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ABSTRACT ARTICLE HISTORY 
Social Signal Transduction Theory of Depression hypothesizes that social stress upregulates inflamma- Received 6 October 2018 
tory activity, which in turn contributes to depression for some individuals. However, the specific cogni- Accepted 3 July 2019 

tive processes underlying social stress-induced increases in inflammatory activity remain unclear. We 
KEYWORDS addressed this issue by examining two separate relations: (1) between executive control measured fol-
stress; executive control; lowing a laboratory-based social stress induction and individuals’ pro-inflammatory cytokine responses cytokine; inflammation; 

to the same stress induction and (2) between pro-inflammatory cytokine responses and participants’ depression; health 
depressive symptom levels. Healthy young participants (Mage ¼ 18.58 years old) were randomly 
assigned to either a stress condition or control condition. Executive control, and the inflammatory cyto-
kines interleukin-1b, interleukin-6, and tumor necrosis factor-a, were measured before and after the 
social stress induction or control task. Regression analyses (stress condition, n ¼ 20; control condition, 
n ¼ 16) demonstrated that in the stress condition only, greater increases in interleukin-6 were associ-
ated with more depressive symptoms. Additional analyses in the stress condition (n ¼ 16) indicated 
that greater impairment in executive control following the social stress induction was related to greater 
social stress-induced increases in interleukin-6. These findings are consistent with Social Signal 
Transduction Theory of Depression and with the hypothesis that impairment in executive control dur-
ing times of stress may be one process that contributes to stress-induced inflammatory activity, which 
may in turn increase risk for depression. 

LAY SUMMARY 

Social Signal Transduction Theory of Depression hypothesizes that social stress upregulates inflamma-
tory activity, which in turn contributes to depression, and that cognitive processes play a role in struc-
turing these effects. Consistent with this theory, greater social stress-induced increases in the 
inflammatory cytokine interleukin-6 were associated with more depressive symptoms. In addition, 
greater impairment in executive control following the social stress induction was related to greater 
social stress-induced increases in interleukin-6, highlighting potential links between social stress, cogni-
tion, inflammation, and depression. 

Exposure to social stress in humans can lead to a variety of 
biological changes that affect health. These changes include 
activation of the hypothalamic-pituitary-adrenal axis, resulting 
in the release of cortisol, and upregulation of the sympa-
thetic nervous system, resulting in the release of epinephrine 
and norepinephrine, with all three hormones in turn having 
the ability to interact with immune cells to influence innate 
immune system activity (Grebe et al., 2010). One conse-
quence of this innate immune system activation is the 
release of proinflammatory cytokines, which are small proteins 
that upregulate inflammatory activity and facilitate cell-to-cell 
communication during times of threat (Irwin & Cole, 2011). 
Although the primary purpose of this response is to acceler-
ate wound healing and recovery following physical threat or 
injury (Medzhitov, 2007), this response may also be triggered 
by social stressors, such as social evaluation and rejection 
(Slavish, Graham-Engeland, Smyth, & Engeland, 2015). 

Social stress-induced increases in inflammatory activity 
can promote a variety of physical and mental health prob-
lems, especially if sustained (Glaser & Kiecolt-Glaser, 2005; 
Slavich & Irwin, 2014). According to Social Signal 
Transduction Theory of Depression, for example, increased 
inflammatory activity in response to social stress plays a cen-
tral role in promoting depression (Slavich & Irwin, 2014; 
Slavich & Sacher, in press). This multi-level theory is sup-
ported by experimental studies demonstrating that 
depressed individuals mount greater inflammatory responses 
to acute social stressors relative to healthy controls (Pace 
et al., 2006; Weinstein et al., 2010), and also by research 
showing that inflammatory challenges induce several depres-
sive symptoms, including sad mood, anhedonia, fatigue, loss 
of appetite, and suicidal ideation (Capuron et al., 2002; 
Janssen, Brouwer, van der Mast, & Schalm, 1994; Lotrich, 
Rabinovitz, Gironda, & Pollock, 2007). 
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Substantial individual differences exist in the extent to 
which people mount strong inflammatory responses to social 
stress. Understanding processes that contribute to such dif-
ferences in reactivity may thus help explain differences in risk 
for inflammation-related conditions like depression (Slavich, 
2015). However, only a few studies have examined this issue. 
We addressed this topic in the present study by investigating 
the association between social stress-induced impairment in 
executive control and individual differences in inflammatory 
responses to social stress. 

Executive control broadly describes cognitive processes 
that allow individuals to carry out complex tasks such as 
planning and problem solving (Friedman & Miyake, 2017). 
Individual differences in executive control have been linked 
to the ability to regulate responses to stressful life events 
(Joormann & Vanderlind, 2014; Schweizer, Grahn, Hampshire, 
Mobbs, & Dalgleish, 2013). One aspect of the stress response 
that executive control may influence is inflammatory activity. 
To date, though, only one study has investigated this 
relation and found that better performance on an executive 
control task was related to reduced inflammatory reactivity 
to watching an emotionally stressful video (Shields, 
Kuchenbecker, Pressman, Sumida, & Slavich, 2016). This study 
highlights the possibility that better executive control may 
help reduce individuals’ inflammatory responsivity to social 
stress, perhaps by lessening individuals’ perceived stress 
severity or improving their emotion regulation capability. 

Importantly, other studies indicate that acute stress expos-
ure temporarily impairs executive control in some individuals 
(Shields, Sazma, & Yonelinas, 2016). Therefore, stress-induced 
impairments in executive control may provide more informa-
tion about an individual’s ability to regulate responses to 
stress exposure than executive control per se (Quinn & 
Joormann, 2015). However, no study to date has examined 
whether executive control under stress is related to stress-
induced inflammatory reactivity. To address this issue, we 
conducted a cross-sectional laboratory-based study in which 
we assessed participants’ depressive symptoms, as well as 
their executive control and pro-inflammatory cytokine levels 
before and after an acute social stressor or control task. 
Based on the research summarized above, we tested two 
separate hypotheses: (1) greater social stress-induced inflam-
matory response will be related to higher levels of depressive 
symptoms and (2) greater social stress-induced inflammatory 
response will be related to poorer executive control under 
acute stress. 

Method 

Participants 

Participants were drawn from a larger sample of 76 healthy 
young adults who were recruited via advertisements on the 
Yale University campus. The 39 participants (stress condition, 
n ¼ 23; control condition, n ¼ 16) included in this report pro-
vided saliva samples for assessment of inflammatory activity. 
The sample (Mage ¼ 18.58 years old, SDage ¼ 0.60) was 69.2% 
female and was racially and ethnically diverse, with 53.8% 
self-identifying as White/Caucasian, 33.3% as Asian, 17.9% as 

Hispanic/Latino, 10.3% as Black/African American, 2.6% as 
American Indian/Alaska Native, 10.3% as Middle Eastern, and 
2.6% as “Other”. The two experimental conditions did not sig-
nificantly differ on demographic characteristics (ps > .280). To 
reduce the influence that extraneous factors could have on 
cytokine levels, all participants were non-smokers, denied any 
dental concerns or oral disease, and refrained from eating or 
drinking for at least 30 minutes prior to providing samples. 

Three participants were excluded from all analyses: one 
person refused to complete the social stress induction and 
two were taking medications that could have influenced the 
results (i.e., antidepressants and stimulants; Slavish et al., 
2015). This resulted in 36 participants (stress condition, n ¼ 20; 
control condition, n ¼ 16) being available for analyses examin-
ing associations between the cytokine and depression data. 
Executive control data were screened for outliers (Snyder, 
Miyake, & Hankin, 2015), and four participants in the stress 
condition were excluded from executive control analyses due 
to performance that may reflect poor understanding of, or 
disengagement from, the task. Specifically, three participants 
had performance that was not better than chance on one or 
more blocks (50-57% error rate), and one participant per-
formed slightly better than chance (42% error rate on each n-
back task) but pressed the same key for several consecutive 
trials at a fast rate (reaction times less than 300ms). This 
resulted in 16 participants in the stress condition who were 
available for analyses examining associations between the 
executive control and social stress-induced cytokine reactiv-
ity data. 

Procedure 

Before arriving at the lab, participants were consented and 
completed an online survey that included a measure of 
depressive symptoms. All laboratory sessions began between 
12:00pm and 4:30pm. Participants were again consented 
upon arriving for their laboratory visit. Participants were then 
fitted with electrodes and given five minutes to relax as a 
part of the larger study (data not reported here). This was fol-
lowed by the n-back, which is a measure of executive control 
(see below). A baseline saliva sample was collected approxi-
mately 30 minutes after arriving at the lab. After the baseline 
sample, participants completed additional tasks and question-
naires as part of the larger study (data not reported here). 
Participants completed either a social stress induction or a 
non-stressful control task (see below). Participants then com-
pleted a second n-back. At the beginning of each n-back 
administration, participants completed practice trials requiring 
accuracy 90%. After the second n-back, participants were 
able to relax for the remainder of the session. A second saliva 
sample was obtained approximately 45 minutes after the start 
of the social stress induction or control task. All study proce-
dures were approved by an Institutional Review Board. 

Social Stress Induction and Control Task 

Social Stress Induction. Participants in the stress condition 
completed a modified version of the Trier Social Stress Test 
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(TSST), which is a 15-minute laboratory induction of social-
evaluative threat (Kirschbaum, Pirke, & Hellhammer, 1993). 
Similar to prior studies (Quinn & Joormann, 2015), this social 
stress induction included a speech and arithmetic task com-
pleted in front of one experimenter and camera. Participants 
were told that they would be recorded so their performance 
could be rated by peers. For the speech, participants spent 
3 minutes preparing, and then gave a 5-minute speech on 
why they are an ideal job candidate. For the arithmetic task, 
participants counted backwards from 2,083 to 0 in incre-
ments of 17. Each time a mistake was made, the experi-
menter prompted participants to restart at 2,083. After the 5-
minute arithmetic task, participants were seated to complete 
the post-stress n-back. Participants completed two sets of 
frustrating practice trials. They were informed that they failed 
the first two sets of practice trials, regardless of actual per-
formance. Participants then completed another set of prac-
tice trials that gave accurate feedback. As soon as 
participants reached 90% accuracy on a set of true practice 
trials, advancement to the experimental trials was granted. 

Control Task. Participants in the control condition com-
pleted a 15-minute control version of the TSST (Het, 
Rohleder, Schoofs, Kirschbaum, & Wolf, 2009). The control 
task was designed to approximate the TSST on physical 
demands, but did not include social evaluative threat, which 
has been previously identified as a critical component of 
stressors that upregulate pro-inflammatory cytokine activity 
(Slavich, O’Donovan, Epel, & Kemeny, 2010). Participants 
spent 3 minutes thinking about a movie, novel, or recent trip. 
Participants then stood up and talked about the chosen topic 
for 5 minutes. Participants then spent 5 minutes counting up 
from 0 in increments of 15. Participants performed these 
tasks while alone in a room and were not recorded. 

Self-reported Affect. Affect was assessed before and imme-
diately after the social stress induction or control task using a 
subset of items from the Positive and Negative Affect 
Schedule (Watson, Clark, & Tellegen, 1988). Participants rated 
how much they experienced five negative emotions: upset, 
nervous, sad, tense, and irritable. Each emotion was rated 
using 5-point Likert scales, ranging from 1 (not at all) to  5  
(extremely). The average was computed to assess the validity 
of the social stress induction. 

Pro-Inflammatory Cytokines 

To assess social stress-induced changes in inflammatory activ-
ity, three pro-inflammatory cytokines that are involved in the 
acute phase response – namely, interleukin (IL)-1b, IL-6, and 
tumor necrosis factor (TNF)-a – were assayed from saliva 
samples obtained before and after the social stress induction 
or control task. Saliva samples provide a minimally invasive 
method for measuring inflammatory activity and salivary lev-
els of each of these cytokines are responsive to acute stress 
inductions (Slavish et al., 2015). IL-1b, IL-6, and TNF-a have 
been implicated in depression (Slavich & Irwin, 2014; Slavich 
& Sacher, in press) and are active early in the immune 
response cascade (Barton, 2008), suggesting that stress-
induced activity may be observed within an hour after onset 

of a stressor (Slavish et al., 2015). IL-10 and interferon-c were 
also assayed, but not included in this study given our lack of 
a priori hypotheses regarding relations between these cyto-
kines, executive control, and depression. A baseline sample 
was collected approximately 30 minutes after arrival at the 
lab for the study session and a second sample was obtained 
approximately 45 minutes after the start of the social stress 
induction or control task. Participants used a straw to expel 
saliva into vials (SaliCap Set, IBL International). Inhibitors were 
not added to the samples. All samples were transferred to a 
70 C freezer within 20 minutes of collection and were fro-

zen at 70 C until shipment to the UNC Cytokine and 
Biomarker Analysis Facility. Samples were assayed using a 
Magnetic Luminex Performance Assay for High Sensitivity 
detection, Cytokine Panel A kit (R&D Systems, Minneapolis, 
MN). This technique has been previously validated for salivary 
cytokine assay by comparison to ELISA (Arellano-Garcia et al., 
2008). In addition, using this same assay, we have shown 
that salivary cytokines can be reliably assessed (Shields, 
Slavich, Perlman, Klein, & Kotov, 2019) and that they correlate 
with social stress exposure (Giletta et al., 2018), executive 
control (Shields, Kuchenbecker, et al., 2016), and depression 
severity (Slavich et al., 2019). Running the standards in dupli-
cate revealed that the mean intra-assay coefficients of vari-
ation were 1.53% for IL-6, 1.12% for IL-1b, and 1.49% for 
TNF-a, indicating high reliability. 

Executive Control Task 

Consistent with our prior research (Quinn & Joormann, 2015), 
a two-back, affective version of the n-back task was used to 
measure executive control. The n-back is often used as a 
measure of executive control, which requires both the gen-
eral and updating working memory components of executive 
control and has demonstrated acceptable construct validity 
and reliability (Friedman et al., 2008; Snyder et al., 2015). In 
the n-back, participants see a series of 120 words, each pre-
sented for 500ms, followed by a blank screen for 2500ms. 
For each word, participants indicate by button press whether 
it matches the word presented two trials previously. This set 
of trials lasts 6 minutes. Our measure of executive control 
includes affective stimuli based on evidence that it may 
assess processes that are important for the application of 
executive control in emotional contexts (e.g., emotion regula-
tion; Cohen et al., 2015; Schweizer, Hampshire, & Dalgleish, 
2011). Positive and negative words selected from the 
Affective Norms of English Words list (Bradley & Lang, 1999) 
were presented in the task. The total number of errors made 
during the task was the measure of executive control (Snyder 
et al., 2015). 

Beck Depression Inventory, Second Edition 

The BDI-II (Beck, Steer, & Brown, 1996) is a 21-item self-report 
measure of depressive symptoms. Participants indicated the 
extent to which they had experienced symptoms of depres-
sion during the past two weeks on a scale ranging from 0 to 
3, with higher scores representing greater depression 
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severity. The BDI-II has previously demonstrated acceptable 
reliability and validity (Beck et al., 1996; Dozois, Dobson, & 
Ahnberg, 1998), and showed very good reliability in the pre-
sent sample (a ¼ .88). 

Results 

Social Stress Induction Manipulation Check 

Self-reported negative affect was assessed immediately 
before and after the social stress induction or control task. A 
repeated-measures ANOVA was conducted with Time (pre-
and post-stress or control task) as the within-subjects factor 
and Condition (stress, n ¼ 20; control, n ¼ 16) as the between-
subjects factor. A significant Time Condition interaction was 
detected, Wilk’s k ¼ 0.81, F(1,34) ¼ 7.83, p ¼ .008, partial 
g 2 ¼ 0.19. Participants in the stress condition reported a sig-
nificantly greater increase in negative affect (pre-stress: 
M ¼ 1.30, SD ¼ 0.35; post-stress: M ¼ 1.92, SD ¼ 0.67) relative 
to those in the control condition (pre-stress: M ¼ 1.16, 
SD ¼ 0.22; post-stress: M ¼ 1.25, SD ¼ 0.28). 

Changes in Pro-Inflammatory Cytokines 

Each cytokine (pg/ml) was assessed before (M ¼ 33.51 
minutes, SD ¼ 3.75, range: 24-44) and after (M ¼ 44.74 
minutes, SD ¼ 3.55, range: 38-54) the start of the social stress 
induction or control task (see Table 1 for descriptive statis-
tics). Time from the first saliva sample to the beginning of 
the social stress induction or control task did not significantly 
differ between conditions, t(33) ¼ 1.30, p ¼ .203. Similarly, 
time from the beginning of the social stress or control task 
to collection of the second saliva sample did not significantly 
differ between conditions, t(33) ¼ 0.85, p ¼ .404. A repeated-
measures ANOVA was conducted for each cytokine with Time 
(pre- and post-stress or control task) as the within-subjects 
factor and Condition (stress, n ¼ 20; control, n ¼ 16) as the 
between-subjects factor. Cytokine levels at each time point 
were positively skewed, resulting in non-normal residuals. To 
correct for this non-normality, analyses were also conducted 
on log transformed variables. The pattern of results remained 
the same. Untransformed data are thus reported to ease 
interpretation. 

A significant Time Condition interaction was not 
detected for the cytokines (IL-6: Wilk’s k ¼ 0.99, F(1,34) ¼ 0.18, 
p ¼ .674, partial g 2 ¼ 0.01; IL-1b: Wilk’s k ¼ 0.99, F(1,33) ¼ 0.17, 
p ¼ .684, partial g 2 ¼ 0.01; TNF-a: Wilk’s k ¼ 0.91, 
F(1,34) ¼ 3.24, p ¼ .081, partial g 2 ¼ 0.09), indicating that the 
two conditions did not significantly differ in cytokine 
response to the social stress induction or control task. 
Further, within each condition, a significant change in cyto-
kine levels was not observed (ps > .115). Many participants 
demonstrated a decrease in cytokine levels from pre- to 
post-stress or control task (stress condition: 50% for IL-6, 55% 
for IL-1b, 35% for TNF- a; control condition: 56% for IL-6, 
33% for IL-1b, 50% for TNF- a), which could be the result of 
participants habituating to the novel laboratory conditions. 
As expected, however, many participants in the stress condi-
tion exhibited a substantial increase (>20% increase) in 

Table 1. Means and standard deviations for executive control, cytokine, and 
depression data by experimental condition. 

Stress Condition Control Condition 

Pre-stress or control task n-back errors 11.88 (7.15) 12.21 (4.95) 
Post-stress or control task n-back errors 7.56 (4.73) 8.71 (5.01) 
IL-6: Pre-stress or control task 10.28 (13.45) 5.06 (2.30) 
IL-6: Post-stress or control task 10.12 (15.32) 5.69 (4.55) 
DIL-6 0.16 (6.63) 0.63 (3.71) 
IL-1b: Pre-stress or control task 229.24 (180.74) 307.57 (422.41) 
IL-1b: Post-stress or control task 220.96 (199.62) 358.82 (409.43) 
DIL-1b 8.28 (173.09) 17.56 (197.89) 
TNF-a: Pre-stress or control task 9.91 (7.74) 10.83 (5.16) 
TNF-a: Post-stress or control task 12.61 (10.67) 9.61 (5.23) 
DTNF-a 2.70 (7.30) 1.21 (5.25) 
Depressive symptoms (BDI-II) 9.56 (7.24) 8.71 (6.95) 

Note. Cytokine variables are listed as raw values (pg/ml) and change scores 
(pre-stress or control task subtracted from post-stress or control task); BDI-
II ¼ Beck Depression Inventory, Second Edition; IL-6 ¼ Interleukin-6; IL-1b ¼ 
Interleukin-1b; TNF-a ¼ Tumor Necrosis Factor-a; In the stress condition, ns 
ranged from 16 to 20; In the control condition, ns ranged from 14 to 16, 
depending on the variable. 

cytokine concentrations from pre- to post-stressor (30% for 
IL-6, 35% for IL-1b, 50% for TNF-a). Also as expected, there 
was considerable variability in cytokine response to the social 
stress induction, with percent changes in cytokine levels 
ranging from 72.5% to 204.1% for IL-6, 82.1% to 669.2% 
for IL-1b, and 89.8% to 519.5% for TNF-a. Participants thus 
showed great variability with respect to their cytokine 
responses, with many individuals exhibiting increased inflam-
matory activity following the social stress induction. 

Pro-Inflammatory Cytokines and Depression 

Correlations among the study variables are reported in 
Table 2. To test the hypothesis that social stress-induced 
inflammatory activity is associated with depression, linear 
regression analyses were conducted on the sample (stress 
condition, n ¼ 20; control condition, n ¼ 16) with depressive 
symptoms as the dependent variable. Change in cytokine lev-
els were used as predictors. In contrast to cytokine levels at 
individual time points, the change variables were not posi-
tively skewed. Regression assumptions were met, including 
normally distributed residuals. Therefore, untransformed 
values for change in cytokine levels were used in all 
primary analyses. 

Gender and family income were included as control varia-
bles in each model (Slavish et al., 2015). In model 1, 
Condition, Change in IL-6, and Condition Change in IL-6 
were included as predictors. The interaction between 
Condition and Change in IL-6 significantly improved the 
model, DR2 ¼ .16, F(1,30) ¼ 6.78, p ¼ .014 (see Table 3). As 
hypothesized, simple slopes analysis demonstrated that 
greater increases in IL-6 were associated with higher depres-
sive symptoms only for individuals in the stress condition 
(see Figure 1). In model 2, Condition, Change in IL-1b, and 
Condition Change in IL-1b were included as predictors. 
The interaction between Condition and Change in IL-1b did 
not significantly improve the model, DR2 ¼ .03, F(1,30) ¼ 1.09, 
p ¼ .306 (see Table 3). In model 3, Condition, Change in 
TNF-a, and Condition Change in TNF-a were included as 
predictors. The interaction between Condition and TNF-a did 
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Table 2. Correlations among key study variables by experimental condition (i.e., stress vs. control). 

Stress Condition DIL-6 DIL-1b DTNF-a First n-back errors 

DIL-6 
DIL-1b .53 
DTNF-a .29 .11 
First n-back errors .09 .39 .06 
Second n-back errors .31 .60 .01 .78 
Depressive symptoms (BDI-II) .43ł .18 .01 .24 

Control Condition DIL-6 DIL-1b DTNF-a First n-back errors 

DIL-6 
DIL-1b .40 
DTNF-a .56 .56 
First n-back errors .27 .30 .12 
Second n-back errors .07 .59 .19 .80 
Depressive symptoms (BDI-II) .41 .34 .39 .57 

Second n-back errors 

.24 

Second n-back errors 

.13 

Note. DIL-6 ¼ Baseline level of Interleukin-6 subtracted from post-stress/control task level; DIL-1b ¼ Baseline level of Interleukin-1b sub-
tracted from post-stress/control task level; DTNF-a ¼ Baseline level of Tumor Necrosis Factor-a subtracted from post-stress/control 
task level; BDI-II ¼ Beck Depression Inventory, Second Edition; In the stress condition, ns ranged from 16 to 20; In the control condi-
tion, ns ranged from 14 to 16, depending on the variable. 

łp < .10, p < .05, p < .01, p < .001. 

Table 3. Regression models testing the hypothesis that social stress-induced 
increases in inflammatory activity are associated with participants’ depressive 
symptom severity. 

DIL-6 Predicting BDI-II B  SE  95% CI b t p 

Gender 4.76 2.62 10.11, 0.59 .032 1.82 .079 
Family Income 0.30 0.51 1.34, 0.75 .10 0.58 .569 
Condition 0.03 2.20 4.46, 4.53 .00 0.02 .988 
DIL-6 0.75 0.44 1.66, 0.15 .59 1.71 .099 
DIL-6 Condition 1.32 0.51 0.28, 2.35 .92 2.60 .014 

DIL-1b Predicting BDI-II B  SE  95% CI b t p 

Gender 2.68 2.75 8.30, 2.95 .18 0.97 .339 
Family Income 0.66 .59 1.87, 0.54 .21 1.13 .269 
Condition 0.45 2.47 4.61, 5.50 .03 0.18 .858 
DIL-1b 0.01 .01 0.03, 0.01 .28 1.13 .270 
DIL-1b Condition 0.01 .01 0.01, 0.04 .26 1.04 .306 

DTNF-a Predicting BDI-II B  SE  95% CI b t p 

Gender 2.73 2.78 8.40, 2.94 .18 0.98 .333 
Family Income 0.64 0.56 1.78, 0.50 .21 1.15 .259 
Condition 1.55 2.52 3.59, 6.70 .11 0.62 .542 
DTNF-a 0.50 0.34 1.20, 0.20 .48 1.47 .152 
DTNF-a Condition 0.47 0.42 0.38, 1.33 .38 1.14 .264 

Note. Stress condition, n ¼ 20 and control condition, n ¼ 16; 
Condition ¼ Dummy coded variable with control condition ¼ 0; DIL-6 ¼ 
Baseline level of Interleukin-6 subtracted from post-stress/control task level; 
DIL-1b ¼ Baseline level of Interleukin-1b subtracted from post-stress/control 
task level; DTNF-a ¼ Baseline level of Tumor Necrosis Factor-a subtracted 
from post-stress/control task level; BDI-II ¼ Beck Depression Inventory. 

not significantly improve the model, DR2 ¼ .04, F(1,30) ¼ 1.29, 
p ¼ .265 (see Table 3). Overall, these results indicate that 
greater social stress-induced increases in IL-6 (but not IL-1b 
or TNF-a) were significantly associated with depres-
sive symptoms. 

Pro-Inflammatory Cytokines and Executive Control 
Under Stress 

To test the hypothesis that impairment in executive control 
under conditions of social stress is associated with stress-
induced inflammatory activity, we examined the association 
between errors made on the post-stress n-back and changes 
in inflammatory activity in response to the social stress induc-
tion. Our goal was to explain variance in inflammatory 
response to social stress and, although cytokines were 
assayed in both conditions, participants’ inflammatory 

Figure 1. Changes in interleukin (IL)-6, as a function of experimental condition 
(stress, n ¼ 20; control, n ¼ 16), predicting depressive symptoms. In the stress 
(but not control) condition, greater increases in IL-6 were significantly associ-
ated with greater depressive symptoms. 

response to stress was assessed only in the stress condition; 
therefore, analyses were limited to the stress condition 
(n ¼ 16). Gender, family income, and errors made on the 
n-back task prior to the social stress induction were included 
as control variables. As hypothesized, errors on the post-
stress n-back were significantly associated with changes in 
IL-6, indicating that impaired executive control under stress, 
controlling for trait executive control, was associated with 
greater increase in IL-6 (see Table 4). These same effects 
were marginally significant for changes in IL-1b and not sig-
nificant for changes in TNF-a (see Table 4). In contrast, errors 
made on the pre-stress n-back task, while controlling for gen-
der and family income, were not significantly associated with 
changes in IL-6 (b ¼ .07, p ¼ .791), changes in IL-1b (b ¼ .40, 
p ¼ .206), or changes in TNF-a (b ¼� .17, p ¼ .556). 
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Table 4. Regression models testing the hypothesis that executive control 
under stress is associated with participants’ inflammatory reactivity to the 
laboratory-based social stressor. 

Predicting DIL-6 B  SE  95% CI b t p 

Gender 10.13 3.55 2.32, 17.94 .66 2.86 .016 
Family Income 1.62 0.70 3.15, 0,09 .56 2.33 .040 
Pre-stress errors 0.53 0.35 1.31, 0.25 .51 1.49 .165 
Post-stress errors 1.15 0.51 0.04, 2.27 .74 2.27 .044 

Predicting DIL-1b B  SE  95% CI b t p 

Gender 46.91 92.31 156.26, 250.08 .14 0.51 .621 
Family Income 5.80 18.09 45.62, 34.02 .09 0.32 .755 
Pre-stress errors 4.99 9.20 25.24, 15.26 .22 0.54 .599 
Post-stress errors 27.32 13.22 1.79, 56.42 .79 2.07 .063 

Predicting DTNF-a B  SE  95% CI b t p 

Gender 5.98 4.50 3.93, 15.88 .39 1.33 .211 
Family Income 1.59 0.88 3.54, 0.35 .56 1.81 .098 
Pre-stress errors 0.38 0.45 1.36, 0.61 .37 0.84 .418 
Post-stress errors 0.39 0.64 1.03, 1.81 .25 0.60 .560 

Note. Analyses conducted in the stress condition (n ¼ 16); DIL-6 ¼ Baseline 
level of Interleukin-6 subtracted from post-stress/control task level; DIL-1b ¼ 
Baseline level of Interleukin-1b subtracted from post-stress/control task level; 
DTNF-a ¼ Baseline level of Tumor Necrosis Factor-a subtracted from post-
stress/control task level. 

Discussion 

Social Signal Transduction Theory of Depression posits that 
social stress can increase inflammatory activity in some indi-
viduals, which may in turn promote depressive symptoms 
and lead to clinical depression for at least some people 
(Slavich & Irwin, 2014; Slavich & Sacher, in press). Examining 
individual differences that are associated with social stress-
induced inflammatory activity may thus improve our under-
standing of how depression arises following exposure to 
social stress. To this end, we measured participants’ current 
depressive symptoms, as well as their pro-inflammatory cyto-
kine levels and executive control before and after an acute 
laboratory-based social stress induction or control task. 
Consistent with Social Signal Transduction Theory of 
Depression, greater increases in IL-6 following the social 
stress induction were significantly associated with greater 
depressive symptoms. Separate analyses revealed that greater 
impairment in executive control measured following the 
social stress induction was associated with greater social 
stress-induced increases in IL-6. 

Our finding that social stress-induced changes in salivary 
levels of IL-6 were significantly associated with depressive 
symptoms is consistent with prior studies that have meas-
ured serum or plasma IL-6 levels (Fagundes, Glaser, Hwang, 
Malarkey, & Kiecolt-Glaser, 2013; Pace et al., 2006; Weinstein 
et al., 2010). Given the correlational and cross-sectional 
nature of the present study, we cannot say whether social 
stress-induced inflammation contributes to depression, 
although this is one plausible interpretation of these data. 
Indeed, this interpretation is consistent with Social Signal 
Transduction Theory of Depression (Slavich & Irwin, 2014; 
Slavich & Sacher, in press) and with numerous studies show-
ing that inflammatory activity promotes depressive symptoms 
(Capuron et al., 2002; Janssen et al., 1994; Lotrich et al., 
2007). The present results add to the growing body of 
research showing that increases in inflammatory activity are 
associated with depression. 

Given prior evidence showing that increased inflammatory 
activity can promote depressive symptoms (e.g., Lotrich, 
Rabinovitz, Gironda, & Pollock, 2007), it is important to 
understand factors that are associated with individual differ-
ences in social stress-induced changes in inflammatory activ-
ity. To our knowledge, the present study is the first to show 
that lower levels of executive control under stress, while con-
trolling for baseline executive control, are associated with 
greater increases in IL-6 following a social stress induction. 
These results build upon a prior study showing that changes 
in IL-6 in response to watching an emotionally stressful video 
were related to performance on a measure of executive con-
trol (Shields, Kuchenbecker, et al., 2016). The present study 
and the study by Shields, Kuchenbecker, et al. (2016) suggest 
that executive control is related to inflammatory responding 
to social stress. However, the present data are unique in that 
they suggest that executive control under stress, over and 
above baseline executive control, is related to changes in 
inflammatory activity. Given that executive control is thought 
to influence individuals’ ability to regulate their reactivity to 
stress (Joormann & Vanderlind, 2014), the results of the pre-
sent study, although correlational, are consistent with the 
possibility that social stress may impact executive control in 
a manner that could potentially lead to greater social stress-
induced increases in inflammatory activity. 

In contrast to IL-6, neither IL-1b nor TNF-a were signifi-
cantly associated with depressive symptoms. This is similar to 
a prior study which found that stress-induced increases in 
TNF-a were not significantly greater in individuals with 
depression relative to healthy controls (Miller, Rohleder, 
Stetler, & Kirschbaum, 2005). However, other studies have 
demonstrated that stress-induced increases in serum or 
plasma measures of IL-1b and TNF-a are associated with 
depression (Aschbacher et al., 2012; Weinstein et al., 2010). 
Additional research is thus needed to clarify how these differ-
ent cytokines are related to depression. 

In the present study, a significant relation was not 
observed between executive control under stress and either 
IL-1b or TNF-a, although a marginal (non-significant) relation 
between executive control under stress and IL-1b was evi-
dent. To our knowledge, no prior research has examined the 
association between executive control under stress and pro-
inflammatory cytokines. Given the small sample size in the 
present study, additional research is needed. 

A significant average increase in inflammatory activity in 
the stress condition, relative to the control condition, was 
not observed in the present study. Although increases in sal-
ivary IL-1b (Mastrolonardo, Alicino, Zefferino, Pasquini, & 
Picardi, 2007), IL-6 (Izawa et al., 2013), and TNF-a (Filaire 
et al., 2011) have been found following stress inductions, 
findings are mixed (Groer et al., 2010; Lester, Brown, Aycock, 
Grubbs, & Johnson, 2010). Similar to the present study, for 
example, Giletta et al. (2018) found nonsignificant average 
changes in salivary IL-6 and IL-1b following an acute social 
stress induction. Despite the lack of average increases in 
cytokine levels in the present study, however, substantial 
inter-individual variability in cytokine level changes following 
the social stress induction was observed. Indeed, this individ-
ual variability is central to our hypothesis that individual 
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differences in social stress-induced inflammatory activity are 
related to depression. 

Ultimately, results of the present study should be consid-
ered in the context of several limitations. First, the study 
design was cross-sectional (e.g., depression was measured at 
only one time point) and the associations among executive 
control, cytokines, and depressive symptoms are correlational. 
Therefore, causal effects and temporal precedence cannot be 
assumed. As a result, several possible explanations exist for 
the associations observed. Our interpretation of the results, 
drawing largely from Social Signal Transduction Theory of 
Depression (Slavich & Irwin, 2014; Slavich & Sacher, in press), 
is that social stress-induced impairment in executive control 
contributes to increased cytokine activity, which in turn 
affects depression levels. An alternative explanation, though, 
is that higher levels of depressive symptoms could contribute 
to both increased cytokine reactivity and impaired executive 
control observed under conditions of stress (Dowlati et al., 
2010; Snyder, 2013). It is also possible that other factors 
could contribute to impaired executive control under stress, 
increased cytokine reactivity to stress, and depressive symp-
toms. For example, exposure to early life stress has been 
associated with increased inflammatory activity (Miller & 
Chen, 2010), impairment in executive control (Quinn et al., 
2018), and depression (Liu, 2017). Moreover, diet, sleep, and 
exercise levels were not measured in the present study but 
could play a role (Marsland, 2013). Additional research is thus 
needed to examine other factors and potential causal links 
among executive control under stress, stress-induced inflam-
mation, and depression. 

Second, the present sample consisted of healthy young 
adults, and it is unclear to what extent the present findings 
generalize to other populations. In addition, our sample size 
was small; therefore, there is an elevated risk that some of 
the reported null results reflect type II errors. These findings 
should thus be interpreted cautiously, and future research is 
needed to examine these relations in a larger sample and in 
other populations. Third, the present study assessed cytokine 
levels at only two time points. Therefore, cytokine levels at 
the first sampling timepoint may have been elevated due to 
arriving at the lab, and it is unclear to what extent cytokine 
levels at the second timepoint captured the peak reactivity 
of all participants. As a result, cytokine responses to the 
stress induction may have been underestimated. In future 
research, taking additional samples would provide a more 
nuanced picture of individuals’ cytokine reactivity to social 
stress. Relatedly, there was variability in the timing of saliva 
samples and other components of the procedure (e.g., num-
ber of practice trials completed to reach 90% accuracy). This 
variability also may have introduced noise into our analyses. 
Additionally, the baseline measure of executive control was 
obtained soon after arriving in the lab and may have been 
affected by arriving at the lab. In future research, giving par-
ticipants more time to acclimate to the lab may help to 
obtain a better baseline measure of executive control. 

Finally, salivary measures of inflammatory activity are a 
relatively new approach for studying the role of inflammation 
in depression. Although there is some indication that cyto-
kine levels may be higher in saliva samples relative to blood 

samples, much remains unknown about the pathways lead-
ing to increased salivary cytokine levels and how salivary 
inflammatory levels relate to those obtained from blood 
(Slavish et al., 2015). Nevertheless, the present results com-
bined with those obtained from other studies suggest that 
more research is warranted to understand how salivary 
markers of inflammatory activity are relevant for depression. 

In summary, the present results indicate that greater social 
stress-induced increases in IL-6 are associated with higher 
levels of depression. In addition, we found preliminary evi-
dence that lower levels of executive control under conditions 
of acute social stress are associated with greater social stress-
induced increases in IL-6. These results shed light on a poten-
tial cognitive-immunologic link that may have implications 
for understanding risk for depression. Additional research is 
needed to examine whether impaired executive control 
under stress contributes to heightened social stress-induced 
increases in inflammation, which in turn promote depres-
sive symptoms. 
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