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Abstract

Background: Early life stress (ELS) has been linked to health disparities across the human 

lifespan, particularly increased risk for depression and its recurrence. In this study we explore two 

plausible and competing pathways through which ELS may lead to depression via inflammation.

Methods: Participants (ages 18–22; n = 41) completed the Early Trauma Inventory as a measure 

of ELS. Participants then completed consecutive daily diaries of mood and other sickness behavior 

for the 7 days prior to and 7 days after receiving the annual influenza vaccine. Circulating 

concentrations of plasma interleukin-6 (IL-6) were measured immediately before and 24 hr after 

vaccination.

Results: ELS was not associated with the magnitude of change in IL-6 from pre- to post-vaccine, 

however, exposure to ELS moderated the association between change in IL-6 from pre- to post-

vaccine and changes in both cognitive difficulty and depressed mood. Individuals exposed to 

greater ELS showed greater psychological sensitivity to increases in IL-6.

Conclusions: Exposure to ELS may increase sensitivity to peripheral inflammation in the 

central nervous system. Future studies elaborating on the impact of ELS on the sensitivity of 

specific neural circuits and cells to inflammation are needed.
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1 | INTRODUCTION

Cumulative exposure to early life stress (ELS), such as maltreatment, neglect, poverty, and 

family violence, is associated with elevated risk for psychiatric disorders (Kessler et al., 

2010; McLaughlin et al., 2010), particularly depression (Chapman et al., 2004). 

Inflammation has been identified as a biological process through which depression and other 

internalizing psychiatric disorders develop (Dantzer, O’Connor, Freund, Johnson, & Kelley, 

2008; Dooley et al., 2018; Miller & Raison, 2016). The purpose of this study was to explore 

two plausible, competing pathways through which ELS may lead to depressive symptoms 

via inflammation; whether exposure to ELS was associated with greater inflammatory 

responses to external stimulation or whether ELS was associated with greater sensitivity to 

the link between inflammation and mood. Several studies in preclinical animal models have 

provided promising experimental evidence to support the latter hypothesis, yet, no studies to 

our knowledge have interrogated this possibility in humans.

In response to injury and pathogen exposure, cells of the innate immune system produce 

soluble proteins called cytokines that cause inflammation (Janeway & Medzhitov, 2002). 

Increases in systemic inflammation lead to inflammation within the central nervous system 

(CNS) which lead to behavioral changes that reflect reorganization of priorities and energy 

expenditure to promote healing; this phenomenon is commonly referred to as sickness 

behavior (Dantzer & Kelley, 2007; Dantzer et al., 2008; Hart, 1988). Several manifestations 

of sickness behavior, including depressed mood, difficulty with attention and memory, and 

withdrawal from social activities overlap with depressive symptoms. Indeed, we recently 

demonstrated that mild increases in inflammation following receipt of the annual influenza 

vaccine were associated with corresponding increases in daily depressed mood, problems 

with memory and attention, and to a lesser extent social disconnection (Kuhlman et al., 

2018). This is important because inflammation is considered to be one putative mechanism 

through which depression develops (Raison, Capuron, & Miller, 2006). For example, 

prospective longitudinal studies have shown that elevated systemic markers predict 

depression over time (Gimeno et al., 2009), acute activation of the inflammatory arm of the 

immune system can induce many of the behavioral features of depression (Dooley et al., 

2018), and individuals with depression tend to have higher systemic inflammation than 

individuals without depression (Dowlati et al., 2010; Howren, Lamkin, & Suls, 2009).

There are several ways in which cumulative exposure to ELS could influence the link 

between inflammation and depression. First, more exposure to ELS could increase 

production of inflammatory cytokines following an immune stimulus, exogenous or 

endogenous. Evidence of this has been shown repeatedly (Carpenter et al., 2010; Danese et 

al., 2011, 2008; Danese & Lewis, 2017; Danese, Pariante, Caspi, Taylor, & Poulton, 2007; 

Miller & Chen, 2010; Nusslock & Miller, 2016; Pace et al., 2006; Powell et al., 2013), 

specifically that individuals exposed to ELS have immune systems that are more prone to 

production of inflammatory cytokines. Thus, individuals exposed to greater ELS would 

produce more inflammation than non-exposed individuals and subsequently experience more 

depressive symptoms.
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Another possibility is that ELS alters the sensitivity of the CNS to inflammatory signals in 

the body. Increased sensitivity of the CNS to peripheral inflammatory activity could occur 

through several mechanisms. These include increasing the permeability of the blood–brain 

barrier (BBB) (Kuvacheva et al., 2016; Menard et al., 2017) and increasing the size, density, 

and proinflammatory sensitivity of microglia, the resident inflammatory cells in the brain 

(Bilbo & Schwarz, 2012; Calcia et al., 2016; Delpech et al., 2016; Réus et al., 2017; Wang et 

al., 2017). Importantly, in both of these cases, individuals with a history of ELS would 

experience more neuroinflammation following the same peripheral stimulus, leading to more 

profound psychological and behavioral changes. Thus it is biologically plausible that 

increased risk for depression occurs in individuals exposed to ELS because those individuals 

are more sensitive to mild fluctuations in peripheral inflammation. Indeed, some studies 

have observed that the association between inflammation and depression is more tightly 

linked over time in individuals exposed to ELS (Danese et al., 2008; Miller & Cole, 2012). 

However, no study to our knowledge has translated these preclinical observations to a human 

sample using an exogenous immune stimulus.

In this study, we tested these competing hypotheses in a sample of healthy young adults. To 

do this, we examined three depression-related psychological domains associated with 

increases in peripheral inflammation following exposure to the annual flu vaccine: self-

reported depressed mood, cognitive difficulty, and feelings of social disconnection 

(Kuhlman et al., 2018). Consistent with the literature demonstrating that ELS leads to 

exaggerated inflammatory responses, we hypothesized that individuals with greater self-

reported exposure to ELS would demonstrate a larger increase in inflammation from pre- to 

post-vaccine. Consistent with the emerging preclinical animal literature on greater CNS 

sensitivity to peripheral inflammation in ELS-exposed individuals, we hypothesized that the 

association between changes in inflammation and changes in subjective features of 

depression would be moderated by ELS, such that participants with more reported exposure 

to ELS would be more sensitive to the psychological correlates of inflammation.

2 | METHOD

2.1 | Participants

Participants were recruited as part of a project on the feasibility of using the influenza 

vaccine as a model for interrogating the role of inflammation in depression (Kuhlman et al., 

2018). Participants were recruited during the Fall of 2015 and 2016 using flyers on a 

university campus. All participants were screened over the phone to determine their 

eligibility for the study which included: being an undergraduate student (ages 18–22) who 

had not yet received the influenza vaccine that year, not being allergic to eggs, not currently 

using any medications (e.g., steroids, antidepressants) or substances (e.g., tobacco products) 

known to affect the immune system, and not currently experiencing influenza or upper 

respiratory symptoms, current depression, anxiety, any major medical condition (e.g., 

diabetes, asthma). A total of 46 individuals were enrolled in the study; 3 were removed due 

to illness after enrollment, and 2 were unable to provide one or both blood samples. The 

final analytic sample included 41 participants, Mage = 18.49 (SD = 0.75). These participants 

were predominantly female (73.2%) and Asian (58.5%).1

Kuhlman et al. Page 3

Dev Psychobiol. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2 | Procedures

All participants completed informed consent and self-report questionnaires, including our 

measure of ELS, and received training on how to complete daily diaries during the first visit 

to the laboratory. For the next 14 days, participants completed online daily diaries (3–5 min 

each) assessing mood and feelings of social disconnection each evening between 8:00 p.m. 

and bedtime. Compliance with daily diary completion was high, 97.0%.

Approximately 7 days after enrollment, participants returned to the laboratory for a blood 

draw, and then received their influenza vaccine. The participants returned to the laboratory 

the following day for their post-vaccine blood draw. This occurred 21–29 hr after the 

vaccination, MVaccine Delay = 24:35, SDVaccine Delay = 2:10. Participants continued to 

complete daily diaries for the remainder of the 14-days.

2.3 | Measures

2.3.1 | Early life stress—Exposure to ELS was measured via self-report using 37-items 

from the Early Trauma Inventory (ETI) (Bremner, Bolus, & Mayer, 2007; Bremner, 

Vermetten, & Mazure, 2000). These items reflected 19-items of general or nonintentional 

traumatic events (bereavement, natural disaster), 9-items reflecting physical abuse (hit with 

objects, frequently pushed or shoved), 8-items reflecting emotional abuse (often put down or 

ridiculed, often shouted at), and 1-item reflecting exposure to sexual abuse or assault. 

Participants indicated whether they had ever experienced a given item with either yes or no. 

The items marked yes were summed to create an index of cumulative ELS.

2.3.2 | Depressed mood—Depressed mood was measured via daily diary using the 3-

item Depressed mood subscale of the Profile of Mood States (POMS-15), which has been 

previously used in daily diary research (Cranford et al., 2006; Shrout, Herman, & Bolger, 

2006). These items were sad, hopeless, and discouraged. Participants indicated the degree to 

which they experienced each mood state that day and responded to each item according to a 

5-point Likert scale from 1 = not at all to 5 = extremely. For multi-item diary scales, 

reliability coefficients ranging from 0 to 1 for between-person (RKF) and day-to-day within-

person change (RC) were computed using methods described for daily diary scales (Cranford 

et al., 2006). For the depressed mood subscale, RKF = 0.96 and RC = 0.75, which were 

comparable to prior work (Cranford et al., 2006).

2.3.3 | Cognitive difficulty—Cognitive difficulty was measured via daily diary using 

the 3-item POMS-Confusion subscale (McNair, Lorr, & Droppleman, 1981). These items 

were unable to concentrate, forgetful, and confused. Participants indicated the degree to 

which they experienced each state that day and responded to each item according to a 5-

point Likert scale from 1 = not at all to 5 = extremely. For the confusion subscale, RKF = 

0.96 and RC = 0.47.

1Being female or having an Asian ethnic background was not associated with significant differences in change in IL-6 from pre- to 
post-vaccine, all ps > .53, change in depressed mood from pre- to post-vaccine, all ps > .45, or exposure to ELS, all ps > .77.
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2.3.4 | Social disconnection—Social disconnection was measured daily via a 12-item 

scale reflecting the degree to which participants felt disconnected from other people that day 

(Eisenberger, Inagaki, Mashal, & Irwin, 2010; Moieni et al., 2015). Participants responded 

according to a 5-point Likert scale from 1 = not at all, and 5 = very much so. For social 

disconnection, RKF = 0.97 and RC = 0.36.

2.3.5 | Inflammation—Interleukin-6 (IL-6) was used to assess within-subject change in 

inflammation following vaccination because it is a widely used and reliable marker of 

systemic inflammation following immune challenges (e.g., Steptoe, Hamer, & Chida, 2007), 

and to optimize comparison of our results with existing literature on inflammation and ELS 

(Baumeister, Akhtar, Ciufolini, Pariante, & Mondelli, 2016; Kuhlman, Horn, Chiang, & 

Bower, 2019), depression (Dowlati et al., 2010), and inflammatory responses to the 

influenza vaccine (Carty et al., 2006; Christian, Iams, Porter, & Glaser, 2011; Edwards et al., 

2006; Segerstrom, Hardy, Evans, & Greenberg, 2012; Tsai et al., 2005). Blood samples were 

collected in the morning, MBlood Draw 1 = 9:59 a.m. (SDBlood Draw 1 = 1:04 hr), by 

venipuncture into EDTA tubes, placed on ice, centrifuged for acquisition of plasma, and 

stored at −80°C for subsequent batch testing. Samples were assayed in duplicate using a 

high sensitivity ELISA (R&D Systems). The range of detection for this assay was 0.20–10.0 

pg/ml, intra- and inter-assay CVs were <9%, and there were no undetectable values.

2.4 | Data analysis

All statistics were run in SPSS version 24. For each participant, we computed mean 

depressed mood, cognitive difficulty, and social disconnection for the days before and after 

vaccination. We then subtracted each person’s mean score on days before the vaccination 

from their mean on days after the vaccination, such that higher values indicated increasing 

symptoms in that domain. We also computed a mean change in IL-6 (ΔIL-6) by subtracting 

each individual’s pre-vaccine IL-6 concentration from their post-vaccine IL-6 concentration. 

Again, higher values indicated an increase in IL-6 from pre- to post-vaccine.

All variables met assumptions of normality with the exception of ΔIL-6. The skew of the 

raw ΔIL-6 variable was 3.28. One participant demonstrated an extreme increase in IL-6 and 

was winsorized to three standard deviations from the mean ΔIL-6 to reduce their influence 

on our models. After winsorizing this value, the skew of ΔIL-6 was 2.17 and met the criteria 

for assumptions of normality.

Moderation analyses were conducted using PROCESS version 3.1 (Hayes, 2013). For our 

primary analyses, we ran three regression models predicting change in depressed mood, 

cognitive difficulty, and social disconnection as a function of ΔIL-6 from pre- to post-

vaccine, ELS, and the interaction between ΔIL-6 and ELS. Each model covaried for pre-

vaccine concentrations of IL-6, female sex, and BMI based on best practices in 

psychoneuroimmunology (O’Connor et al., 2009), as well as whether the participant was 

part of the first or second cohort (See Kuhlman et al., 2018 for details). It should be noted 

that the results of our models are similar and conclusions the same when post-vaccine IL-6 

was our dependent variable while controlling for pre-vaccine IL-6 (See Wainer, 1991 for 

more on the theoretical and statistical importance of this issue).
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To probe the regions of significance for our interactions, we used the Johnson–Neyman 

approach which reports a coefficient and 95% CI at each value of ELS (Preacher, Curran, & 

Bauer, 2006). For all analyses, p < .05 or 95% was considered statistically significant, 

although analyses where p < .10 are shown to facilitate comparisons with other studies.

3 | RESULTS

Participants in this study reported exposure to between 0 and 16 early life stressors, METI = 

4.85 (SDETI = 4.14). Only 4.9% of participants denied exposure to all of the events on the 

trauma exposure inventory, and 50% reported exposure to more than three events. These 

early life events were diverse, such that 80.5% of participants (n = 33) reported exposure to 

general or nonintentional traumatic events, 73.2% (n = 30) participants reported exposure to 

physical trauma, 61.0% (n = 25) participants reported exposure to emotional trauma, and 

19.5% (n = 8) participants reported exposure to sexual trauma. The most common 

experiences reported in this sample were being spanked (n = 25, 61.0%), slapped in the face 

(n = 14, 34.1%), over-controlled (n = 14, 34.1%), or hit with objects (n = 14, 34.1%) by a 

caregiver.

Interleukin-6 increased from baseline to post-vaccine, t(40) = 2.77, p = .008. See Kuhlman 

et al., (2018) for more details. Table 1 provides the descriptive statistics for all study 

variables and the bivariate correlations between them. Notably, the bivariate associations 

between ELS and both circulating IL-6 prior to vaccination and ΔIL-6 from pre- to post-

vaccine were nonsignificant, see Table 1.

We then conducted a multiple regression predicting changes in IL-6 from pre- to post-

vaccine from ELS, while accounting for IL-6 at baseline, sex, and BMI, R2 = 0.11, p = .55. 

Exposure to more ELS was not associated with greater increases in IL-6 from pre- to post-

vaccine, b = −0.03, SE = 0.03, t = −1.22, p = .23. Thus there was no evidence that 

individuals exposed to ELS exhibited a greater inflammatory response to the influenza 

vaccine.

In the model predicting changes in depressed mood from pre- to post-vaccine, exposure to 

ELS moderated the association between changes in IL-6 from pre- to post-vaccine and 

changes in depressed mood, b = 0.14, SE = 0.07, t = 2.21, p = .03, see Table 2. Specifically, 

the association between ΔIL-6 and change in depressed mood was nonsignificant for 

participants with low exposure to ELS (−1 SD), b = −0.22, SE = 0.24, t = −0.91, p = .37, 

whereas the association was positive and significant for participants with average, b = 0.37, 

SE = 0.14, t = 2.68, p = .01, or above average exposure to ELS, b = 0.97, SE = 0.35, t = 2.75, 

p = .01, see Figure 1a.

We further determined the threshold of ELS after which the association between ΔIL-6 and 

change in depressed mood became significant. The association between ΔIL-6 and change in 

depressed mood for participants who reported four or fewer early trauma events was 

nonsignificant, all ps > .05, if ELS = 4.0 b = 0.25, SE = 0.13, 95% CI [−0.006, 0.51]. 

However, the association between ΔIL-6 and change in depressed mood was significant for 
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individuals who reported exposure to 5 or more early trauma events, all ps < .018, if ELS = 

4.8 b = 0.37, SE = 0.14, 95% CI [0.09, 0.65].

In the model predicting changes in cognitive difficulty from pre- to post-vaccine, exposure 

to ELS moderated the association between ΔIL-6 from pre- to post-vaccine and changes in 

cognitive difficulty, b = 0.14, SE = 0.04, t = 3.19, p < .01.2 Specifically, the association 

between ΔIL-6 and change in cognitive difficulty was nonsignificant for participants with 

low exposure to ELS (−1 SD), b = −0.22, SE = 0.17, t = −1.32, p = .20, whereas the 

association was positive and significant for participants with average, b = 0.37, SE = 0.09, t 
= 3.87, p < .01, or above average exposure to ELS, b = 0.95, SE = 0.24, t = 3.97, p < .01, see 

Figure 1b.

We further determined the threshold of ELS after which the association between ΔIL-6 and 

change in cognitive difficulty became significant. The association between ΔIL-6 and 

change in cognitive difficulty for participants who reported three or fewer early trauma 

events was nonsignificant, all ps > .10, if ELS = 3.20 b = 0.13, SE = 0.09, 95% CI [−0.05, 

0.32]. However, the association between ΔIL-6 and change in cognitive difficulty was 

uniformly significant for individuals who reported exposure to four or more early trauma 

events, all ps < .007, if ELS = 4.0 b = 0.24, SE = 0.09, 95% CI [0.07, 0.42].

In the model predicting changes in social disconnection from pre- to post-vaccine, exposure 

to ELS did not moderate the association between ΔIL-6 from pre- to post-vaccine and 

changes in social disconnection, b = 0.02, SE = 0.04, t = 0.49, p = .63.

4 | DISCUSSION

The purpose of this study was to examine the pathways through which inflammation may be 

linked to features of depression among individuals exposed to ELS. We tested two 

competing hypotheses: that ELS exaggerates peripheral inflammatory responses and that 

ELS sensitizes individuals to the psychological correlates of increases in inflammation. 

Exposure to more ELS was not associated with greater increases in inflammation from pre- 

to post-vaccine. Individuals exposed to more early trauma events, however, consistently 

demonstrated increases in depressed mood and cognitive difficulty that corresponded to the 

magnitude of their inflammatory response following the vaccine. These preliminary findings 

suggest that ELS may sensitize individuals to the psychological consequences of 

inflammation.

The main finding in this study was that individuals exposed to more ELS exhibited stronger 

associations between changes in inflammation and changes in depressed mood and cognitive 

difficulty following the influenza vaccine. Specifically, individuals exposed to five or more 

early trauma events (37.5% of our sample) consistently demonstrated increases in depressed 

2The interaction between ΔIL-6 and ELS when predicting change in cognitive difficulty remained significant when controlling for Δ 
depressed mood, b = 0.10 (SE = 0.04), while the interaction between ΔIL-6 and ELS when predicting Δ depressed mood did not 
remain significant when controlling for Δ cognitive difficulty, b = 0.04 (SE = 0.07). This may suggest that individuals exposed to 
greater ELS may be more sensitive to the cognitive effects of inflammation than the mood effects. Indeed, the main effect of change in 
IL-6 on confusion was larger with less variability, b = 0.20 (SE = 0.06), than on depressed mood, b = 0.17 (SE = 0.08) (Kuhlman et al., 
2018). However, the relatively small sample size and high correlation between Δ depressed mood and Δ cognitive difficulty lead us to 
interpret the results of this sensitivity analysis with caution.
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mood that corresponded to the magnitude of their inflammatory response to the vaccine. 

Similarly, individuals exposed to four or more early trauma events consistently demonstrated 

increases in cognitive difficulty that corresponded to the magnitude of their inflammatory 

response to the vaccine. Of note, the larger epidemiological evidence linking adverse 

childhood events to greater health problems in adulthood also shows that health risks are 

greater for individuals exposed to four or more adversities (Chapman, Dube, & Anda, 2007; 

Chapman et al., 2004; Dube, Felitti, Dong, Giles, & Anda, 2003).

Our observation that individuals exposed to greater ELS were more sensitive to the 

psychological correlates of inflammation is consistent with the emerging literature 

suggesting that stress, in our case ELS, sensitizes the CNS to increases in peripheral 

inflammation. Our findings are more broadly consistent with prospective, longitudinal 

studies showing that the link between inflammation and depression is stronger among 

individuals exposed to ELS (Danese et al., 2008; Miller & Cole, 2012). There are several 

plausible explanations for this finding that are being explored using preclinical animal 

models. For example, peripheral immune activation may lead to symptoms of depressed 

mood and cognitive difficulty through activation of microglia. In preclinical animal models, 

exposure to ELS increases the density, size, and propensity to release inflammation within 

CNS by microglia (Bilbo & Schwarz, 2012; Calcia et al., 2016; Delpech et al., 2016; Réus et 

al., 2017; Wang et al., 2017), which has also been linked to behaviors associated with 

anxiety and depression in rodents (Johnson & Kaffman, 2018). Indeed, two of these 

experimental studies have explicitly linked ELS to behavioral phenotypes associated with 

depression in adulthood through this neuroinflammatory pathway (Réus et al., 2017; Wang 

et al., 2017) and one showed that the behavioral phenotype associated with depression could 

be resolved with pharmacological agents that blocked microglia activation (Wang et al., 

2017). ELS may also lead to greater permeability of the BBB (Kuvacheva et al., 2016), 

which allows more peripheral inflammatory cytokines and cells to access the CNS. Indeed, 

experimental animal models have shown that vulnerability to the behavioral effects of stress 

are linked to greater permeability in the BBB (Menard et al., 2017). Through these and other 

mechanisms, neuroinflammation during critical phases of development may alter functional 

circuits in the brain (Ganguly & Brenhouse, 2015) and have profound implications for 

several neurotransmitters, including glutamate, serotonin, and dopamine (Dooley et al., 

2018; Miller, Haroon, Raison, & Felger, 2013). Of course, these mechanisms are not 

mutually exclusive, and more translational research is needed to better characterize the 

development of functional circuits in the context of these developmental neuroimmune 

processes. This study constitutes compelling preliminary evidence that the psychological 

correlates of this neuroimmune phenomena can be observed at very low concentrations of 

inflammation and following immune stimulation that was relatively mild (See Dooley et al., 

2018; Kuhlman et al., 2018 for more on the dose–response relationships between 

inflammation and behavior).

ELS was not associated with a larger increase in inflammation following our immune 

stimulus, despite previous observations to this effect in both nonhuman primates (Cole et al., 

2012) and human adults (Carpenter et al., 2010; See Fagundes, Glaser, & Kiecolt-Glaser, 

2013 for review; Miller et al., 2009; Pace et al., 2006), though never previously reported 

following influenza vaccination. While this finding contradicted our hypotheses, it may be 

Kuhlman et al. Page 8

Dev Psychobiol. Author manuscript; available in PMC 2021 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



theoretically consistent with studies that have found the association between ELS and 

inflammation to be either moderated or mediated by adulthood stress and other lifestyle 

factors (Raposa, Bower, Hammen, Najman, & Brennan, 2014; Slopen et al., 2010; Surtees et 

al., 2003; Taylor, Lehman, Kiefe, & Seeman, 2006). The absence of a main effect of ELS on 

change in inflammation in our data compared with previous studies may have also been due 

to heterogeneity in ELS or the form of immune stimulus used. Heterogeneity in ELS may 

play an important role in determining an individual’s proinflammatory phenotype (See 

Kuhlman, Chiang, Horn, & Bower, 2017 for review). For example, previous studies have 

operationalized ELS as low early life socio-economic status (Miller et al., 2009) and 

exposure to maltreatment during childhood (Carpenter et al., 2010). Our assessment of ELS 

was quite heterogeneous and may have obscured more nuanced associations. Alternatively, 

ELS may alter immune responses to stimuli that occur via sympathetic nervous system 

activation, such as stress. Indeed, social stressors specifically up-regulate inflammatory 

genes that are sensitive to ß-adrenergic signaling (Powell et al., 2013). The immune stimulus 

used in this paradigm, influenza vaccine, activates immune cells independent of sympathetic 

activation. This distinction will be important to further interrogate as the links between ELS 

and lifelong health disparities continue to be at the forefront of public health.

The results of this study should be considered in the context of some limitations. This was a 

relatively small, single-armed investigation aimed at better understanding within-person 

sensitivity to mild fluctuations in inflammation. For that reason, exposure to the influenza 

vaccine was not placebo-controlled and no causal inferences about links between 

inflammation and behavior can be drawn. Follow-up investigations of our observed 

phenomena could more strongly support our conclusions in a study that carefully over-

sampled for ELS exposure and assessed this in more dimensions with interviews, self-report, 

and sociodeomographic factors. Additionally, our assessments of inflammation and 

psychological sensitivity were limited to IL-6 and daily reported mood. There are a number 

of indices of inflammatory signaling that are more sensitive than IL-6 alone, including 

multiplex assays that measure multiple circulating inflammatory proteins, expression of 

genes associated with the production and regulation of inflammation, and expression of 

RNA transcription factors that are linked to inflammation (Cole, 2009; Slavich & Cole, 

2013). Similarly, psychological sensitivity to inflammatory signaling could be manifested at 

many levels of analysis, such as through structural and functional connectivity of neural 

circuits that govern mood, or through performance on behavioral and neuropsychological 

tasks (See Dooley et al., 2018 for review). Furthermore, our interpretations of psychological 

sensitivity to the influenza vaccine are limited by the imbalance in sampling frequency 

between our mood and inflammatory measures. Mood was measured daily for 14 days while 

inflammation was only measured immediately before and 1-day after influenza vaccine. It is 

possible that the greatest sensitivity was exhibited by individuals with larger inflammatory 

responses to the vaccine that were sustained over multiple days, but our study design 

precludes our interrogation of this possibility. Our sample also reported somewhat lower 

exposure to ELS compared with that of the original sample used to validate this measure 

(Bremner et al., 2007). Finally, our sample size precluded interrogation of other important 

factors in the link between inflammation and the behavioral features of depression, 

specifically sex (Lasselin, Lekander, Axelsson, & Karshikoff, 2018; Moieni et al., 2015) and 
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ethnicity, which is an important future direction in this work. Indeed, our sample was 

predominantly female and Asian, the implications of which will need to be interrogated in a 

larger sample.

Ultimately, better understanding the biobehavioral pathways that link ELS to psychiatric 

symptoms and disorders will inform the development of effective treatments for this 

underserved population. To date, studies have focused on the hypothesis that ELS increases 

the peripheral inflammatory response to endogenous and exogenous stimulation (e.g., 

Nusslock & Miller, 2016). However, the present data are among the first to show that 

individuals reporting greater ELS were more psychologically sensitive to increases in 

inflammatory signaling from the periphery, independent of the main effect of ELS on their 

inflammatory response. These preliminary data underscore the potential for behavioral and 

pharmacological treatments that mitigate neural and neuroimmune pathways linking ELS 

and depression, such as neuroinflammation (Yirmiya, Rimmerman, & Reshef, 2015).
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FIGURE 1. 
Change in IL-6 from pre- to post-vaccine as a predictor of (a) change in depressed mood and 

(b) change in cognitive difficulty by exposure to early life stress. Individuals exposed to 

average or above average (+1 SD) early life stress events exhibit a stronger association 

between change in inflammation and both increases in depressed mood and cognitive 

difficulty. IL-6, interleukin-6
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TABLE 2

Coefficient estimates predicting changes in behavioral symptoms from pre- to post-vaccine from 

inflammation, early life stress, and their interactions

Δ Depressed mood b (SE) Δ Cognitive difficulty b (SE) Δ Social disconnection b (SE)

Intercept 0.10 (0.23) 0.21 (0.15) 0.05 (0.14)

Baseline IL-6 0.07 (0.10) −0.03 (0.07) 0.00 (0.06)

Δ IL-6 −0.33 (0.29) −0.32 (0.19) 0.08 (0.17)

Early life stress −0.02 (0.02) −0.05 (0.02)** 0.01 (0.01)

Δ IL-6 × Early life stress 0.14 (0.07)* 0.14 (0.04)** 0.02 (0.04)

Note: Models covary for sex, cohort, and BMI.

Abbreviation: IL-6, interleukin-6.

*
p ≤ .05.

**
p ≤ .01.
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