, SD = .37, t(30) = 15.15, p < .001) or positive feedback (M = 1.40, SD = .41, t(30) 

= 16.95, p < .001). Participants also felt worse after receiving neutral feedback, compared to 

positive feedback, t(30) = 9.71, p < .001.

3.2. Psychological responses to the stressor

Next, we examined if the stressor led to changes in feelings of evaluation and perceptions of 

social rejection. Participants reported feeling significantly more evaluated following the 

stressor (pre-stress M = 2.87, SD = 1.85; post-stress M = 4.97, SD = 1.41 t(30) = −8.14, p<.

001). Participants also reported feeling significantly more socially rejected following the 

stressor (pre-stress M = 2.62, SD = .80; post-stress M = 3.52, SD = .95 t(30) = −4.07, p < .

001. Together, these data suggest that the “impressions task” was successful in creating an 

experience of social stress that increased feelings of evaluation and rejection.

3.3. Inflammatory responses to the stressor

Next, we examined if the stressor was associated with increases in levels of pro-

inflammatory cytokines. We found a significant increase in IL-6 over time, F(4,116) = 

48.55, p < .001, but no significant change in TNF-α, F(4,120) = 0.70, p = .59. Follow-up 

pairwise-comparisons of the IL-6 data indicated no difference between the two baseline 

measures (M BL1 = 1.23 pg/mL, SD = 1.01; M BL2 = 1.22 pg/mL, SD = .96; p = .87); thus, 

these two measures were combined to form an average baseline used in the remainder of the 

analyses. Additional pairwise-comparisons revealed significant increases in IL-6 for each 

post-stress time point compared to the average baseline (T30: M=1.80pg/mL, SD = 1.23; 

t(30) = −6.17, p<.001; T60: M = 2.92pg/mL, SD = 1.56; t(29) =−6.27, p<.001; T90: M = 

3.64pg/mL, SD = 3.10; t(30) =−8.25, p<.001). For the remainder of our analyses, we focus 

on the change in IL-6 from the 90 min time point compared to the combined baseline, as 

IL-6 levels were at their highest at this time point.2

2To ensure that the observed increases in IL-6 were not simply due to anxiety associated with being in the neuroimaging environment, 
we ran a separate sample of 10 participants (5 females) through the identical experimental procedure outside the MRI scanner (though 
we did not include a 90 min post-stress sample, as in the present study). Results from this pilot study also showed a significant 
increase in IL-6 (from baseline to 60 min post-evaluation) in response to the social evaluation F(3,27) = 9.70, p < .001, which was of 
similar magnitude to the increase we observed in the present study (partial eta squared for pilot study = .52; partial-eta squared for 
current study, only including time-points that match pilot study = .54). These data suggest that the increases in IL-6 observed in the 
present study were not simply due to being in the neuroimaging environment.
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We also explored if changes in IL-6 in response to the stress task were correlated with the 

psychological responses reported above. There were no significant correlations between 

IL-6 responses and in-scanner ratings of the negative feedback or the neutral feedback, 

changes in feelings of evaluation, or perceptions of social rejection (all ps > .77).

3.4. Neural responses to the stressor

Turning to the fMRI data, we first examined the neural regions that were active when 

participants received negative, compared to neutral, feedback (regardless of inflammatory 

response). Results from this contrast revealed significant clusters of activation in DMPFC 

and MPFC (extending into pregenual anterior cingulate cortex [pACC] and dACC), bilateral 

ventrolateral prefrontal cortex (VLPFC), bilateral temporal parietal junction (TPJ), bilateral 

posterior superior temporal sulcus (pSTS), bilateral temporal poles, occipital lobe, and 

cerebellum (for a full list of activations, see Supplementary Table 1 and Supplementary Fig. 

1). Thus, when receiving negative feedback (compared to neutral feedback), participants 

showed greater activity in regions commonly activated during tasks that involve (a) thinking 

about other people (DMPFC, MPFC/pACC, TPJ, pSTS, temporal poles), (b) processing 

threat or distress (dACC, AI), and (c) regulating emotion (VLPFC).

3.5. Linking fMRI and psychological responses to stress

To explore neural activity during the stressor that was associated with changes in 

perceptions of evaluation and feelings of rejection, we regressed participants’ change in 

these measures into the contrast of negative feedback > neutral feedback. There were no 

significant correlations between neural activity during negative (vs. neutral) feedback and 

change in feelings of evaluation. However, greater increases in feelings of social rejection in 

response to the stressor were associated with heightened activity in the medial prefrontal 

cortex (MPFC), the bilateral hippocampus, and the posterior cingulate cortex (PCC) in 

response to negative feedback (for a complete list of regions, see Supplementary Table 2 and 

Supplementary Fig. 2).

3.6. Linking fMRI and inflammatory responses to stress

The main goal of the present study was to examine the neural regions that were associated 

with inflammatory responses to stress. To accomplish this goal, we regressed participants’ 

change in IL-6 from baseline to T90 into the contrast of negative feedback > neutral 

feedback. Results of this whole-brain regression analysis revealed significant, positive 

correlations between activity in the left amygdala (−21, −4, 11) and IL-6 responses (see Fig. 

2 and Table 1). Thus, participants who showed greater activity in a key threat-related neural 

region during negative evaluations also showed greater IL-6 responses to the stressor. 

Activity in the subgenual anterior cingulate cortex (−3,14, −8), and the left middle temporal 

gyrus (−48, −73, 25) was also correlated with IL-6 responses. No neural activity was 

negatively correlated with IL-6 responses.

3.7. Functional connectivity

In our last set of analyses, we explored the functional connectivity of the amygdala with 

other brain regions during negative feedback to examine if individuals who showed greater 
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functional coupling of the amygdala and DMPFC would show a higher IL-6 response to the 

stressor. A PPI analysis revealed that there was greater functional connectivity between the 

left amygdala and the DMPFC/temporal poles (but only when the cluster extent threshold 

was lowered to 9 voxels) for high IL-6 responders (i.e., those above the median IL-6 change 

of 1.4 pg/mL) compared to low IL-6 responders (i.e., those below the median IL-6 change). 

There was also stronger functional coupling between the right amygdala and the DMPFC for 

high IL-6 responders (compared to low responders; see Fig. 3 and Table 2 for a complete list 

of regions).

4. Discussion

Inflammation is hypothesized to be a key biological mediator of the relationship between 

psychological stress and the onset and course of chronic disease and psychiatric illness. 

However, the neurocognitive systems engaged during stress that lead to increases in 

inflammation are largely unknown. To address this issue, the present study investigated how 

neural activity during a social stressor is linked with stressor-evoked inflammatory activity. 

Results demonstrated that greater neural activity in the left amygdala in response to negative 

social feedback was related to greater stressor-evoked changes in IL-6. In addition, 

functional connectivity analyses revealed that individuals who showed more tightly coupled 

activity of the amygdala and the DMPFC during negative feedback showed heightened 

inflammatory responses to the stressor. Taken together, these results suggest that greater 

activity in a key threat-related neural region (i.e., amygdala), and stronger coupling between 

brain regions involved in sustaining or amplifying threat responses (i.e., DMPFC and 

amygdala), are associated with heightened inflammatory responses to stress.

Results from the present study are the first to show that amygdala activity is associated with 

greater inflammatory responses to a stressor. These findings diverge from those of one prior 

investigation, which showed that the activation of different regions of the “threat network” 

(i.e., dACC, anterior insula) were associated with increases in inflammation (Slavich et al., 

2010). However, a number of methodological differences between the present study and the 

prior investigation may account for these distinct relationships, including the use of different 

stress tasks during fMRI scanning (social evaluation vs. social rejection), different ways of 

measuring inflammation (plasma vs. oral fluids), and different experimental designs (one 

session vs. multiple sessions with different tasks). Taken together, these two studies 

demonstrate an important role for threat-related neural regions in linking stress and 

inflammation (Muscatell and Eisenberger, 2012), though the particular brain regions within 

this network that are related to inflammatory activity in any given study may vary as a 

function of a variety of factors.

The current findings linking amygdala activity and inflammation complement and extend 

prior research that has linked amygdala responses with other measures of stress-related 

physiological activation (Muscatell and Eisenberger, 2012). Further demonstrating the 

relevance of this brain region for physical and mental health, amygdala hyperactivity has 

also been linked with preclinical atherosclerosis (Gianaros et al., 2009) and major 

depression (Drevets, 2000). Results from the present study converge with prior research to 

suggest a possible mechanism whereby amygdala activity during stress is associated with 
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heighted inflammation, which, over time, may lead to compromised physical and mental 

health. It is also interesting to note that, in the present study, we did not observe significant 

amygdala activity during negative feedback for the entire sample; rather, only those 

individuals who showed increased amygdala activity during the stressor also showed greater 

inflammatory responses. This pattern of activity highlights the possibility that heightened 

amygdala activity in response to a stressor may be an important “risk factor” for 

inflammatory-related diseases.

In terms of how amygdala activity increases inflammation, one possibility is that the 

amygdala may activate the sympathetic nervous system, which can then drive increases in 

inflammation. In support of this possibility, research has shown that the amygdala has 

strong, efferent projections to brainstem regions such as the locus coeruleus and pons that 

are known to play a role in the generation of sympathetic responses to threat and stress 

(LeDoux et al., 1988). Furthermore, sympathetic activation has been shown to lead to 

increases in inflammation (Bierhaus et al., 2003; DeRijk et al., 1994; Kop et al., 2008; van 

Gool et al., 1990), while pharmacologically blocking sympathetic activation attenuates the 

inflammatory response to stress (Bierhaus et al., 2003). Thus, amygdala activity during 

stress may lead to a cascade of physiological responses, starting with sympathetic activation 

and ultimately resulting in greater inflammation. Future research should investigate this 

issue by simultaneously measuring neural, sympathetic, and inflammatory responses to a 

stressor, and testing if sympathetic activation mediates the relation between amygdala 

activity and inflammatory responses.

Results from connectivity analyses demonstrating tighter coupling between the amygdala 

and the DMPFC for high IL-6 responders are consistent with data from animal and human 

studies of fear and anxiety, which suggest that the DMPFC may provide top-down influence 

on the amygdala to create an “aversive amplification” circuit during conditions of threat or 

stress (Robinson et al., 2012). For example, electrical stimulation of the prelimbic cortex, 

the rodent analog of human DMPFC/dACC (Milad et al., 2009, 2007), has been shown to 

increase activity in the amygdala and subsequent behavioral indicators of fear (Sierra-

Mercado et al., 2011; Vidal-Gonzalez et al., 2006). Other work from animals suggests that 

prelimbic cortex is responsible for sustaining transient amygdala responses to threat 

(Burgos-Robles et al., 2009), providing further evidence that it is the co-activation of 

DMPFC and amygdala during threat that drives increases in behavioral and physiological 

stress responses. Finally, accumulating evidence in human neuroimaging studies suggests 

that DMPFC–amygdala connectivity is observed in many negative emotional states (Etkin et 

al., 2011), and that co-activation of these regions during threat is associated with increases in 

anxiety, negative affect and greater attention to threatening cues (Robinson et al., 2012; 

Ochsner and Gross, 2005). Results from the current study suggest, for the first time, that 

functional connectivity between the amygdala and the DMPFC may also drive inflammatory 

responses to stress, providing additional evidence for the importance of these regions in 

orchestrating physiological responses to stress.

In addition to exploring the neural systems associated with inflammatory responses, the 

current study examined how neural activity during negative social feedback is linked with 

stressinduced changes in feelings of social evaluation and rejection. Interestingly, we found 
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that activity in a different set of neural regions from those related to inflammation – namely, 

the MPFC, PCC and hippocampus, were associated with changes in self-reported feelings of 

social rejection following the stressor. These results suggest the possibility that different 

neural systems may underlie psychological and physiological responses to a stressor, with 

activity in basic threat-related neural regions linked with physiological changes, and neural 

systems involved in thinking about the self (i.e., MPFC, PCC, hippocampus) relating to 

psychological changes. An interesting avenue for future research will be to explore if these 

different neural systems are related to the development of distinct patterns of psychiatric 

symptoms, with the “psychological circuit” more strongly associated with the cognitive and 

affective symptoms of depression, and the “physiological circuit” more closely associated 

with the somatic or vegetative symptoms of depression (Inagaki et al., 2013).

The present study represents an important step in elucidating the neurocognitive systems 

that are related to inflammatory responses to stress (Slavich et al., 2010). However, the 

study is not without limitations. First, all participants were healthy, young adult females, 

which limits the generalizability of the findings. However, given that women are at 

heightened risk for developing some inflammatory-related diseases (e.g., depression, 

rheumatoid arthritis; (Nolen-Hoeksema, 2001; Tengstrand et al., 2004) and are more 

sensitive to the negative effects of social stress (Stroud et al., 2011, 2002), the present 

findings are relevant for a number of critical public health issues. Second, we did not include 

a nonstress control group, and we thus cannot be certain that the observed increases in IL-6 

are due solely to exposure to the stressor, nor can we conduct a formal test of mediation to 

examine the neural mechanisms linking stress and inflammation. Along similar lines, all 

participants in the present study were exposed to negative, neutral, and positive social 

feedback; thus, we could not determine whether one type of feedback was most strongly 

associated with increases in inflammation. Finally, a fairly lenient statistical threshold was 

used for analyses examining correlations between neural activity and inflammatory 

responses; replication with larger samples will be necessary to determine the strength of the 

effects observed in the current investigation.

In conclusion, the present study provides novel evidence for the role of the amygdala in 

inflammatory responses to stress. Across correlational and connectivity analyses, results 

demonstrated that activity in the amygdala and coupling between the amygdala and the 

DMPFC during negative social feedback was related to increases in levels of IL-6. These 

findings represent an exciting first step in understanding the neurocognitive processes that 

are engaged during stress, and that may translate features of the external social environment 

into immunological changes that affect health.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Social stress task used in the fMRI scanner. Participants viewed a grid of adjective 

“buttons”, and every 11–12 s, one of the “buttons” was depressed by a mouse cursor that 

was supposedly controlled by an evaluator (actually a pre-made video). Pictured is an 

example of a negative word (i.e., annoying) being selected.
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Fig. 2 
. Relations between neural activity in the left amygdala (from the contrast of negative > 

neutral social feedback) and inflammatory responses to the social stressor as measured by 

log-transformed IL-6 increases from baseline to T90 (in pg/mL). The left side depicts the 

cluster within left amygdala that was positively correlated with IL-6 responses from a 

whole-brain regression analysis, and the right side shows a scatter plot of parameter 

estimates from the left amygdala cluster and IL-6 responses.
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Fig. 3. 
Panel A depicts the anatomical ROI of the left amygdala that was used as a seed region in 

the PPI analysis (left), and the region in DMPFC that was more strongly correlated with left 

amygdala activity for high IL-6 responders (compared to low IL-6 responders) during 

negative (vs. neutral) feedback (right). Panel B depicts the anatomical ROI of the right 

amygdala that was used as a seed region in the PPI analysis (left), and the region in DMPFC 

that was more strongly correlated with right amygdala activity for high IL-6 responders 

(compared to low IL-6 responders) during negative (vs. neutral) feedback (right).
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