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Anhedonia, or pervasive diminished interest or pleasure, is a core diagnostic symptom of
depression that predicts poor treatment response and may also play a role in depression etiology.
Anhedonia is increasingly recognized as multidimensional, reflecting decreased reward
motivation, reward sensitivity, and/or reward-learning. The mechanisms that give rise to
dysregulation in these dimensions of reward have yet to be characterized. Compelling evidence
and theory suggest two processes may play a central role: stress and elevated inflammation. Both
stress and inflammation induce anhedonic behavior, and Social Signal Transduction Theory
posits that inflammation is a central mechanism linking stress to depression more broadly.
However, studies have yet to test whether stress-induced inflammation alters specific dimensions
of reward. Thus, the current study experimentally evaluated the effects of stress-induced
ii

inflammation on multiple dimensions of reward. Fifty-four female young adults were
randomized to undergo an acute psychosocial laboratory stressor or a no-stress active control,
and completed three behavioral tasks for assessment of reward motivation (Effort Expenditure
for Rewards Task; EEfRT), learning (Probabilistic Reward Task; PRT) and sensitivity (positive
faces on an emotional dot probe task, EEfRT, PRT). To test inflammation as a mediator of
effects of stress on reward, the tasks were administered before and 90 minutes post stress to
coincide with the peak of the inflammatory response to stress. Participants provided blood
samples for assessment of the pro-inflammatory cytokine interleukin-6 at study entry and 90 and
120 minutes post stress. Consistent with hypotheses, stress-induced inflammation decreased
sensitivity to social reward, operationalized as decreased attentional bias towards positive faces.
Contrary to hypotheses, stress-induced inflammation increased sensitivity and motivation for
monetary reward. These associations were not moderated by depressive symptoms or early life
stress. Together, findings demonstrate that stress-induced inflammation does indeed alter
multiple dimensions of reward, though effects were not always in the hypothesized direction.
Most notably, stress-induced inflammation was associated with increases in reward motivation
and sensitivity for monetary reward, but decreased sensitivity to social reward. This study
contributes to a growing literature characterizing the relationship between inflammation and
dimensions of reward processing, which will ultimately promote targeted and effective treatment
for anhedonia and depression.
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Introduction
Major depressive disorder (MDD) is debilitating, chronic, and widespread, with a lifetime
prevalence of 16.6% for United States adults (Kessler, Petukhova, Sampson, Zaslavsky, &
Wittchen, 2012). Clinical presentation of depression is enormously heterogeneous and treatment
has variable and inconsistent results (Kessler, Merikangas, & Wang, 2007). Research in
psychopathology has thus begun to shift towards a dimensional approach in the study of mental
illness, with a focus on fundamental psychological and biological processes rather than
diagnostic categories (Insel et al., 2010; Miller & Rockstroh, 2013). One dimension receiving
increasing attention is reward processing, impairments of which are associated with anhedonia.
Anhedonia is a core diagnostic symptom of MDD involving pervasive diminished interest
or pleasure in daily activities (American Psychiatric Association, 2013). It is associated with
greater severity of depressive symptoms in adolescents (Gabbay et al., 2015), elevated risk for
disability and death in older adults (Covinsky, Cenzer, Yaffe, O'Brien, & Blazer, 2014), and
predicts poor treatment response (Craske, Meuret, Ritz, Treanor, & Dour, 2016; Rømer
Thomsen, Whybrow, & Kringelbach, 2015). Anhedonia has also been proposed to play a role in
the development of depression (Loas, 1996; Pizzagalli, 2014). Consistent with this, deficits in
neural and behavioral indices of reward processing have been shown to predict onset and
chronicity of depression (Gotlib et al., 2010; Rawal et al., 2012; Vrieze, Pizzagalli, et al., 2013b).
However, the psychobiological mechanisms that give rise to impairments in reward processing
have yet to be fully identified.
A compelling body of evidence suggests two processes that may play a central role: stress
and elevated inflammation. Stress is the most well-known and robust predictor of depression
onset and recurrence (Kendler, Hettema, Butera, Gardner, & Prescott, 2003; Monroe & Reid,
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2009). Theory suggests that stress-induced anhedonia may precipitate depression (Loas, 1996;
Pizzagalli, 2014), potentially through stress related alterations in neuroendocrine, autonomic and
immune systems (Bogdan et al., 2013). Consistent with this, work from animal models
demonstrates that stress alters reward neural circuitry and elicits anhedonic behavior (DerAvakian, Mazei-Robison, Kesby, Nestler, & Markou, 2014; Koo & Duman, 2008; Yirmiya et al.,
2000), and there is increasing evidence linking stress to reward processing deficits in humans as
well (Pizzagalli, 2014).
Stress also elicits inflammation, and theory suggests inflammation is a central mechanism
linking stress to depression (e.g., Social Signal Transduction Theory; Slavich & Irwin, 2014).
This theory is grounded in evidence from animal and human models that stress increases
inflammation, and that inducing inflammation elicits an array of depressive symptoms, including
anhedonia (Dantzer, O'Connor, Freund, Johnson, & Kelley, 2008; Der-Avakian, Mazei-Robison,
Kesby, Nestler, & Markou, 2014; Eisenberger et al., 2010). Elevated inflammation is also
associated with dysregulation in reward neural circuitry in individuals with current depression
(Felger et al., 2015).
Thus, one theoretical framework highlights anhedonia and disrupted reward processing as a
mechanism linking stress to depression, while another highlights alterations in inflammatory
biology. These perspectives have not yet been fully integrated, although elegant preclinical work
has demonstrated that stress-induced inflammation induces anhedonic behavior (Koo & Duman,
2008). The goal of this study was to address this notable gap in the literature and systematically
evaluate whether stress-induced inflammation altered reward processing in humans. As detailed
below, reward processing is increasingly recognized as a multifaceted construct, and deficits in
different domains of reward have different implications for pharmacological and behavioral
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treatment. Further, the extent to which inflammation alters these different domains is not known.
Thus, this study assessed multiple domains of reward processing that may underlie the clinical
presentation of anhedonia, including impaired motivation to pursue reward, blunted rewardrelated learning, and reduced reward sensitivity (Berridge & Kringelbach, 2008; Treadway &
Zald, 2011).
Anhedonia: A Multifaceted Construct in Psychopathology
Anhedonia is believed to reflect impairment in reward processing (e.g., Epstein et al., 2006;
Harvey, Pruessner, Czechowska, & Lepage, 2007; Keedwell, Andrew, Williams, Brammer, &
Phillips, 2005; Sescousse, Dreher, Caldú, & Segura, 2013), and has emerged as a central and
transdiagnostic construct in psychopathology. In addition to MDD, anhedonia is evident in social
phobia (Kashdan, 2004), schizophrenia (Bedwell, Gooding, Chan, & Trachik, 2014), and
substance use disorders (Foti & Baskin-Sommers, 2015). Most commonly defined in research as
“an inability or reduced ability to experience pleasure” (Ho & Sommers, 2013), anhedonia
actually reflects a broad array of potential deficits in reward-related processes, each of which
may manifest differently between and within traditional diagnostic categories. For example, a
growing body of research suggests that impairment in the ability to experience pleasure is intact
in individuals with schizophrenia, while the ability to anticipate positive outcomes and motivate
oneself towards positive goals is impaired (Pizzagalli, 2014). By contrast, some individuals with
depression are less responsive to positive stimuli in addition to showing poor ability to anticipate
positive outcomes (Rømer Thomsen et al., 2015).
Anhedonia is of interest in depression not only as a key diagnostic symptom, but also as a
risk factor. There is evidence that anhedonia precedes the onset of depression and persists after
depressive episode remission, suggesting that anhedonia may be a trait vulnerability contributing
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to onset and/or recurrence of depression (Goldstein & Klein, 2014; Hasler, Drevets, Manji, &
Charney, 2004; Pizzagalli, 2014). For example, the extent of reward-related learning, measured
as a tendency to develop a response bias towards rewarding stimuli, shows heritability and
stability over time, and remains impaired in individuals currently in remission from MDD
(Goldstein & Klein, 2014). Similarly, non-symptomatic healthy individuals higher in selfreported anhedonia exhibit subclinical neural and behavioral symptoms, such as decreased neural
reactivity in response to pleasurable stimuli in the ventral striatum, a brain region associated with
reward functioning (Keedwell et al., 2005).
Work in animal models has provided a framework to examine anhedonia as a multifaceted
construct in human psychology. Berridge and Kringelbach (2008) describe reward processing as
a “pleasure cycle” that evolved to facilitate behaviors required for survival and procreation. The
cycle includes appetitive and consummatory phases, sometimes termed as “wanting” and
“liking” a reward. Impairment in the desire to engage in enjoyable activities is referred to as
anticipatory anhedonia (impaired ability to predict reward), and this is closely linked to
motivational anhedonia (reduced drive to exert effort for reward) (Der-Avakian & Markou,
2012). Impairment in the subjective experience of pleasure (liking) is referred to as
consummatory anhedonia (although the literature also refers to this as low hedonic capacity/tone,
blunted reward sensitivity, and blunted reactivity to reward). An additional facet of reward is
reward-learning, the ability to recall and make decisions based on past rewarding experiences
(Rømer Thomsen et al., 2015). Reward-learning consists of implicit processes, like associative
conditioning, and explicit processes involving prediction and memory (Rømer Thomsen et al.,
2015).
Consistent with animal models, evidence from neuroimaging studies suggests that reward-
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related processes, although overlapping, involve different components of the brain reward
circuit. For example, subjective pleasure is most consistently associated with the orbitofrontal
cortex/medial prefrontal cortex, anticipation of reward with the ventral striatum, and rewardrelated learning with dorsal striatum regions (Der-Avakian & Markou, 2012; Pizzagalli, 2014).
This aligns with clinical observations that only one domain is impaired (e.g., motivational but
not consummatory anhedonia in schizophrenia; Treadway & Zald, 2011) or the relationship
between domains is dysregulated (e.g., consummatory response is a poor predictor of motivation
for reward in individuals with MDD; Sherdell, Waugh, & Gotlib, 2012).
Behavioral Tasks Used to Study Reward Processing
To assess the various domains of anhedonia, this study focused on tasks commonly used in
the literature on anhedonia in depression. In a recent integrative review on relations among
depression, stress, and anhedonia, Pizzagalli (2014) concluded that deficits in reward processing
in MDD were characterized empirically by: 1) reduced motivation to gain reward; 2)
impairments in reward-related learning and, somewhat less consistently; 3) dysregulated
processing of positive stimuli. There are a variety of behavioral tasks that have been used to
probe these domains, the most common of which will be reviewed here. The tasks have been
used in healthy and clinical populations, and —of particular relevance to the current study—
some have been tested in the context of an acute stressor. Of note, while reward sensitivity is
often studied using gambling or risk tasks, it is not clear whether decision-making under risk (the
central component of such tasks) captures the anhedonia construct (e.g., Heshmati & Russo,
2015; P. M. Russo, Leone, Lauriola, & Lucidi, 2008; Telzer, Fuligni, Lieberman, & Galvan,
2014). Thus, tasks assessing risk are not included in this study.
Motivation to gain reward. This aspect of reward processing can be assessed using effort
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expenditure or progressive ratio tasks (Treadway & Zald, 2011). The effort expenditure for
rewards task (EEfRT) was developed directly from animal models (Treadway, Buckholtz,
Schwartzman, Lambert, & Zald, 2009) and assesses the extent to which individuals exert greater
effort for more money, versus reduced effort for a lesser amount of money, at varying
probabilities. In healthy participants, effort for reward attainment is associated with differences
in dopamine response in the vmPFC and left striatum (Treadway et al., 2012b), and
administering a dopamine agonist increases willingness to work for rewards (Wardle, Treadway,
Mayo, Zald, & de Wit, 2011). Individuals with depressive symptoms show less willingness to
expend effort for monetary reward compared to controls (Yang et al., 2014), while individuals
high on trait social anhedonia evidence poor reward-based decision-making but intact motivation
(McCarthy, 2013). The EEfRT is one of the most commonly used tasks to assess motivational
anhedonia and was thus selected for the current study.
Reward related learning. Another key dimension of reward processing is reward-related
learning. Individuals with depressive symptoms exhibit blunted reward-learning in Pavlovian
(Kumar et al., 2008) and instrumental (Gradin et al., 2011) learning paradigms. One of the most
commonly used tasks is the Probabilistic Reward Task (PRT; Pizzagalli, Jahn, & O'Shea, 2005),
an implicit task that assesses ability to change behavior based on asymmetrical positive
reinforcement with ambiguous stimuli. The dependent variable of interest is whether participants
develop a response bias towards the more frequently rewarded stimuli. Healthy controls tend to
mistake the more frequently rewarded stimuli as the target stimuli, while individuals with current
clinical depression (Vrieze, Pizzagalli, et al., 2013b) or remitted depression (Pechtel, Dutra,
Goetz, & Pizzagalli, 2013) do not develop this bias. These differences are not associated with
task difficulty, indicating that results are unlikely to be due to cognitive impairment among
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individuals with depression (Vrieze, Pizzagalli, et al., 2013b).
Blunted reward-learning on the PRT is specifically associated with greater anhedonic
symptoms (Fletcher et al., 2015; Vrieze, Pizzagalli, et al., 2013b) and has shown predictive
validity. In one study, individuals diagnosed with MDD completed the PRT prior to 8 weeks of
treatment (a combination of therapies) and then after treatment. Those who scored lower on the
PRT at baseline were more likely to have persistent residual symptoms, controlling for anxiety
comorbidity, type of treatment, depressive symptoms, age and gender (Vrieze, Pizzagalli, et al.,
2013b). These behavioral changes have been specifically linked to dopaminergic functioning. In
a study using positron emission tomography (PET), Vrieze and colleagues (2013a) found that the
development of a response bias in the PRT was associated with extrastriatal dopaminergic
release in healthy individuals (in areas such as the globus pallidus, subthalamic nucleus, and
substantia nigra). The role of dopamine was further confirmed in a study with healthy volunteers,
in which administration of a dopamine agonist (which reduced phasic release of dopamine)
impaired response bias towards reward in the PRT (Santesso et al., 2009).
Reward sensitivity. Reward sensitivity is a broad term that most closely aligns with
“consummatory” reward, or the initial or sustained hedonic response to reward. One way to
assess reward sensitivity is by assessing the processing of positive stimuli. This is often studied
with neuroimaging tasks, such as the magnitude of reactivity in reward related regions when
presented with positive images (e.g., Epstein et al., 2006; Harvey et al., 2007; Keedwell et al.,
2005; Sescousse et al., 2013). However, processing of positive information can also be captured
using behavioral measures outside of the fMRI environment. A commonly used task, the
emotional dot probe task, assesses attentional bias towards emotional stimuli. In this task,
participants indicate the presence of a visual probe on the right or left side of a computer screen
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following the brief side-by-side presentation of an emotional and neutral stimulus. Faster
response time when the probe replaces emotional stimuli indicates attentional bias towards
emotion. A recent meta-analysis found that non-symptomatic control participants demonstrated a
significant bias towards positive images on the dot probe task, while individuals with depressive
symptoms did not (Winer & Salem, 2016). Further, in recent work, the emotional dot probe has
been specifically cited as a potential way to assess the consummatory reward response (Craske et
al., 2016), particularly when using positive social stimuli such as happy facial expressions.
Positive faces are conceptualized as primary rewards that elicit approach-oriented behavior
(Berridge & Kringelbach, 2015; Bershad, Seiden, & de Wit, 2016; Yoon, Joormann, & Gotlib,
2009) and may be better able to capture reward processing than more complex positive imagery
or words, which may elicit elaborative cognitive processing in addition to an initial response.
Happy facial stimuli are frequently used in the depression literature, and reduced attentional bias
towards happy faces is evident in both current and formerly depressed participants, as well as
individuals at risk for depression, such as non-depressed girls with depressed mothers, following
a sad mood induction (Gotlib et al., 2010; 2014).
Reward sensitivity can also be measured using indices derived from reward learning tasks.
Computational algorithms can be used to extract learning from sensitivity in reinforcement tasks
(e.g., Dayan, Huys, Pizzagalli, & Bogdan, 2013; Harrison et al., 2016). For the PRT, reward
sensitivity has been measured as the overall magnitude of response bias (Bogdan, Santesso,
Fagerness, Perlis, & Pizzagalli, 2011), while learning is measured as the degree of change in
response bias across the task (Pizzagalli et al., 2005). Sensitivity to reward has also been
measured on reward motivation tasks like the EEfRT (Draper et al., 2018; Lasselin et al., 2016).
In these tasks, sensitivity to reward is operationalized as the degree to which increases in reward
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magnitude predict increases in reward motivation. Blunted sensitivity to reward is reflected by an
attenuated association between reward magnitude and reward motivation.
Stress Effects on Reward Processing
Animal Models. Recent work has proposed that stress-induced anhedonia may precipitate
depression, potentially through stress-related alterations in neuroendocrine, autonomic and
immune systems (Bogdan, Nikolova, & Pizzagalli, 2013). No studies have fully tested this
hypothesis, but there is strong evidence that a variety of chronic stressors, including chronic mild
stress, prolonged restraint stress, chronic social stress (e.g., isolation or social defeat), and
adverse early rearing (e.g., sustained maternal separation) are all associated with anhedonic
behavior and dysfunction in mesocorticolimbic dopamine circuits in animal models (Nestler &
Carlezon, 2006; Pizzagalli, 2014). Anhedonic behavior is most evident during or immediately
after chronic stress, but few studies examine delayed effects of chronic stress on anhedonia. Of
those that did, several found persistent effects of chronic social stress on anhedonia (reduced
sucrose consumption) at three, but not 9 - 11 weeks, post-stressor (Riga, Theijs, De Vries, Smit,
& Spijker, 2015).
While most preclinical studies have assessed effects of chronic stress, acute stress also
alters reward processing (Gold, 2014). In general, acute stress induces moderate downregulation
of neural reward circuitry, including the subgenual prefrontal cortex, nucleus accumbens, and
orbital prefrontal cortex, possibly as a mechanism to reduce distraction during the stress
response. Of note, this downregulation is only moderate; this is posited to allow conservation of
sufficient morale to engage in active coping and prevent excessive dysphoria (Cabib & PuglisiAllegra, 2012; Gold, 2014). Indeed, enhanced release of mesolimbic DA to novel stress is
associated with active coping. By contrast, reduced mesolimbic DA release is associated with
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passive coping (Cabib & Puglisi-Allegra, 2012). Animals with prior exposure to chronic stress
have a stronger mesocortical DA response to acute stress; this is in turn related to inhibition of
DA release in mesolimbic pathways, which may serve to perpetuate depressive behavior
(Pizzagalli, 2014).
Human Studies. As in preclinical models, reward processing in humans is altered by both
chronic and acute stress. In terms of chronic stress, individuals with higher perceived stress show
blunted ventral striatal response to monetary reward (Treadway, Buckholtz, & Zald, 2013) and
blunted reward-learning (Bogdan, Pizzagalli, Ratner, & Jahn, 2007). Evidence that acute stress
alters reward processing arises primarily from the neuroimaging literature. A recent metaanalysis with 43 studies found that acute psychosocial stress was associated with deactivation in
the ventral striatum (Kogler et al., 2015). Converging evidence has begun to emerge from
behavioral tasks administered outside of the neuroimaging environment. Most of these tasks
assess reward-related learning, several examine alterations in processing of positive stimuli, and
only one has tested an effort expenditure task.
Five published studies have examined effects of acute stress on reward-learning using the
probabilistic reward task (PRT). These studies have demonstrated that threat of shock (Bogdan et
al., 2011; Bogdan & Pizzagalli, 2006; Bogdan, Perlis, Fagerness, & Pizzagalli, 2010) and social
evaluation (negative feedback, Liu et al., 2011; mental arithmetic, Morris & Rottenberg, 2015)
blunt reward-learning in healthy individuals. All but one of these studies limited their sample to
female participants, and all were within-subject designs. Importantly, while the PRT is a reward
learning task, these five studies actually find effects of stress on reward sensitivity using the
PRT, not reward learning. Thus, stress is associated with reduced reward sensitivity in the
context of a learning task. Critically, all studies found no effects of stress on visual
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discrimination, or the ability to distinguish between the ambiguous stimuli. This indicates that
the effects of stress are specific to reward sensitivity, and not attributable to task difficulty.
Similarly, Berghorst and colleagues (2013) found impairment in a different probabilistic reward
task that was specific to impaired response to reward feedback, but no impairment from negative
feedback. This is a critical point because it suggests that learning in general is not dampened;
instead, acute stress is selectively associated with reduced sensitivity to reward cues.
Studies also indicate that stress alters the processing of emotional stimuli, but many studies
examine processing of negative, rather than positive stimuli. For example, three studies found
that acute psychosocial stress altered attentional bias on the emotional dot probe task, such that
participants responded faster to angry faces, masked socially threatening words, and depressionrelated words than neutral stimuli. Higher cortisol response to stress was positively associated
with attentional bias towards negative stimuli; however, positive stimuli were not included for
comparison (Andreotti, Garrard, Venkatraman, & Compas, 2015; McHugh, Behar, Gutner,
Geem, & Otto, 2010; Tsumura & Shimada, 2011). Another study assessed attentional bias during
an emotional Stroop task with masked angry, happy, and neutral faces in a sample of
undergraduates, and found that participants who had a strong cortisol response showed a vigilant
bias towards angry faces after an acute psychosocial stressor, but no bias towards or away from
happy faces (Roelofs, Bakvis, Hermans, van Pelt, & van Honk, 2007). This null finding for
positive faces may be a function of task design. Masked stimuli are ideal for assessing vigilance
and avoidance, but differences in processing of positive stimuli (e.g., when examining
individuals with depressive symptoms versus controls) are more detectable when participants
have longer exposure to the stimuli (e.g., greater than 200 ms; Winer & Salem, 2016). Thus, it is
possible that stress effects on attentional bias may be evident for positive social stimuli only with
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sufficient stimulus duration. Indeed, Morrison and O'Connor (2010) found that participants who
underwent a negative mood and rumination induction showed decreased attentional bias towards
positive word stimuli (presented for 750 ms) compared to their baseline performance.
Effort expenditure tasks have only been tested in the context of acute stress in one study. In
this study, stress was first induced through negative failure feedback during a cognitive task.
Following this, participants tended to exert greater motivation to obtain larger rewards during the
EEfRT, particularly when the probability of receiving a reward was ambiguous (Anand,
Oehlberg, Treadway, & Nusslock, 2015). One interpretation for these findings is that immediate
effects of stress may induce behavior aimed at repairing mood. This seems consistent with work
in animal models showing that novel stress is associated with an initial release of mesolimbic
dopamine (DA) and active behavioral coping, but inconsistent with findings of effects of acute
stress on reward-sensitivity in humans. A second interpretation is that differences in sample
composition may be playing a role. The reward-learning studies, which found reduced rewardlearning/sensitivity in the context of stress, used mostly female participants, while Arnand et al.
(2016) included both males and females. This is a noteworthy discrepancy, as, for example, acute
stress has been shown to affect decision-making under risk differently for men and women: men
are more likely to engage in high-reward/high-risk behavior, while women are more likely to
engage in low-risk behavior (Lighthall et al., 2012). This gender based explanation is purely
speculative, as it is not known whether similar gender differences are evident in reward-learning,
effort-expenditure, or processing positive stimuli tasks. A third interpretation is that stress
differentially alters facets of reward processing. Specifically, stress may interfere with reward
learning/sensitivity, but facilitate reward motivation.
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More delayed effects of acute stress on behavior are rarely examined, particularly in the
context of reward. In one study, Pabst, Brand, and Wolf (2013) examined decision-making at
three different time points in relation to an acute psychosocial stressor. Compared to no-stress
controls, participants who completed a decision-making task during or immediately after the
stressor made lower risk and higher quality decisions. Conversely, participants who completed
the task 10 minutes post-TSST made riskier and poorer quality decisions. In a second study
examining memory retrieval, Schwabe and Wolf (2014) found evidence for delayed memory
impairment. Compared to a no-stress control, participants tested immediately after the socially
evaluated cold pressor stress task showed no impairment. However, memory was impaired when
tested 25 and 90 minutes post stressor, with effects stronger at the 90-minute assessment.
In summary, there is strong evidence that chronic and acute stress influences reward
processing in animals (Gold, 2014), and a growing body of literature demonstrating this using
behavioral tasks in humans (Pizzagalli, 2014). Most studies suggest that stress dysregulates
reward processing, and this may be particularly evident in female participants. However,
consistent evidence of acute effects of stress on reward is limited to reward-learning tasks; no
studies have examined whether performance on reward-learning tasks is associated with the
processing of positive stimuli or effort expenditure tasks; and all studies have examined
immediate effects of acute stress on behavioral indicators of reward, without testing for delayed
effects on reward. Further, the mechanisms by which stress alters reward processing have not
been determined. Stress-related alterations in neural processes may have a direct effect on reward
processing, or stress may indirectly alter neural process through alterations in peripheral
physiological systems. The following sections will examine this second idea and review effects
of stress on neuroendocrine and inflammatory processes and subsequent associations with
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reward processing.
Physiological Stress Response and Reward Processing. The stress response involves
activation of the hypothalamic-pituitary adrenal (HPA) axis and sympathetic nervous system
(SNS). Increased SNS activity drives an increase in the production of pro-inflammatory
cytokines and pro-inflammatory gene expression (Irwin & Cole, 2011). This acute response is
normative and critical for health, functioning as a non-specific and rapid response to injury or
infection. The HPA system activates more slowly than the SNS and releases cortisol, which
dampens the innate immune response (Irwin & Cole, 2011). The dynamics of this response are
often studied using acute psychosocial laboratory stressors, such as the Trier Social Stress Task
(TSST), which induces feelings of social evaluation and rejection and has been shown to reliably
elicit a cortisol and inflammatory response (Breines et al., 2014; Kemeny, Dickerson, Gable,
Irwin, & Aziz, 2009; Steptoe, Hamer, & Chida, 2007; J. M. Wolf, Rohleder, Bierhaus, Nawroth,
& Kirschbaum, 2009).
Elevations of pro-inflammatory cytokines following stress are typically not evident until at
least 50 minutes post stressor-onset (Breines et al., 2014) and peak 90 to 120 minutes poststressor (Marsland, Walsh, Lockwood, & John-Henderson, 2017). Very few studies have
examined whether the peak of this response is associated with behavioral, socioemotional or
cognitive alterations. However, as will be reviewed below, there is both empirical evidence and a
conceptual basis to expect such an effect.
Effects of Inflammation on Reward
Much of the work on inflammation and anhedonia is grounded in the sickness behavior
literature, in which pro-inflammatory cytokines are released peripherally by activated innate
immune cells (as occurs with infection, wounding, and stress) and propagate to the central
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nervous system via humoral or neural pathways. The resulting behavioral effects include a
constellation of symptoms, such as fatigue, reduced appetite, social withdrawal and anhedonia,
that together are thought to represent a motivational shift towards behaviors that facilitate
healing (Capuron & Miller, 2011; Dantzer et al., 2008). These symptoms, while adaptive in the
context of acute illness, overlap with the diagnostic symptoms of depression. Further, the proinflammatory cytokines implicated in mediating sickness behavior (e.g., IL-1b, IL-6, TNF-a) are
reliably elevated in the context of depression (Haapakoski, Mathieu, Ebmeier, Alenius, &
Kivimäki, 2015; Valkanova, Ebmeier, & Allan, 2013).
There is substantial evidence that inflammation causes anhedonia and disrupts reward
processing in animal models. Administration of pro-inflammatory cytokines or bacterial
lipopolysaccharide (LPS, endotoxin), which leads to the release of pro-inflammatory cytokines,
reduces reward sensitivity, operationalized as decreased sucrose preference or increased
threshold for intracranial self-stimulation (Dantzer, Vichaya, & Hunt, 2014; DellaGioia &
Hannestad, 2010; Merali, Brennan, Brau, & Anisman, 2003; Nunes et al., 2014; Van Heesch et
al., 2013). Chronic stress-related increases in IL-1b are associated with reduced preference for
sucrose versus water solutions (Koo & Duman, 2008). Induced inflammation is also associated
with reduced motivation to work for rewards (e.g., sucrose or palatable food) and such deficits in
motivation have been specifically tied to alterations in dopamine. For example, reduced reward
motivation in the context of a chronic inflammatory challenge is correlated with decreased
stimulated dopamine release in the striatum (Felger et al., 2013).
Similar effects are evident in several clinical and research models in humans, including
chronic interferon-alpha (IFN-!) therapy and acute endotoxin, typhoid vaccine, and influenza
vaccine studies. Chronic IFN-! therapy, a potent inducer of inflammation, has been used to treat
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viral infections and some cancers. Patients undergoing this treatment rapidly develop
neurovegetative symptoms of depression, and up to 50% go on to develop cognitive-affective
symptoms and meet criteria for depression during the course of treatment (Capuron & Miller,
2011). Acute increases in pro-inflammatory cytokines can also be elicited via administration of
endotoxin, a component of the wall of Gram-negative bacteria that potently activates the innate
immune system (Slavich & Irwin, 2014). The endotoxin paradigm has been particularly useful in
experimentally evaluating the hypothesis that inflammation is causally related to depressive
symptoms, including anhedonia (Eisenberger et al., 2010). Other models, such as typhoid and
influenza vaccine elicit more mild increases in IL-6 — comparable to those observed following
acute stress — that are associated with mood disturbance and changes in affective processing
(Harrison et al., 2009; Kuhlman et al., 2018; Wright, Strike, P. C., Brydon, & Steptoe, 2005).
Despite differences in time course and magnitude of the inflammatory response elicited,
these models have for the most part converged with results from animal models and
demonstrated that elevated inflammation is associated with dysregulated and reduced reward
processing (Eisenberger et al., 2010; Felger et al., 2015). Using the monetary incentive delay
task, Eisenberger et al. (2010) found that endotoxin-initiated inflammation (approximately two
hours post endotoxin administration) was correlated with reduced ventral striatum reactivity
during reward anticipation, a construct that is closely related to reward motivation (Treadway &
Zald, 2013). Other work from endotoxin paradigms suggests that reward motivation itself is
altered, with evidence for a global reduction in motivation on effort expenditure tasks (Draper et
al., 2018). Similar reductions in motivation were found following the inflammatory response
after the influenza vaccine (Boyle et al., in prep).
Reward learning has rarely been studied in the context of an inflammatory challenge. One
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study found that increases in IL-6 following influenza vaccine were associated with decreases in
reward learning using an implicit reinforcement learning task (Boyle et al., in prep). A second
study found similar evidence for reduced sensitivity to rewarding cues in the context of a
learning task. Specifically, Harrison and colleagues (2016) had participants complete a learning
task before and after typhoid vaccine administration and found that punishment sensitivity
increased, with a trend for decreased sensitivity to reward cues. Using fMRI, they further
demonstrated an attenuated relationship between ventral striatal response and reward prediction
error, and an increased association between right insula activity and punishment prediction error,
when comparing typhoid to placebo. Overall, their results suggest that shifts in reward-learning
from inflammatory activity parallels shifts observed in depression (i.e., reduced reward and
increased punishment sensitivity; Eshel & Roiser, 2010).
For the most part, reward sensitivity is reduced in the context of high inflammation.
Capuron and colleagues (2012) found that chronic hepatitis C patients receiving IFN-! therapy
exhibited blunted reward sensitivity, as indexed by decreased reactivity in basal ganglia/ventral
striatum regions during winning trials on an fMRI gambling task, in comparison to wait-list
controls. This blunted neural reward response was correlated with self-reported anhedonia.
Behaviorally, patients receiving IFN-! exhibited reduced attentional bias towards happy versus
neutral faces compared to a baseline assessment (Cooper et al., 2018) and higher levels of
circulating C-reactive protein were associated with decreased attention towards happy faces in a
sample of breast cancer survivors (Boyle, Ganz, Van Dyk, & Bower, 2017). Work from our lab
also suggests that higher levels of IL-6 following influenza vaccine are associated with decreased
positive attentional bias in healthy undergraduates (unpublished data).
The overarching pattern linking chronic and acute elevations in inflammation to reductions
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in reward motivation and sensitivity should be contextualized by evidence for more nuanced
effects. For example, in comparison to placebo control, individuals who receive endotoxin
exhibit greater ventral striatum reactivity to receipt of positive versus neutral evaluative feedback
(Muscatell et al., 2016), and to a photo of a close other versus a smiling stranger (Inagaki et al.,
2015). Similarly, Lasselin and colleagues (2016) found that participants exhibited increased
reward motivation following endotoxin administration, but only when the probability of
receiving a reward was high. These findings suggest a more complex pattern of goal shifts, rather
than global reductions in reward.
Only three studies have tested effects of inflammation on multiple dimensions of reward,
and all did so by deriving an index of reward sensitivity from performance on a reward
motivation task. There was converging evidence that reward motivation was selectively altered
by inflammation, while sensitivity to variations in monetary reward magnitude remained intact
(Boyle et al., in prep; Draper et al., 2018; Lasselin et al., 2016). Specifically, even when
participants exhibited reduced overall motivation, higher reward magnitude continued to predict
higher effort within those higher effort trials that were selected.
In summary, a large body of evidence suggests inflammation is associated with
anhedonia and reduced reward processing in animal models. Similar effects are seen in human
models, although the literature is rather small. Two of three studies have found inflammation is
associated with decreased reward motivation and two suggest reward learning may be negatively
affected (one through reductions in reward sensitivity). There is preliminary evidence that
reward sensitivity, as indexed by attentional bias towards happy faces, is reduced, while reward
sensitivity in the context of monetary reward on the EEfRT remains intact. Together, this work
illustrates that inflammation alters reward, but there is a need to better characterize the specific
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domains that are most influenced, the contexts in which such effects are most evident, and the
types of reward that are most susceptible.
Moderators of Stress-Induced Inflammation and Reward Processing
Inflammation does not invariably cause depression or anhedonia, and there is increasing
interest in identifying vulnerability factors that render some individuals more sensitive to the
effects of inflammation. One of the most well characterized factors is sex; women experience
greater increases in depressed mood and feelings of social disconnection in response to an acute
inflammatory stimulus (endotoxin) than males (Moieni et al., 2015), particularly if they also have
sleep disturbance (Cho, Eisenberger, Olmstead, Breen, & Irwin, 2016). Other work indicates that
history of depression increases risk for development of depression during the course of IFN-a
therapy (Capuron & Miller, 2011), while theory highlights early life adversity as a key
vulnerability factor (Nusslock & Miller, 2015). Repeated activation of physiological stress
systems, particularly in early development, are posited to strengthen the relationship between the
brain and the inflammatory system, rendering individuals more neurally sensitive to the effects
of peripheral elevations in inflammation, and more likely to mount an exaggerated inflammatory
response to daily threats (e.g., neuroimmune network hypothesis, Nusslock & Miller, 2015;
neuro-inflammatory sensitization, Slavich & Irwin, 2014). Consistent with this, one study found
that increased inflammation predicted development of depressive symptoms only among
adolescents exposed to high levels of early life adversity (G. E. Miller & Cole, 2012).
Early life stress and depression are also implicated as moderators of stress effects on
inflammation. Carpenter et al. (2010) found that a history of early life stress predicted greater
increases in IL-6 in response to the TSST in comparison to a control group, even though
participants with early life stress reported no current psychopathology. In a sample of male
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participants with both MDD and early life stress, Pace et al. (2006) found that TSST-induced
increases in IL-6 were associated independently with depression severity but not early life stress.
Other work has shown that higher depressive symptoms in otherwise healthy individuals predict
an exaggerated inflammatory response to stress (Fagundes, Glaser, Hwang, Malarkey, &
Kiecolt-Glaser, 2013).
In addition, both depression and early life stress are associated with alterations in reward
processing. As reviewed above, depression is closely associated with decreased reward
motivation, learning and sensitivity. Similar effects are seen with early life stress. Dillon et al.
(2009) found elevated symptoms of anhedonia, less reward-related activity in basal ganglia
regions during reward anticipation, and lower ratings of positive stimuli in adults with a history
of child abuse in comparison to adults with no history of abuse. A history of sexual abuse in
childhood was associated with impaired reward-related learning in a sample of adult women
(Pechtel & Pizzagalli, 2011). Corral-Frías and colleagues (2015) found an interaction between
reports of early life stress and reward-related ventral striatum reactivity in a large sample of
young adults (n = 906), such that individuals who reported early adversity and showed blunted
ventral striatum reactivity assessed via fMRI during a reward-based task were more likely to
report anhedonic symptoms, which were in turn associated with depression.
In summary, both depressive symptoms and early life adversity are associated with an
increased inflammatory response to stress and decreased reward processing. There is preliminary
evidence and theoretical work suggesting that these vulnerabilities may strengthen the
association between increases in inflammation and development of depressive symptoms, and
this may be particularly true for women. This is akin to the “two-hit” model of depression, such
that an underlying vulnerability factor renders the reward system more susceptible to stress and
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stress-induced inflammation. Thus, one aim of the current study was to examine whether stressinduced inflammation altered reward processing to a greater degree for participants with higher
levels of current depressive symptoms and higher levels of early adversity.
We also elected to focus on women in the current study, given evidence that women may
be more affectively sensitive to the effects of inflammation (Moieni et al., 2015) and that
inflammation related disorders, including depression, are more prevalent among women (Slavich
& Irwin, 2014). Further, past work has shown that stress may influence reward processing
differently depending on sex (Lighthall et al., 2012).
Summary
Characterizing the psychobiological mechanisms that give rise to deficits in reward
processing is a critical step in improving treatment for depression and other debilitating
psychiatric disorders. Theory and a compelling body of evidence highlights stress and
inflammation as two important mechanisms, but an integrative test of these mechanisms in
humans has not been conducted. Consistent with an elegant demonstration in preclinical work
(Koo & Duman, 2008), the goal of the current study was to test whether stress-induced
inflammation disrupted reward processing in a sample of young women. By testing this pathway,
the current study contributes to several gaps in the current body of literature on reward
processing in humans. Specifically, few studies have investigated effects of stress on reward
processing, and none have examined multiple dimensions of reward processing. Similarly, the
effects of inflammation on behavioral indices of reward processing is unclear, as the few existing
studies have yielded conflicting results. Finally, relatively few studies have examined moderators
of the relationship between induced inflammation and subsequent behavioral changes, although
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identification of moderators is an important step towards precision medicine and contributes to
theory.
Current Study
The goal of the current study was to examine the effects of an acute psychosocial stressor
on reward processing and the role of inflammation as a mediator of these effects. Stress was
induced using a standardized laboratory task, the Trier Social Stress Task (TSST), which has
been shown to elicit an inflammatory response that peaks at 90 minutes post-stress and remains
elevated at 120 minutes post-stress (Marsland et al., 2017). Three behavioral tasks were used to
assess multiple domains of reward processing, including the EEfRT (reward motivation, reward
sensitivity), the PRT (reward learning, reward sensitivity) and the emotional dot probe task
(reward sensitivity). Because of the focus on inflammation as a mediator, these tasks were
administered before and at 90 minutes post-stress to coincide with the peak of the inflammatory
response. We also assessed key moderators that may influence the association between stress,
inflammation, and reward, including depressive symptoms and early life stress.
Hypotheses
Hypothesis 1. Effect of Stress on IL-6
1. Compared to control participants, stressed participants will exhibit a greater increase in
IL-6 across the experimental session.
Hypothesis 2: Effect of Stress on Reward Motivation, Learning and Sensitivity
2. Compared to control participants, stressed participants will demonstrate decreases in
reward processing (motivation, learning, sensitivity) at the peak of the stress-induced
inflammatory response.
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Hypothesis 3: Mediation Analyses: Stress-Induced Inflammation and Reward Task
Performance
3. Increases in IL-6 across the experimental session will statistically mediate the effect of
group (stress versus control) on decreased reward processing.
Hypothesis 4. Moderation Analyses: Early Life Stress and Current Depressive Symptoms
as Moderators of Effects of Stress-Induced Inflammation on Reward Task Performance
4. Early life stress and current depressive symptoms will moderate the relationship between
stress-induced inflammation and reward task performance, such that higher stress-induced
inflammation will predict greater decreases in reward processing in the context of high
early life stress or elevated depressive symptoms.
Methods
Design
This experiment took place at the University of California-Los Angles (UCLA) Clinical
and Translational Research Center (CTRC) between May and December of 2017. The UCLA
IRB approved study procedures and all participants provided written informed consent.
Participants
Participants were recruited through the UCLA SONA system and fliers posted at the
UCLA campus, the Santa Monica community college campus, and surrounding Westwood area.
Compensation was either course credit for participants recruited through the SONA system or
monetary ($50) for those recruited from the campus and surrounding area. Interested participants
were asked to contact the study coordinator through a study email and were screened by phone to
determine eligibility. Inclusion criteria were: 1) English fluency; 2) biologically female; 3)
between the ages of 18 and 28. Exclusion criteria were: 1) presence of major medical disorders
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with an inflammatory component, such as colitis, rheumatoid arthritis, asthma, and untreated
allergies; 2) current or past diagnosis of alcohol use disorder; 3) current or planned pregnancy; 4)
regular tobacco use; 5) current acute illness.
Randomization. Participants were randomly assigned to either the stress or control condition
after eligibility was confirmed by phone and they were scheduled for a study appointment. A
random number generator was used to create a list for the sequence of stress versus control
conditions, task administration order, and task specific counterbalancing. Participants were
randomized 3:1 to the stress and control group to prioritize the central question of the study,
identifying effects of stress-induced inflammation on reward, and to allow a preliminary
examination of moderators.
Study Procedures
Baseline Assessment. After determining eligibility (and random assignment to condition),
participants completed an initial visit at the UCLA Mind-Body Laboratory. During this visit,
participants provided informed consent, completed the EEfRT, and completed questionnaires
assessing trait or stable characteristics (e.g., demographics, early life stress). Of note, research
staff were blind to participant condition at this assessment. The CTRC session was typically
scheduled within two weeks of this first visit (for 85% of participants; range: 1-27 days).
Overview of CTRC Session. Participants next completed a 3.5-hour afternoon session at the
CTRC. Participants were asked to refrain from eating, smoking or exercising for at least 1 hour
prior to their appointment. Upon arrival, a nurse inserted an intravenous catheter in the
antecubital vein of the non-dominant arm of the participant for blood draws. Participants then
completed questionnaires and two reward tasks (PRT, emotional dot probe) prior to undergoing
an acute psychosocial stressor (stress group) or control task (control group). They then watched a
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neutral movie until 90 minutes post-stressor onset, at which point they completed all reward
tasks for a second time (PRT, emotional dot probe, EEfRT). Participants were debriefed at the
end of the session and given a flyer describing mental health services at UCLA.
Blood samples were collected immediately before the stressor and 60, 90 and 120 minutes
post-stressor onset. At nine points during the session, participants provided saliva samples for
assessment of cortisol, had their blood pressure and heart rate assessed, and reported on their
current emotional state (see Figure 1).
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Figure 1. A depiction of Visit 1 and the CTRC session timeline for Visit 2.
Trier Social Stress Task (TSST) and Placebo-TSST. The TSST is an acute laboratory
stressor that reliably activates the HPA stress axis, influences immunological parameters and
leads to high levels of self-reported stress and anxiety (Frisch, Häusser, & Mojzisch, 2015;
Kirschbaum, Pirke, & Hellhammer, 1993; Steptoe et al., 2007). Participants were asked to
imagine that they were invited to an interview for a position they found desirable (e.g., research
assistant position, internship) and were told they would be delivering a five-minute speech on
how they are an ideal candidate. Participants were informed that their performance would be
recorded and evaluated, and a video camera was set up in the room during the TSST instructions.
Participants were given five minutes to prepare their speech, and then delivered the speech for
five minutes in front of two student research assistants who were trained to provide nonverbal
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negative feedback, were dressed in white laboratory coats, and had clipboards during which they
took notes at pre-specified times. Participants then completed a five-minute mental arithmetic
task in front of the panel in which they were asked to count backwards by 7’s from 2,935 as
quickly and as accurately as possible. They received corrective feedback from one evaluator each
time they make a mistake, and were asked to start over. The other evaluator was told to ask the
participant to “please go faster” at specified intervals. One minute into the math portion, one
evaluator interrupted the participant and had them start over, and count backwards by 13’s.
The P-TSST (Het, Rohleder, Schoofs, Kirschbaum, & Wolf, 2009) parallels the TSST in
terms of general procedure and duration, but removes social evaluative components and does not
elicit a strong physiological response. The P-TSST was selected because it provides some control
for potential effects of cognitive load on performance in the behavioral reward tasks (Frisch et
al., 2015). In the P-TSST, participants were asked to talk out loud about a neutral topic
(describing a book or movie of their choice) and complete a simple counting task (counting by
15’s from 0), each for five minutes. After giving the instructions for the speech component, the
RA left the room, returned after five minutes to give instructions for the math task, then left
again for five minutes. Participants were assured that they would not be evaluated or recorded,
and that no one would be in the room while they completed the tasks.
Neutral Movie. After the TSST/P-TSST, participants were asked to watch a neutral movie
(Discovery Channel’s ‘How it’s Made Series”) that had been edited to exclude images of food,
people laughing, or other highly affective scenes. The participant was asked to pay attention but
was told they would not be tested on the movie.
Measures
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Behavioral tasks. All behavioral reward tasks were programmed with Inquisit 2.0.6
software and administered on a laptop computer.
Reward Motivation and Sensitivity. The computerized behavioral Effort Expenditure for
Rewards Task (EEfRT; Treadway et al., 2009) was used to examine reward motivation and
reward sensitivity at the baseline assessment and at 120 minutes post TSST/P-TSST onset during
the CTRC session. During the task, participants were presented with a series of trials in which
they chose between an easy task (worth $1.00) and a hard task (worth between $1.24-$4.12). For
the current study, easy tasks required 30 button presses using the dominant index finger in 7
seconds, while hard task trials required 100 button presses with the pinky finger of the nondominant hand in 21 seconds. Participants were told only some successfully completed trials
would be rewarded. Each trial presented the probability that a successful response would be
rewarded (12%, 50%, 88% probability). All participants were presented with an equal number of
low, medium, and high probability trials. No one reward value was paired with a given
probability more than once. Participants were told they would play the game for exactly 15
minutes, regardless of the choices they made. As is typically done with this task, participants
were also told that two successfully completed trials would be randomly selected and they would
earn the sum of those trials (minimum $2.00; maximum $8.24).
Reduced motivation for reward on the EEfRT is operationalized as a decreased willingness
to exert greater effort for higher monetary reward. Reduced reward sensitivity is operationalized
as an attenuated association between increases in potential reward magnitude and increases in
hard trial choice (within those hard trials that are chosen).
Reward-related learning and sensitivity. Implicit reward learning and reward sensitivity
were assessed with the 14-minute computerized PRT, which is derived from signal detection
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theory (Pizzagalli et al., 2005). This task was completed twice during the CTRC session, once
before the TSST/P-TSST, and 90 minutes post-TSST/P-TSST. For this task, participants
completed two blocks of 100 trials each, for a total of 200 trials. Each block lasts 7-8 minutes,
and participants had a 30 second break in between blocks. In each trial, participants identified
which of two difficult-to-differentiate stimuli were presented. The stimuli were cartoon faces
with one of two straight mouths (10mm short mouth versus 11mm long mouth). Each trial
presented a fixation cross [750ms], followed by a mouthless cartoon face [500ms], and then a
face with a mouth [100ms]. Participants made their choice of mouths by pressing the ‘c’ or ‘m’
key (counterbalanced) and were then presented with either feedback (“Correct! You won 20
cents!”) or a blank screen [1750ms]. While both the long and short stimuli were presented
equally often, an asymmetric (3:1) reinforcement schedule was used to induce a response bias
toward the more frequently rewarded stimuli. Healthy individuals tend to develop an implicit
response bias favoring the more frequently rewarded stimulus; the degree to which this response
bias changes across the task is used to operationalize reward learning, while the total magnitude
of this response bias is used to operationalize reward sensitivity. Participants completed 10
practice trials to familiarize themselves with the task. Participants were informed that only some
correct responses would be rewarded prior to the task. Half of the participants completed this
version of the PRT at study entry and a second version, in which the ambiguous stimuli were a
long (5.31mm) and short (5.0mm) nose, 90 minutes post TSST/P-TSST onset. The order was
reversed for the other half of participants. Participants were told how much they had won at the
end of the task; all participants received $5.12 at one administration and $4.86 at their second
administration (order counterbalanced among participants).
Reward Sensitivity: Emotional Faces. A 6-minute emotional dot probe task was
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administered before and after the TSST/P-TSST to capture perceptual processes that may reflect
anhedonia. In addition to happy faces, angry and sad faces were included for a complementary
assessment of sensitivity to threatening stimuli, and to ascertain whether alterations following
stress were specific to positive stimuli or applied to emotional stimuli in general (results for sad
and angry faces are reported elsewhere). Participants completed 160 trials in which they were
asked to indicate if a “dot probe” appeared on the left or right hand side of the computer screen
as quickly and accurately as possible by pressing the “i” or “e” key. Participants first viewed a
centrally-positioned fixation cross (500ms) followed by two side by side faces (500ms). Each
pair of faces consisted of the same individual portraying one neutral and one emotional facial
expression. The faces were then replaced by a single red dot on either the right- or left-hand side
of the screen in a location corresponding to the middle of one of the pictures. Forty different
emotional faces (10 low arousal happy, 10 high arousal happy, 10 sad, and 10 angry) were paired
with 40 corresponding neutral faces. Faces were drawn from the NimStim set of facial
expressions, presented in color, and randomized. Low arousal happy faces had closed-mouth
expressions, while high arousal happy faces had open-mouth expressions.40 Low and high
arousal faces were modeled separately because low and high arousal positive affect is
differentially associated with neuroendocrine (Hoyt, Craske, Mineka, & Adam, 2015),
inflammatory (Moreno, Moskowitz, Ganz, & Bower, 2016), and neural processes (Gerber et al.,
2008). Consistent with prior work, we calculated attentional bias scores for each of the four
emotional expressions by subtracting the average response time for congruent dot probes (the dot
replaced the emotional face) from the average response time for incongruent dot probes (the dot
replaced the neutral face). A score of 0 indicates no bias toward or away from the emotional
face, and positive values indicate greater attention toward an emotional versus neutral face. Thus,
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greater attentional bias towards happy faces would be consistent with greater reward sensitivity,
while greater attentional bias towards angry faces would be consistent with greater threat
sensitivity.
Compensation. The reimbursement schedule for performance on the PRT and EEfRT was
explained to participants during their baseline assessment. Due to constraints with the SONA
system, participants who received credit could not concurrently receive money. Thus,
participants were told that they would receive their winnings after completing an online followup questionnaire that would be sent 4 months after their CTRC session.
Stress physiology.
Inflammation. Participants provided their first blood draw 35 minutes after arriving in the
CTRC to allow for reactivity to the novel environment to subside. The sample was collected after
administration of the behavioral tasks and immediately prior to the TSST/P-TSST. Subsequent
blood draws were completed 60, 90, and 120 minutes post-TSST/P-TSST onset. All blood
samples were collected by venipuncture into ethylene diamine tetra-acetic acid (EDTA) tubes,
placed on ice, and transferred to Pathology Research Services at the Clinical and Translational
Research Laboratory (CTRL) to be centrifuged for acquisition of plasma and stored at -80°C. At
study completion, samples were taken to the UCLA Inflammatory Biology Core Laboratory and
assayed for IL-6 using a high sensitivity enzyme-linked immunosorbent assay (ELISA) (R&D
Systems, Minneapolis, Minn). Samples were assayed in duplicate and on a single plate. Both
inter- and intra-assay coefficients of variation were less than 6%.
IL-6 was selected as a marker of inflammation based on previous studies demonstrating
increases in IL-6 following the TSST (Christian, Porter, Karlsson, Schultz-Cherry, & Iams,
2013; Tsai et al., 2005), evidence from meta-analysis that individuals with depression have
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elevated levels of IL-6 (Haapakoski et al., 2015), and previous studies that found associations
between changes in IL-6 and reward motivation (Lasselin et al., 2016), reward
learning/sensitivity (Harrison et al., 2016) and mood (Grigoleit et al., 2011; Harrison et al., 2009;
Kuhlman et al., 2018) following an inflammatory stimulus.
HPA response. Participants provided nine saliva samples across the experimental session
for assessment of cortisol reactivity and recovery. Saliva samples were collected upon arrival,
immediately before and after the TSST/P-TSST, 15 and 30 minutes post-stressor, and at 60, 90,
120 and 150 minutes post-stressor onset. Saliva samples were collected using Salivettes
(Sarstedt, Inc.) and stored at -20°C. They will be assayed for cortisol in duplicate using an
enzyme-linked immunoabsorbent assay at a future date.
Autonomic response. Participants provided blood pressure and heart rate readings nine
times (upon arrival, immediately before and after the TSST/P-TSST, 15 and 30 minutes poststressor, and at 60, 90, 120 and 150 minutes post-stressor onset.)
Emotional response. Emotional reactivity and recovery from the TSST/P-TSST, as well
as affect across the session, was assessed six times using the 10-item international Positive and
Negative Affect Schedule (PANAS) Short Form (Thompson, 2007; Watson & Clark, 1994). The
5 negative affect items were upset, hostile, ashamed, nervous, afraid. The 5 positive affect items
were active, attentive, determined, inspired, alert. These questions were administered 15 minutes
after arrival, immediately post stressor, and 60, 90, 120 and 150 minutes post-stressor (see Figure
1). Along with the PANAS-SF, participants completed the 4-item fatigue subscale of the PANAS
X (items: sluggish, sleepy, drowsy, tired) (Watson & Clark, 1994) as well as the
confusion/bewilderment subscale from the Profile of Mood States (POMS-65; McNair, Lorr, &
Droppleman, 1971) to assess cognitive fatigue (items: confused, unable to concentrate,
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bewildered, forgetful, and uncertain). The POMS and PANAS items were anchored identically.
For each item, participants rated how they felt “right now (that is, at the present moment)” on a 1
(very slightly or not at all) to 5 (extremely) Likert scale.
Given research showing that associations between subjective response to the TSST and
stress physiology may be more detectable using visual analogue scales (VAS) during the stressor
(J. Hellhammer & Schubert, 2012), participants also completed VAS items along with the
PANAS and POMS, and at the additional following points: after speech preparation, after the
speech, and after the math portion of the TSST/P-TSST. On a scale anchored from 0 (not at all)
to 100 (the most you’ve ever felt) participants indicated how happy, angry, stressed, anxious,
calm, confident, and socially connected they were currently feeling.
Primary and Secondary Appraisal. Primary and secondary appraisal was assessed before
and after the TSST/P-TSST to verify that the stress manipulation was successful. After hearing
instructors for the TSST/P-TSST, participants completed the Primary and Secondary Appraisal
Scale (Gaab, Rohleder, Nater, & Ehlert, 2005) to measure the extent to which participants
viewed the impending TSST/P-TSST as a threat or challenge, and the extent to which they felt
they had the requisite resources to cope with the task. All participants rated whether they agreed
with statements such as “I do not feel threatened by the situation,” while items that mentioned
the evaluative panel specifically were altered in the control condition. After the TSST/P-TSST,
participants completed a similar appraisal questionnaire (Jamieson, Mendes, & Nock, 2013). On
a 1 (strongly disagree) to 7 (Strongly agree) scale, participants rated cognitive appraisal
statements like “the task was distressing” and resource appraisal statements like “the task was a
positive challenge.” A threat index was calculated as the ratio of cognitive appraisal to resource
appraisals, in line with previous research (Jamieson et al., 2013).
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Evaluation of behavioral tasks and neutral film. After each behavioral reward task,
participants rated how enjoyable, interesting, and difficult they found the task on a 1 (not at all)
to 5 (extremely) Likert scale. After viewing the film, participants rated how enjoyable,
interesting, and arousing they found the film on a 1 (not at all) to 5 (extremely) Likert scale.
Moderators and Sample Characteristics. Participants completed psychosocial
questionnaires that assessed state constructs (e.g., depressive symptoms, state anhedonia) and
recent health behaviors upon arrival at the CTRC. Participants completed questionnaires
assessing demographics and more stable constructs (e.g., general health behavior, mental health
history, early life stress) during the baseline assessment at the Mind-Body Laboratory. Internal
consistency was high for all measures (all α’s > .88).
Anhedonia. Two anhedonia measures were used to capture different facets of anhedonia,
including consummatory versus anticipatory deficits, and state versus trait deficits.
Consummatory state anhedonia. The 14-item Snaith Hamilton Pleasure Scale (Snaith et al.,
1995) was used to assess the ability to experience pleasure in the last few days on a scale of 1
(strongly disagree) to 4 (strongly agree). Participants responded to statements such as “I would
find pleasure in small things, e.g. bright sunny day, a telephone call from a friend.” Each item is
coded as a 1 if the participant indicates strong or mild disagreement, and a 0 otherwise.
Physical anticipatory and consummatory trait anhedonia. The Temporal Experience of
Pleasure Scale (D. E. Gard, John, Gard, & Kring, 2006) is an 18 item scale that assesses
anticipatory and consummatory anhedonia in the physical realm. Participants rated how true each
statement was for them in general on a 1 (very false for me) to 6 (very true for me) scale.
Example items: “I really enjoy the feeling of a good yawn” and “When ordering something off
the menu, I imagine how good it will taste.”
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Depressive symptoms. The 20-item Center for Epidemiologic Studies-Depression scale
(Radloff, 1977) is a reliable and valid 20-item self-report scale developed for the general
population to assess depressive symptomatology. Participants were asked to rate how often they
have experienced depressed feelings, attitudes, and behavioral symptoms during the past week
on a 0 (rarely) to 3 (most of the time) scale.
Perceived Stress. Perceived stress was assessed with the 10-item Perceived Stress Scale
(PSS) (Cohen, Kamarck, & Mermelstein, 1983), a widely-used scale assessing how often events
had been experienced as unpredictable, uncontrollable, and overwhelming over the past week on
a 0 (never) to 4 (very often) scale.
Early Life Adversity. The 10-item Adverse Childhood Experience Questionnaire (ACE;
(Dube et al., 2003; Felitti et al., 1998) assesses stressful life experience during the first 18 years
of life. Participants indicated whether they had experienced a variety of experiences (0 = no; 1 =
yes) ranging from parental divorce and mental illness to feeling unloved or neglected.
Analytic Approach
Sample Size Calculation. The study was designed to provide 80% power to detect a significant
group by time interaction for effects of stress on inflammation. Based on prior research assessing
effects of acute psychosocial stress on plasma markers of IL-6, we expected a medium effect size
(partial h2 = .075; Kuebler et al., 2015). Given this estimate, 44 participants were required to
detect a significant interaction for a between-subjects factor (group: stress vs. control) and a
within-subjects factor (time: baseline and 120 minutes post-stressor onset) on inflammatory
response to the TSST, assuming a minimum correlation of r = .2 for the repeated measures
assessment of IL-6.
Statistical Analyses Overview. Analyses were carried out using Stata version 13.1. IL-6 was
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highly skewed and was log transformed prior to all analyses. Independent samples t-tests were
used to test for baseline differences between the groups. Group differences in appraisals of the
TSST/P-TSST were evaluated in regression analyses with control covariates (including baseline
differences between the groups). Affective and autonomic response (heart rate, blood pressure)
to the TSST/P-TSST and across the session were assessed with linear mixed effects models and
restricted maximum likelihood estimation. An exchangeable, within-subjects covariance matrix
was employed. Models included group assignment (TSST, P-TSST), time, and control covariates
as fixed effects and a random intercept for participants. As detailed below, effects of stress on
inflammation, stress on reward processing tasks, and inflammation as a mediator of stressinduced alterations in reward processing were all tested within the context of mediation models.
Mediation. Single mediator analyses were conducted to evaluate the hypothesis that
increases in IL-6 would mediate effects of stress on reward processing tasks. The mediator
variable was change in IL-6 (a single change score created by subtracting IL-6 at 120 minutes
from IL-6 at baseline). Outcome variables were similarly constructed (e.g., reward learning at
120 minutes subtracted from reward learning at baseline).
In mediation analyses, the relationships among the group (stress vs. control; X), mediator
(change in IL-6; M), and outcome (change in reward task performance; Y) can be characterized
by four paths, or regression coefficients (c, c’, a, b). The c path represents the total effect, or the
effect of group (X) on the outcome (Y), while the c’ path represents the direct effect, or the effect
of group (X) on the outcome (Y) that is not transmitted by the mediator. The a path is the group
effect (X) on the mediator (M), the b path is the effect of the mediator (M) on the outcome (Y),
and the product of the a and b paths (ab) represents the mediated, or indirect effect. For the
current study, the c and c’ path represents the effect of stress on reward processing tasks, the a
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path represents the effect of stress on change in circulating levels of IL-6, and the b path
represents the effect of change in IL-6 on change in reward task performance. A significant
indirect effect, ab path, indicates that IL-6 mediated the effect of stress on reward.
The significance of the mediated effect was tested using a non-parametric bootstrap
approach implemented using the paramed module in STATA 15.1. Using 10,000 bootstrap
samples for each analysis, we obtained point estimates, standard errors and bias-corrected
bootstrap confidence intervals for a, b and c’ paths as well as each cross product/indirect effect
(ab). If the upper and lower bounds of the bootstrap confidence intervals for ab do not contain
zero, the mediated effect is deemed significant (Hayes, 2013). This approach has an advantage
over other methods for testing mediation (e.g., the Sobel test) because it does not assume
normality for the ab distribution, an assumption that is typically violated. Further, simulation
studies have shown it to have high power, accurate confidence limits, and acceptable Type 1
error rates (Fritz, Mackinnon, Fritz, & Mackinnon, 2007; C. M. Lockwood, Mackinnon, &
Williams, 2004). Results are reported as unstandardized regression coefficients. Listwise
deletion was used to deal with missing data, reported in more detail for each task below.
Moderation. Moderation analyses were conducted to examine whether two pre-existing
vulnerability factors, early life stress and current elevations in depressive symptoms, moderated
the relationship between stress-induced inflammation and change in reward processing.
Moderation analyses were conducted with multiple regression analyses for each outcome of
interest, with robust standard errors employed to account for heteroscedasticity. These analyses
were conducted within the stress group only. An interaction term was created between mean
centered change in IL-6 and the mean centered moderator. Main effects of change in IL-6, the
moderator, and control covariates were also included. The outcome was a difference score
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reflecting performance on each task post-TSST/P-TSST subtracted from performance on the task
pre-TSST/P-TSST.
Task Analyses
Reward Motivation- EEfRT Analyses. The EEfRT was analyzed in two ways. First,
consistent with the standard approach in prior studies (Treadway et al., 2009), generalized
estimating equations (GEEs) with a binary logistic model and exchangeable working correlation
structure were conducted to examine the effect of stress on EEfRT performance. GEEs are
appropriate for a binary dependent variable (i.e. likelihood of choosing high-effort trials) and
account for correlated data. The model included group (stress vs. control) as a between-subject
predictor and time (pre-and post-TSST/P-TSST) as a within subject predictor. An interaction
term between group and time was created to allow a test of the effect of stress on EEfRT
performance, accounting for baseline EEfRT performance. Consistent with previous studies
(Treadway et al., 2009), the following task-specific variables were included in all models: reward
magnitude (continuous), probability (categorical), expected value (continuous; an interaction
between probability and reward magnitude) and trial number (continuous). The dependent
variable was hard trial choice (0 = no, 1 = yes). We conducted analyses to test for three-way
interactions between group, time and task specific variables to test for delayed effects of stress
on reward motivation at different levels of probability and different levels of potential reward
magnitude. To test for effects of stress on changes in reward sensitivity on the EEfRT, a 3-way
interaction term was created between group, time, and reward magnitude. A reduction in reward
sensitivity is evident if reward magnitude predicts high effort trials less robustly following stress
than placebo control. Similarly, to test for an association between stress-induced change in IL-6
and change in reward sensitivity, a 3-way interaction term was created between change in IL-6,
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time, and reward magnitude; this model was run within the stress group only. An inflammation
associated reduction in reward sensitivity is evident if reward magnitude predicts high effort
trials less robustly when levels of IL-6 are higher versus lower (Lasselin et al., 2016).
Second, to evaluate EEfRT performance within the mediation models, proportions of hard
trials chosen were calculated overall and at each level of probability (low, medium, high) for the
baseline assessment and for the post-TSST assessment. Proportions have been previously used in
EEfRT research (e.g., Lasselin et al., 2016). The outcomes were change scores created by
subtracting the baseline proportions from the post-TSST proportions.
Prior to all analyses, including calculation of proportions, trials in which the participant did
not choose a trial were excluded (.22% of all trials; .91%). Past studies using the EEfRT reported
that between 96% and 100% of trials were successfully completed by all participants (Treadway
et al., 2009). In the current study, participants on average successfully completed 96% of all
trials, but six participants completed fewer than 79% of trials. These participants were retained
because incomplete trials were not due to low effort, as indicated by at least 80 out of 100 button
presses on hard trials for all participants. Three participants did not complete the EEfRT due to
time constraints during the experimental session. In total, 51 participants provided evaluable
EEfRT and IL-6 data (n = 17 control; n = 34 stress).
Reward Learning and Sensitivity – PRT Analyses. Reward learning and sensitivity were
operationalized as response bias during the PRT. Response bias scores for each block of 100
trials were calculated as log b = 1/2log [(H*F)/(M*CR)]; in signal detection H = hits, F = false
alarms, M = misses, C = correct rejections (Morris & Rottenburg, 2015; Pizzagalli et al., 2005).
To assess reward learning, change scores were calculated at baseline (response bias score for
block 1 subtracted from block 2) and post-TSST/P-TSST (response bias score block 1 subtracted
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from block 2). A greater increase in response bias across the blocks is indicative of greater
reward learning. The outcome of interest was a change score created by subtracting the change
score at baseline from the change score at the post-TSST/P-TSST administration, such that
higher numbers indicated an increase in reward learning from pre-to post-TSST/P-TSST.
To assess reward sensitivity, the total response bias across the two blocks (rather than the
change between blocks) was calculated for the pre-and the post-TSST/P-TSST administration.
The outcome of interest was a change score calculated as the total response bias score at postTSST/P-TSST subtracted from the total response bias score at the baseline assessment, such that
higher numbers indicated an increase in reward sensitivity from pre-to-post TSST/P-TSST.
Consistent with previous studies (Bogdan & Pizzagalli, 2006), trials with reaction time
shorter than 150ms (2.9% of trials baseline; .42% of trials post-TSST/P-TSST) and longer than
1500ms (1.2% of trials baseline; .7% of trials post-TSST/P-TSST) were dropped from analyses,
and for each participant, trials with reaction time more than 3 standard deviations from their own
mean were also excluded (total .38% of trials). In addition, four participants were excluded from
analyses due to task non-compliance (only hit one of the two response keys; n = 1), fewer than
55% valid trials within reaction time limits (n = 1) and failure to exhibit reward learning at the
baseline assessment (n = 2). This left a total of 50 participants (n = 36 stress; n = 14 control) who
provided evaluable PRT and IL-6 data and were included in analyses.
Sensitivity to Emotional Faces. Performance on the emotional dot probe task is indexed
by an attentional bias score for each valence (low arousal happy, high arousal happy, sad, angry).
Attentional bias is calculated as the average response time when the dot probe replaces an
emotional face (congruent trials) subtracted from the average response time when the dot probe
replaces a neutral face (incongruent trials). Higher values indicate faster response to congruent
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trials and indicate greater attention towards the emotional face. For each valence, the outcome of
interest in the current study was a change score created by subtracting attentional bias postTSST/P-TSST from attentional bias at baseline. Consistent with recommendations in the
empirical literature (Price et al., 2015), a Winsorizing procedure was used to rescale reaction
time outliers. Values outside 1.5 interquartile ranges from the 25th or 75th percentiles (the “Tukey
Hinges”) of the total reaction time distribution were rescaled to the last valid value within that
range (4.9% of all reaction time data). Incorrect responses were dropped from analyses (.96% of
all reaction time data). Fifty-four participants completed the dot probe task and provided
evaluable IL-6 data (n = 17 control; n = 37 stress).
Results
Participant Characteristics
A total of 137 participants contacted the study, 115 were screened, 69 were deemed
eligible and randomized, 59 completed the study, 57 completed the study and provided blood
samples and 54 provided evaluable blood sample data (see Consort diagram, Figure 2). Three
participants did not provide evaluable data: two met exclusion criteria (one was ill during the
session, one self-reported a history of cancer and recent cancer treatment after screening) and
one had uninterpretable IL-6 values (greater than 50 pg/ml).
On average, participants were 20 years old and ranged in age from 18-25. The sample
primarily consisted of Latina, Asian, and non-Hispanic white women who were UCLA
undergraduates and had a healthy body-mass index. Approximately a quarter of the sample
reported current use of oral contraceptives (n = 14; 26%) and several participants reported
current use of antidepressants (n = 5; 9%). At study entry, levels of IL-6 were on average 1.20
pg/ml (SD = .85; range .26 - 3.9) which is slightly higher than in previous studies (Steptoe et al.,
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2001). Depressive symptoms on the CES-D (M = 13.41, SD = 9.12), were comparable to
previous studies with female undergraduates (Wilson et al., 2014), with 33% (n = 18) scoring
above the clinical cut-point of 16. Levels of perceived stress were also comparable to those
observed in previous studies with young adults (Hamarat et al., 2001) and ranged from 4 to 36
(M = 18.39, SD = 7.31). Seven participants reported more than four adverse early life
experiences on the ACE (6 in the stress group, 1 in the control group). See Table 1 for
descriptive statistics for demographic information and psychosocial questionnaires for the full
sample and by group (stress vs. control).
There was a chance baseline imbalance between groups on several variables. Participants
randomized to the control group reported lower levels of perceived stress (t(52) = -2.1, p = .04;
assessed over the past week) and lower levels of PANAS physical fatigue (t(52) = -2.6, p = .01)
and negative affect (t(52) = -2.2, p = .03; both assessed at the first CTRC assessment).
Participants in the control group were also slightly older, t(52) = 1.82, p = .08, and age was
negatively correlated with baseline IL-6, r = -.33, p = .02 and positively correlated with change
in IL-6 at 60, 90 and 120 minutes (all r’s > .32, p’s < .02). These four variables were included as
covariates. Analyses that involved IL-6 included two additional covariates: BMI and ethnicity (0
= Non-Hispanic White (NHW)/Asian; 1 = Latina/Other). Compared to NHW and Asian
participants, Latina participants had higher levels of IL-6 at study entry (p = .02). This effect was
not attributable to differences in BMI.
Manipulation Check
Stress Appraisal. We first verified that the TSST was perceived as more stressful than the
P-TSST. As shown in Table 2, the TSST was rated as more threatening than the P-TSST both in
anticipatory (after task instructions but before the task) and retrospective (after task completion)
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reports. Those in the TSST group also reported fewer coping resources than those in the P-TSST
group both in anticipation and in retrospective evaluation of the task.
Emotion Reactivity and Recovery. We next tested for group by time interactions for
negative and positive emotions. As expected, there were significant group x time interactions for
VAS ratings for stress (X2 = 52.60, p < .001), anxiety (X2 = 64.17, p < .001), and anger (X2 =
43.43, p < .001). As shown in Figure 3, participants who underwent the TSST experienced
higher levels of stress, anxiety and anger primarily after the speech portion of the task. There was
also a significant group by time interaction for negative affect (X2 = 36.1, p = .001). As shown in
Figure 4, this interaction was driven by a significantly greater increase in negative affect from
pre to-post TSST/P-TSST in the stress versus control group.
There were also significant group by time interactions for positive emotions, such that the
stress group reported feeling less calm (X2 = 40.89, p < .001), happy (X2 = 40.85, p < .001) and
confident (X2 = 33.85, p < .001) than the control group during the TSST/P-TSST (see Figure 5).
There was no overall group by time interaction for positive affect (X2 = 1.97, p = .85), but
exploratory analyses of simple effects indicated there was a significant decrease in positive affect
from study entry to post-TSST within the stress group, b = -1.23, p = .03, but not the control
group, b = -1.04, p = .22. Further, there was a marginal difference in the adjusted means at 90
minutes post-TSST/P-TSST, with the stress group reporting lower positive affect, b = -2.04, p =
.06 (see Figure 6).
Physical and Cognitive Fatigue. As shown in Figure 7, there was no group by time
interaction for physical fatigue (X2 = 2.13, p = .83), but there was a group by time interaction for
cognitive fatigue (X2 = 30.58, p < .001). Simple effects analyses indicated the stress group
increased more than the control group in cognitive fatigue from pre to post-TSST/P-TSST (p <
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.001).
Autonomic Response. In linear mixed models, there was a significant group by time
interaction for systolic blood pressure (X2 = 30.54, p < .001) which was driven by greater
increases in systolic blood pressure in the stress versus control group from pre to post-TSST/PTSST (see Figure 8a). Similarly, the overall group by time interaction for heart rate was
significant (X2 = 18.58, p = .02) and driven by a significantly greater increase in heart rate from
pre to-post-TSST/P-TSST in the stress group (see Figure 8b). The overall group by time
interaction was not significant for diastolic blood pressure. (X2 = 10.52, p = .23), but the stress
group did show a significant increase from pre to post-TSST/P-TSST (b = 6.61, p < .001)
whereas no change was observed in the control group (p = .75; see Figure 8c).
Hypothesis 1. Effect of Stress on IL-6
Our first hypothesis was that the TSST would induce greater increases in IL-6 than the PTSST. As hypothesized, the ‘a’ path, from stress to inflammation, was positive and significant in
all mediation models (b = .54, p = .01), indicating that the stress group had a significantly greater
increase in IL-6 from baseline to 120 minutes post-TSST/P-TSST than the control group. See
Figure 9 for a depiction of adjusted mean levels of IL-6 across the experimental session for the
stress and control group.
Hypotheses 2 and 3: Effect of Stress and Stress-Induced Inflammation on Reward
Motivation, Learning and Sensitivity
Our second hypothesis was that stressed participants would demonstrate decreases in
reward motivation, reward learning, and reward sensitivity at the peak of the stress-induced
inflammatory response. Our third hypothesis was that increases in inflammation would mediate
the effect of stress on decreases in each dimension of reward processing. We evaluated both
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questions simultaneously within the mediation framework for each of the reward tasks. For the
EEfRT we conducted additional analyses using GEEs. This is the typical approach for the
EEfRT and allows a more sensitive test of effects of stress on change in reward motivation and
change in reward sensitivity.
Reward Motivation on the EEfRT.
GEE Analyses. We first conducted analyses to verify that performance on the EEfRT was
normative, as indicated by the GEE model. As has been previously shown, both higher potential
reward value (b = .65, p < .001) and higher expected value (b = 1.02, p < .001) significantly
predicted higher hard trial choice, indicating that the EEfRT task was working as expected. We
next tested for effects of stress on hard trial choice. Contrary to hypotheses, there was no group
by time interaction in the prediction of hard trial choice (b = .11, p = .42), indicating that
participants in the stress group did not exhibit greater decreases in effort than control
participants. However, there was a significant interaction between group, time and probability,
X2 = 7.25, p = .03 (see Table 3), such that the stress group was more likely than the control group
to work harder for low probability trials (see Figure 10). Thus, stress was unexpectedly
associated with an increase in reward motivation for low probability trials.
Mediation Analyses. Four mediation models were conducted to test the hypothesis that
inflammation mediated effects of stress on reward motivation. One tested for a global reduction
in the proportion of hard trials chosen, and three tested for reductions in the proportions of hard
trials chosen at low (12%), medium (50%), and high (88%) levels of probability.
The first model assessed the effect of stress and stress-induced inflammation on change in
the proportion of hard trials chosen (regardless of probability). As shown in Table 4, neither the
total nor the direct effect of stress on reductions in total hard trials chosen was significant.
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However, the “b” path, from change in inflammation to change in reward motivation, was
significant and positive, such that increases in IL-6 were associated with increases in hard trial
choice (p = .05). The indirect effect (“ab” path) was also significant; thus, contrary to
hypotheses, stress-induced inflammation was associated with an increase in reward motivation,
as indicated by increased hard trials chosen.
Next, the effects of stress and stress-induced inflammation on change in the proportion of
hard trials chosen was assessed for high, low, and medium probability trials. As shown in Table
4, there was no evidence that stress or stress-induced inflammation was associated with altered
motivation for high probability trials. There was also no total or direct effect of stress on change
in the proportion of low or medium probability trials chosen. However, increases in IL-6 were
associated with increases in hard trial choice for low probability trials, p = .01, and the indirect
effect was significant. Thus, also contrary to hypotheses, stress-induced inflammation was
associated with an increase in reward motivation for low probability trials. Of note, the total
effect of stress on low probability trials was significant when analyzing the post-TSST/P-TSST
EEfRT data only1, b = .06, CIB [.001, .15], with the stress group choosing more low probability
hard trials than the control group. This is consistent with results from the GEE models.
A similar pattern was evident for the medium probability trials. Specifically, the indirect
effect was significant, indicating that greater stress-induced inflammation was associated with
increased effort exerted for medium probability trials. This effect was not robust; the “b” path,
from change in inflammation to change in proportion of medium probability trials chosen, was
not significant, b = .09, p = .10, and the confidence intervals for the indirect effect were quite

1

The total effect was not significant for the pre-TSST/P-TSST EEfRT data, b = -.02, CIB [-.10, .03].
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close to including zero, CIB [ .0007, .12].
Exploratory Analyses. Our findings that stress and stress-induced inflammation was
associated with increased reward motivation for low probability trials was contrary to
hypotheses. We conducted additional analyses to interrogate this finding. Specifically, we
reasoned that increased motivation that was specific to trials that have little potential to yield
reward may be indicative of dysregulation and less efficient use of information about probability.
We examined this possibility with GEEs within the stress group at post-TSST by testing an
interaction term between probability and increases in mental confusion (study entry to 120
minutes, immediately prior to the EEfRT administration) as predictors of high effort choice.
Consistent with this interpretation, greater increases in mental confusion from study entry to
EEfRT administration were associated with higher reward motivation for low probability trials
for participants who underwent stress (X2 = 14.57, p = .01). As shown in Figure 11, this indicates
that participants with higher confusion exhibited a more consistent level of effort regardless of
changes in probability, while participants with lower confusion modulated their behavior in
response to probability cues. Of note, increases in confusion were correlated with increases in
IL-6, r = .42, p = .002.
An alternative explanation could be that that participants who underwent stress worked
harder than participants in the control group to self-regulate, or increase feelings of self-efficacy
and repair mood through task engagement. To interrogate this possibility, we conducted
regression analyses assessing the relationship between positive and negative affect and postTSST EEfRT performance within the stress group. Consistent with this interpretation, greater
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decreases in positive affect from study entry to 90 minutes2 predicted higher reward motivation
specifically for low probability trials (b = -.02, p = .03). This pattern was not evident within the
control group (all p’s > .35) or for medium or high probability trials (all p’s > .46). Further,
higher reward motivation for low probability trials predicted lower negative affect at the end of
the session (b = -1.53, p = .03)
In an attempt to parse these two potential mechanisms, we conducted GEEs with the postTSST data and two interaction terms. The first interaction term combined probability, change in
confusion, and group. The second interaction term combined probability, change in positive
affect, and group. Both with and without including covariates to account for baseline differences,
only the interaction term between positive affect, probability, and group predicted hard trial
choice, such that within the stress group, greater decreases in positive affect were associated with
increases in effort for low probability trials (b = .10, p < .001; see Figure 12 for a depiction of
this result).
Reward Sensitivity on the EEfRT. The GEE model was used to test for stress and stressinduced inflammation related alterations in reward sensitivity on the EEfRT. Contrary to
hypotheses, stress was not associated with decreased reward sensitivity. Specifically, there was
no interaction between group, time and reward magnitude in the prediction of hard trial choice (p
= .11; see Table 5). We had also hypothesized that stress-induced increases in IL-6 would be
associated with reduced reward sensitivity. We tested the interaction between time, change in IL6, and reward magnitude within the stress group to evaluate this question. This interaction was
also not significant, b = .22, p = .08, indicating that the association between reward magnitude
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Greater decreases in positive affect from study entry to 120 minutes did not predict EEfRT performance; of note,
positive affect was at its nadir at 90 minutes (see Figure 6).
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and hard trial choice was not attenuated in the context of elevated inflammation within the stress
group. Indeed, when plotting the interaction it appeared that if anything, participants with greater
change in IL-6 were showing an increase in reward sensitivity, such that the relationship between
reward magnitude and hard trial choice was strengthened (see Figure 13). Thus, contrary to
hypotheses, neither stress nor increases in IL-6 weakened the relationship between increases in
reward magnitude and increases in hard trial choice, suggesting that stress and stress-induced
inflammation did not elicit reductions in reward sensitivity on the EEfRT.
EEfRT Summary. The mediation models indicated that stress-induced inflammation
reduced reward motivation, particularly for low probability trials. While the total and direct
effect of stress on reward motivation did not reach significance in the mediation framework, the
GEE model confirmed that stress reduced motivation for low probability trials. Together, these
analyses indicate that stress-induced increases in IL-6 selectively increase reward motivation for
trials that have little potential to yield a future reward. Exploratory analyses suggested that this
effect could be driven by increases in confusion in the context of stress-induced inflammation, as
well as an attempt to self-regulate. When testing these hypotheses simultaneously, we found that
only greater decreases in positive affect predicted higher effort for low probability trials. This, in
conjunction with the finding that higher effort was associated with lower negative affect at the
end of the session, suggests stronger support for the mood regulation interpretation. By contrast,
there was little evidence that stress or stress-induced inflammation altered reward sensitivity on
the EEfRT.
Reward Learning and Sensitivity on the PRT. We next tested whether stress and stressinduced inflammation reduced reward learning and sensitivity on the PRT. We first verified that
the task was working as expected at baseline, with response bias towards the rewarding stimulus
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increasing from block one to block two for both the stress and the control group at the baseline
assessment (p’s < .05). We next tested the hypothesis that stress and stress-induced inflammation
would reduce reward-learning, as measured by reductions in response bias from pre-to postTSST/P-TSST. Contrary to hypotheses, there was no evidence that stress or stress-induced
inflammation was associated with reductions in reward learning. Stress was not associated with
change in reward learning as measured by the total effect or the direct effect. The relationship
between increases in IL-6 and change in reward learning was not significant (p = .25), and the
indirect effect was not significant (see Table 6 for full mediation models).
We then examined effects of stress on reward sensitivity (i.e., maximum response bias) on
the PRT. Contrary to hypotheses, there was no evidence that stress or stress-induced
inflammation decreased reward sensitivity on this task. The total and direct effects of stress on
change in reward sensitivity were not significant. There was no evidence that change in IL-6 was
associated with change in reward sensitivity (p = .31), and the indirect effect of stress on reward
sensitivity through inflammation was also not significant (see Table 6 for full mediation models).
Exploratory analyses. Given these null findings for the PRT, we conducted additional
exploratory analyses using change in IL-6 from baseline to 90 minutes as the mediator (see Table
6). This decision was based on the observation that some participants (n = 9) exhibited their peak
in IL-6 at 90, rather than 120 minutes, and the fact that the 90-minute time point is more
proximal to the PRT administration. We first tested the hypothesis that stress-induced
inflammation would reduce reward-learning. In this model, the total and direct effects of stress
were, as previously described, non-significant. The “a” path, from stress to inflammation, was
marginally significant (p = .06). However, there was no association between increases in IL-6
and change in reward learning (“b” path; p = .59) and the indirect effect was not significant.
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We next tested for effects of stress-induced inflammation on reward sensitivity (see Table
6). As described above, the total and direct effects were not significant. However, both the “a”
path (p = .06) and the “b” path —from increases in IL-6 to change in reward sensitivity— were
marginally significant, b = .06, p = .07. Further, the indirect effect (“ab” path) was significant,
indicating that stress-induced inflammation from baseline to 90 minutes post stress onset was
associated with an increase in reward sensitivity on the PRT.
Reward Sensitivity with the Emotional Dot Probe. We hypothesized that stress induced
inflammation would be associated with reduced attentional bias towards low and high arousal
happy faces. As shown in Table 7, for low arousal positive faces, neither the total nor the direct
effect of stress on change in attentional bias was significant. By contrast, increases in IL-6 were
associated with decreased low arousal positive attentional bias, b = -19.70, p = .04, and the
indirect effect was significant. Thus, consistent with hypotheses, a greater increase in IL-6
following stress was associated with less attention towards low arousal positive faces. To
decompose this effect, we assessed change in low arousal positive attentional bias within the
stress group for participants who exhibited a lower (below the mean change; n = 21) and higher
(above the mean change; n = 16) increase in IL-6. As shown in Figure 14, those with greater
increases in IL-6 demonstrated an attenuated positive attentional bias following stress – that is,
they were less likely to look at low arousal positive faces. In contrast, those with lower increases
in IL-6 showed greater attention towards the positive faces following stress.
As shown in Table 7, the total and direct effect of stress on high arousal positive
attentional bias was not significant. An increase in IL-6 was not significantly associated with an
increase in attentional bias towards high arousal happy faces, b = 13.66, p = .13, and the indirect
effect was non-significant. Thus, there was no association between stress-induced inflammation
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and change in high arousal positive attentional bias.
Moderation Analyses: Early Life Stress and Current Depressive Symptoms as Moderators
of Effects of Stress-Induced Inflammation on Reward Task Performance
We hypothesized that early life stress and current depressive symptoms would moderate
effects of stress-induced inflammation on reward processing. Contrary to hypotheses, there was
very little evidence that individuals with these two pre-existing vulnerability factors were more
susceptible to effects of stress-induced inflammation on any of the three reward dimensions. The
interaction between change in IL-6 and depressive symptoms did not significantly predict change
in the proportion of hard trials chosen on the EEfRT overall (b = -.005, p = .23) or for low (b = .002, p = .60), medium (b = -.01, p = .20) or high (b = -.003, p = .57) probability trials. Similarly,
there was no interaction between change in IL-6 and depressive symptoms in the prediction of
change in reward learning on the PRT (b = -.01, p = .12), or on reward sensitivity on the PRT (b
= -.0003, p = 1.0). Neither change in attentional bias towards low arousal positive faces (b = .93,
p = .46) nor high arousal positive faces (b = -.24, p = .84) was predicted by the interaction
between change in IL-6 and depressive symptoms.
As with depression, the interaction between change in IL-6 and early life stress did not
significantly predict change in the proportion of hard trials chosen on the EEfRT overall (b =
.006, p = .70) or for low (b = .01, p = .37), medium (b = .02, p = .54) or high (b = -.01, p = .61)
probability trials. Similarly, there was no interaction between change in IL-6 and early life stress
in the prediction of change in reward learning on the PRT (b = -.03, p = .22) or change in reward
sensitivity on the PRT (b = .02, p = .37). However, there was an interaction between change in
IL-6 and early life stress in the prediction of change in high arousal positive attentional bias, b =
12.83, p = .01. Greater increases in IL-6 significantly predicted increases in high arousal positive
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attentional bias for participants with high early life stress (1 standard deviation above the mean;
simple slopes: b = 27.37, p = .01), but not low (1 standard deviation below the mean; simple
slopes: b = -13.68, p = .25) or average early life stress (simple slopes: b = 6.85, p = .41). As
shown in Figure 15, this effect was driven by significant attentional bias away from high arousal
positive faces for participants with high early life stress at low levels of IL-6 change; in the
context of greater increase in IL-6, participants exhibited a similar absence of high arousal
positive attentional bias regardless of history of early life stress (i.e., the bias change score is
close to 0). There was no interaction between change in IL-6 and early life stress in the
prediction of change in attentional bias towards low arousal positive faces (b = -.28, p = .96).
Discussion
Based on theory of MDD etiology (Pizzagalli, 2014; Slavich & Irwin, 2014) and empirical
evidence from animal models (Der-Avakian & Markou, 2012; Koo & Duman, 2008), the current
study investigated the effects of stress-induced inflammation on reward processing in a sample
of healthy, female young adults. Using an experimental laboratory paradigm, we manipulated
stress to elicit an inflammatory response and measured subsequent effects on behavioral
measures of reward motivation, reward-learning and reward sensitivity. Guided by prior
research, we further examined whether early life stress and current depressive symptoms
moderated the association between the stress-induced inflammatory response and alterations in
reward processing.
The manipulation of stress in the current study was successful. Participants randomized to
the stress condition exhibited greater increases in IL-6 than participants in the control condition.
Indeed, the magnitude of increase in IL-6 was higher than in previous studies using the TSST by
approximately 1.0 pg/ml (e.g., Breines et al., 2014; Kuebler et al., 2014). Furthermore, the stress
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group appraised the stressor as more threatening and distressing and exhibited greater increases
in negative emotions and greater decreases in positive emotions than the control group during or
immediately after the stressor. Stress also altered reward sensitivity and reward motivation.
However, contrary to hypotheses, stressed participants exhibited selective increases in reward
motivation in comparison to control participants. Further, there were divergent effects of stress
on reward sensitivity, such that the stress group had increased sensitivity on the PRT relative to
the control group, but decreased sensitivity on the emotional dot probe task. There were no
effects of stress on reward learning or reward sensitivity as measured by the EEfRT.
Critically, the central question of the study does not rely on direct effects of stress on
reward processing, particularly given the delayed administration of the tasks. Instead, our
hypotheses centered on characterizing effects of stress-induced inflammation on reward
processing. Here, our results indicate that stress-induced inflammation altered reward sensitivity
and reward motivation, two processes that are dysregulated in depression and may underlie
anhedonia (Treadway et al., 2009; Salem & Winer, 2014). However, rather than the hypothesized
global decrease in multiple dimensions of reward processing, we found that stress-induced
inflammation differentially altered sensitivity and motivation. Consistent with hypotheses and
theory, greater increases in inflammation following stress were associated with decreased
sensitivity to positive faces, indicating decreased reward sensitivity. By contrast, greater stressinduced inflammation was associated with increased reward sensitivity on the PRT and
increased reward motivation. There was no evidence that stress-induced inflammation altered
reward learning on the PRT, or reward sensitivity as measured by the EEfRT. Furthermore, there
was no evidence that the presence of depressive symptoms or a history of early life adversity
intensified the relationship between stress-induced inflammation and alterations in reward.
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Reward Motivation on the EEfRT
We hypothesized that stress and stress-induced inflammation would induce a global
reduction in reward motivation, regardless of task specific variables like probability. Contrary to
this, we found no main effect for stress on reward motivation. This conflicts with preclinical
models that have shown decreases in reward motivation in response to stress (Der-Avakian et al.,
2014), an inflammatory stimulus (Dantzer et al., 2014) and stress-induced inflammation (Koo &
Duman, 2008). Similarly, prior work has shown that reward motivation is reduced in individuals
with elevated depressive symptoms (Yang et al., 2014), current MDD (Treadway, Bossaller,
Shelton, & Zald, 2012a), high trait anhedonia (Geaney, Treadway, & Smillie, 2015; Treadway et
al., 2009), and in response to an acute inflammatory stimulus (Draper et al., 2018).
We also found a significant interaction between group, time and probability, such that
stress was associated with an increase in reward motivation for low probability trials. Further,
increases in IL-6 mediated this effect. Thus, both stress and increases in IL-6 were associated
with increases in reward motivation in the context of low probability of reward. As described
below, these results are most likely due to 1) effects of stress and/or stress-induced inflammation
on dopaminergic function, or 2) prolonged stress-related deficits in positive affect and a
subsequent attempt at mood repair through task engagement.
Importantly, other studies have also found interactions with probability. Treadway and
colleagues (2013) found an interaction between probability and depression in the prediction of
hard trial choice, such that individuals with depression were less sensitive to variations in
probability than healthy controls. Decreased sensitivity to variations in probability was also
evident in the stress group in the current study. Differential effects of probability on reward
motivation have also been observed in the context of an acute inflammatory stimulus, although
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there the effect was observed in high, not low probability trials. Specifically, Lasselin and
colleagues (2016) found that healthy participants demonstrated higher reward motivation for
high probability trials following endotoxin but not placebo.
Why might low probability play such an important role, and why would inflammation be
associated with an increase in effort for low probability trials? First, the result may reflect a
normative effect of stress. Prior work has shown that performance on low probability trials in the
EEfRT is associated with dopaminergic activity. For example, administering d-amphetamine
increases reward motivation specifically for low probability trials (Wardle et al., 2011) and this
is in turn associated with increased DA function in the striatum and vmPFC, areas involved in
cost-benefit decision making (Treadway et al., 2012). Although the current study did not include
assessment of dopaminergic activity, greater acute psychological stress is associated with greater
dopaminergic activity in the medial prefrontal cortex, and these changes are associated with
increased subjective stress (Vaessen, Hernaus, Myin-Germeys, & van Amelsvoort, 2015). In
animal models, systemic administration of LPS increases DA release in the nucleus accumbens
region (Anisman, Kokkinidis, & Merali, 2002). Thus, given evidence that acute stress and
inflammation increase dopamine release, increased motivation for low probability trials in the
current study may have been driven by the effect of acute stress-induced inflammation on DA
release.
We also considered the possibility that increased motivation to work for trials that have
little potential to yield reward is indicative of reward dysregulation. Perhaps stressed participants
used information about probability less efficiently than control participants. Consistent with this
interpretation, greater increases in mental confusion predicted higher reward motivation
specifically for low probability trials. Inflammation is a plausible mediator of such effects, as
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mild increases in inflammation have been shown to elicit increases in mental confusion
(Harrison et al., 2009) . Further, increases in mental confusion were correlated with increases in
IL-6 in the current study.
An alternative interpretation for the EEfRT findings, and the one that was more strongly
supported by our data, is that an increase in reward motivation for low probability trials
following stress may reflect an enhanced motivation to repair mood through engagement with
the task. As previously described, the stress group exhibited more consistent levels of effort
regardless of variations in probability, while participants in the control group exerted less effort
for low probability trials. The increase in reward motivation for low probability trials in the
context of stress could be a form of distraction or an effort to increase feelings of self-efficacy in
the laboratory setting. Indeed, succeeding in the face of low odds could be experienced as more
rewarding. Potentially consistent with this, greater decreases in positive affect from study entry
to 90 minutes post-TSST predicted increased motivation for low probability trials, and higher
effort exerted for low probability trials predicted lower negative affect at the end of the session.
Furthermore, when we assessed the effects of confusion and deficits in positive affect in the
same analysis, only positive affect remained significant. This suggests that the EEfRT findings
may be better explained as an affective response, rather than cognitive difficulties. However,
additional research is needed to more carefully test these specific mechanisms.
There are several important methodological differences that may explain why the current
results differ from three other studies assessing effects of inflammation on reward motivation.
Most notably, the current study elicited a much smaller increase in inflammation than what is
observed following endotoxin. The more exaggerated inflammatory responses seen after
endotoxin administration are more likely to induce sickness behavior, which may in turn
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influence behavioral responses. Indeed, Lasselin et al. (2016) found that increased reward
motivation for high probability trials was attributable to increased symptoms of sleepiness
following endotoxin. Participants in the current study did not exhibit the same magnitude of
increases in sleepiness. Further, controlling for levels of physical fatigue (which includes items
assessing sleepiness) at the time of EEfRT administration did not weaken the relationship
between increased IL-6 and reward motivation. Thus, the magnitude of the inflammatory
response, and the resulting alterations in fatigue and affect, may predict different patterns of
reward motivation alteration.
Secondly, differences in sample composition may be driving different effects. While
preliminary, there is some evidence that the association between inflammation and decreased
reward motivation is stronger in males than in females. Draper and colleagues (2017) found a
global decrease in reward motivation in an endotoxin versus placebo control group among male
participants. Work from our lab has shown that increases in IL-6 following influenza vaccine are
associated with decreases in reward motivation in male, but not female participants (Boyle et al.,
in prep). Further, much of the work on induced inflammation and anhedonia in animal models
excludes female animals (Anisman & Matheson, 2005). Thus, the pattern of increased reward
motivation in the current study could be specific to young women.
Reward Sensitivity on the EEfRT
We had hypothesized that stress-induced inflammation would decrease reward sensitivity
on the EEfRT, as measured by an attenuated association between variations in potential reward
magnitude and likelihood of exerting effort. However, we found no evidence that stress or
changes in IL-6 following stress weakened the relationship between reward magnitude and
reward motivation. Our hypotheses were grounded in prior work showing that individuals with
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MDD are less sensitive to increases in reward magnitude on the EEfRT in comparison to healthy
controls (Treadway et al., 2012). However, recent studies that manipulated the inflammatory
response, either through endotoxin (Draper et al., 2017; Lasselin et al., 2016) or the influenza
vaccine (Boyle et al., in prep), similarly found effects of inflammation on reward motivation but
not reward sensitivity. Thus, our results are consistent with other emerging studies assessing
effects of inflammation on reward sensitivity in the context of motivation. This suggests that
stress-induced inflammation does not have qualitatively different effects than a direct
inflammatory stimulus on reward sensitivity on this task.
Reward Learning with the PRT
Stress and stress-induced inflammation was hypothesized to reduce reward learning on the
PRT. However, we found no evidence for this and saw little change in reward learning in either
the control or the stress group. Prior work has shown that individuals with remitted (Pechtel et
al., 2013) and current depression (Liu et al., 2011), as well as elevated depressive symptoms
(Pizzagalli et al., 2005) exhibit blunted reward learning in comparison to healthy controls.
Further, healthy undergraduates with elevated perceived stress exhibit greater decreases in
reward learning than participants with low perceived stress, controlling for general symptoms of
distress and anxiety (Bogdan et al., 2007). Given that stress and inflammation are intimately
associated with depression, we hypothesized that stress-induced inflammation would elicit a
similar pattern. Instead, our results are consistent with prior reward learning studies, which have
found that acute stress decreases reward sensitivity on the PRT (see below), but does not alter
reward learning.
Reward Sensitivity with the PRT
While we had hypothesized that stress-induced inflammation would decrease reward
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sensitivity on the PRT, we found that stress-induced increases in IL-6, specifically at the 90minute time-point, were associated with increased reward sensitivity. This is inconsistent with
prior work showing acute stress decreases sensitivity on the PRT (Bogdan et al., 2009). This
discrepancy may be attributable to timing of task administration. Studies that have found acute
stress decreases reward sensitivity on the PRT or related tasks have typically used a threat of
shock stressor that was administered during the PRT (Berghorst et al., 2013; Bogdan et al., 2010;
2011; Bogdan & Pizzagalli, 2006), or administered a 3-minute stressful math task immediately
before the PRT and incorporated reminders for future upcoming evaluative stressors during PRT
administration (Morris & Rottenberg, 2015). Thus, concurrent stress appears to consistently
reduce reward sensitivity on reward learning tasks.
By contrast, other work suggests that stressors that precede reward processing tasks,
particularly learning and decision-making tasks, may enhance reward sensitivity (Mather &
Lighthall, 2012). Three studies have found evidence for increased sensitivity to reward cues
and/or decreased sensitivity to punishment cues when learning tasks were administered
approximately 30 minutes after a stressor (Cavanagh, Frank, & Allen, 2010; Lighthall, Gorlick,
Schoeke, Frank, & Mather, 2013; Petzold, Plessow, Goschke, & Kirschbaum, 2010). Lighthall
and colleagues (2012) propose that these findings arise because “stress triggers additional reward
salience” - the STARS model. This model posits that elevated glucocorticoids following stress
enhance dopamine release within the reward system. Increased dopamine could enhance the
salience of the reward cues, as DA is functionally involved in salience attribution (Vaessen et al.,
2015). Increased dopamine could also decrease learning from negative cues; dopamine release
suppresses a phasic dopaminergic negative reinforcement signal that is normally elicited by
negative feedback. Support for this model comes from preclinical studies demonstrating that
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cortisol mediates an association between stress and increases in extracellular levels of dopamine
in the nucleus accumbens. Studies in humans using PET similarly suggest that the greater
increases in cortisol following stress are correlated with greater increases of striatal dopamine
(Vaessen et al., 2015). Thus, while the depression literature has largely converged on the idea
that depression and stress are associated with reduced reward sensitivity on reward-learning
tasks, there is a second literature that suggests acute stress may increase reward sensitivity. This
second literature tends to emphasize other types of psychopathology, particularly substance use
disorders, rather than depression (Mather & Lighthall, 2012). Our measures of salivary cortisol
will allow us to better interrogate this question going forward.
There is far less research on the association between increases in IL-6 and reward
sensitivity in the context of learning tasks. Given the sickness behavior framework, we expected
that increases in inflammation would decrease reward sensitivity as part of a coordinated
disengagement from environmental cues, particularly cues that are not particularly relevant in the
context of sickness and threat (e.g., money). However, we found that increases in IL-6 were
associated with increases in reward sensitivity. Of note, this is consistent with a recent study in
our lab in which mild increases in IL-6 following influenza vaccine were associated with
increases in reward sensitivity on the PRT (Boyle et al., in prep).
There is also evidence that inflammation may heighten the salience of punishment cues
during learning. Harrison and colleagues (2016) found that increases in IL-6 following typhoid
vaccine were associated with enhanced learning from punishment, while decreased sensitivity to
reward cues did not reach significance. Importantly, performance on the PRT is purely driven by
reinforcement; task instructions characterize trials with no feedback as neutral and ambiguous to
avoid their construal as punishment. One possibility is that enhanced sensitivity to reward cues
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may be present only in the absence of other types of learning cues (i.e. punishment). It is
important to note that in the sickness behavior framework, an overall heightened awareness of
the environment and sensitivity to available cues may be advantageous when the organism is
under threat (Raison & Miller, 2012).
Sensitivity to Rewarding Emotional Faces
We hypothesized that stress and stress-induced inflammation would be associated with
decreased reward sensitivity, as measured by the emotional dot probe. Specifically, we expected
that a normative attentional bias towards positive faces would be blunted for participants who
underwent stress, and that this effect would be attributable to increases in inflammation.
Consistent with hypotheses, stress-induced inflammation was associated with decreased attention
towards low arousal positive faces. Importantly, there are several ways that decreased positive
attentional bias can be interpreted (e.g., reduced attention towards the positive, increased
attention towards neutral, active avoidance of positive). Exploratory analyses in the current study
indicated that stress-induced inflammation was associated with reduced attention towards the
positive faces, suggesting that the normative pattern of attentional bias towards positive stimuli
was blunted. This is consistent with other work demonstrating associations between increased
inflammation and decreased positive attentional bias on the emotional dot probe (Boyle et al.,
2017; Cooper et al., 2017). Of note, our understanding of effects of inflammation on social
reward is becoming increasingly nuanced, and there is evidence that individuals exposed to
endotoxin are more neurally sensitive to highly salient social reward (Eisenberger, Moieni,
Inagaki, Muscatell, & Irwin, 2017). Our finding for decreased sensitivity with the emotional dot
probe is likely a function of the use of very general social stimuli (e.g., happy faces of strangers
versus images of close others).
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In contrast to low arousal positive faces, the effects of stress and inflammation on
attentional bias towards high arousal positive faces did not reach significance, and were actually
in the opposite direction; that is, increases in IL-6 were marginally associated with increases in
attention towards high arousal positive faces. This is contrary to hypotheses, previous work, and
findings in the current study for low arousal positive faces. Few studies have addressed the
distinction between high and low arousal positive faces, so there is little in the literature to guide
an interpretation. However, it is notable that in the current study high arousal positive bias was
positively associated with early life adversity and anhedonia, suggesting that for the current
sample, greater attention towards the high arousal positive faces was not associated with higher
psychological well-being (as would be expected). By contrast, low arousal positive attentional
bias was inversely associated with consummatory anhedonia; that is, looking more towards low
arousal positive faces was associated with lower anhedonia. This suggests that individuals may
be interpreting happy faces very differently depending on their level of arousal. Future work is
needed to better understand the ways in which high and low arousal positive faces are generally
interpreted.
Pre-Existing Vulnerability Factors
The current study tested two key vulnerability factors, early life adversity and current
depressive symptoms, as potential moderators of the relationship between stress-induced
inflammation and reward processing. The hypotheses centered on a two-hit model, with the
hypothesis that greater increases in stress-induced inflammation would be associated with greater
reward dysregulation for participants with a history of early life adversity or current elevated
symptoms. However, our results did not support this model. Out of 16 analyses, only one
emerged as significant: greater increases in stress-induced IL-6 were associated with an increase
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in high arousal positive attentional bias for individuals with higher early life stress. This analysis
suggested that at higher levels of IL-6, participants had similar levels of high arousal positive
attentional bias regardless of their level of early life stress. At lower levels of IL-6, participants
with early life stress exhibited avoidance of high arousal positive faces. Thus, the expected
association between IL-6 and early life stress was only evident in the context of little change in
inflammation, contrary to the two-hit model. This may indicate that higher increases in
inflammation may exert a strong enough effect to mask individual differences in bias attributable
to early life stress.
Strengths and Limitations
The most notable strength of this study is the integration of multiple domains of reward
processing to assess whether stress and/or inflammation was particularly influential in any given
domain. In addition, we used previously validated and widely used behavioral reward tasks,
which facilitates comparison with other studies and allowed a comprehensive assessment of
multiple dimensions of reward. Behavioral tasks, particularly those that assess implicit processes
like the PRT, also avoid problems inherent to self-report. We employed an active control, the
Placebo-TSST, which allowed a more vigorous test of the effects of stress-induced inflammation.
Specifically, the TSST is designed to elicit the type of stress that is most relevant to depression
(involving feelings of social rejection; Monroe & Reid, 2009; Slavich, Thornton, Torres,
Monroe, & Gotlib, 2009). The P-TSST allowed us to isolate this component of stress while
controlling for cognitive load and the physical act of speaking, and the same timed durations and
assessments. Finally, we evaluated the inflammatory response at its peak at 90 to 120 minutes,
consistent with findings in a meta-analysis of acute stress studies (Marsland et al., 2017). All
participants had a 35-minute waiting period between IV insertion and the first blood draw to
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reduce the influence of peripheral inflammation arising from the IV insertion itself. The
collection and analysis of our samples was in accordance with procedures necessary for quality
control (e.g., our study was conducted in a medical center and samples were immediately
transported for processing; all samples were assayed in duplicate).
Limitations include absence of double blinding. Due to complexities in scheduling, the
researcher was aware of the condition to which participants were assigned before the CTRC
session. Although the experimenter followed a standardized script for all interactions with the
participants, never gave verbal cues disclosing the experimental condition, and only revealed the
experimental manipulation during the debrief at the end of the study, it is possible that
information about the participant’s condition was communicated nonverbally. In addition, there
were group differences at baseline, with the stress group reporting elevated negative affect,
which may reflect expectancy effects (if the experimenter somehow nonverbally conveyed
information about the upcoming session). However, this problem should make it more, not less,
difficult to detect group differences following the TSST. Further, the stress group also reported
higher levels of perceived stress, depressive symptoms and early life stress, which are unlikely to
have arisen due to the experimental session as the timeframe for assessing stress and depressive
symptoms was for the past two weeks. Moreover, early life stress was assessed at Visit 1, at
which point the research assistant was blind to condition. A second limitation is the sole use of
monetary incentive, a secondary reward, for the motivation and learning tasks. The relationship
between other types of rewards, particularly primary rewards like food, sex and social
connection, require greater study. Furthermore, the monetary incentive was not administered
immediately, which may have reduced the salience of the reward at task administration.
However, performance on the tasks was comparable to previous studies. Finally, testing reward
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sensitivity, particularly consummatory reward, is particularly difficult using behavioral
measures. While neuroimaging can capture differences in reactivity to positive stimuli in areas
like the ventral striatum, the initial hedonic response to positive stimuli, or eudaimonic response
to meaningful stimuli, is difficult to capture using behavioral measures and subject to biases in
self-report. To address this issue, we used sensitivity to positive faces on the emotional dot
probe, as well as reward sensitivity on the PRT and EEfRT, to operationalize consummatory
response. The emotional dot probe is not a standard reward task, although it was associated with
consummatory pleasure on the psychosocial battery in the current study. Sensitivity on the PRT
and EEfRT was specific to monetary reward, and as mentioned previously, this reward was
delayed.
Conclusion and Future Directions
Reward processing is a critical multifaceted system that organizes behavior and involves
reward motivation, sensitivity and learning. Dysregulation in one or more of these domains are a
central feature of MDD, and have also been posited to precipitate MDD onset (Pizzagalli, 2014).
Delineating the psychobiological mechanisms of dysregulated reward processing thus has the
potential to inform treatment and prevention of depressive disorders. Based on empirical
evidence and theory, the current study tested the hypothesis that stress-induced changes in
inflammation would lead to changes in reward processes. Results supported the hypothesis that
stress-induced inflammation alters reward motivation and reward sensitivity, though effects were
complex, task specific, and not always in the hypothesized direction. In general, it appears that
stress-induced inflammation may be associated with selective increases in reward motivation and
sensitivity for monetary reward, but decreased sensitivity to social reward (i.e., happy faces).
There was no indication that these effects were moderated by depressive symptoms or early life
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stress.
This study contributes to the growing literature characterizing the relationship between
dimensions of reward and inflammation. Future studies are needed to fully interrogate the effects
of inflammation on reward motivation using non-monetary reward as an incentive; for example,
eudaimonic reward (e.g., gratitude messages, self-affirmation) and aesthetic reward (e.g., music,
art; Sescousse et al., 2013). A second fruitful area to pursue is the temporal relationship between
stress and reward processing and the different physiological systems that could contribute to
stress-associated differences (e.g., catecholamines, cortisol, inflammation).
In terms of clinical application, a long-term goal is to determine whether performance on
reward tasks can be used to predict optimal psychotherapeutic approach. For example, does low
motivation on the EEfRT, or the extent to which motivation is disrupted by stress or correlated
with inflammatory markers, predict whether strategies that address motivation, like behavioral
activation, are likely to be more helpful than strategies like savoring, which address
sensitivity/consummatory reward, in addressing anhedonic symptoms? In addition, to what
extent do individual differences in reward processing predict resilience to the psychological and
physiological concomitants of stress, and can these individual differences be enhanced
therapeutically? For example, training in attentional bias has been shown to reduce depressive
symptoms (Wells & Beevers, 2010). If alterations in reward underlie anhedonia, could training in
basic reward processing tasks similarly reduce anhedonic symptoms? Furthermore, if alterations
in inflammation underlie motivational and affective alterations, can reducing inflammation,
either pharmacologically or through stress reduction, help regulate motivational processes or
positive attentional bias? One study found that administration of the mu-opioid partial agonist
was shown to decrease the cortisol and subjective threat response to the TSST (Bershad, Jaffe,
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Childs, & de Wit, 2015), which suggests that directly targeting the reward system may be one
way to target the key mechanisms underlying depression and anhedonia. The work in this
dissertation provides a foundation for future studies that address the interactions among stress,
inflammation and reward, and their therapeutic implications.
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Table 1
Sample Demographic and Psychosocial Characteristics
Total (n = 54)

Stress (n = 37)

Control (n = 17)

20.09 (18-25)

19.81 (18-25)

20.71 (18-25)

White

12 (22.2)

7 (19.0)

5 (29.4)

East Asian

13 (24.1)

10 (27.0)

3 (17.6)

Latina

18 (33.3)

11 (29.7)

7 (41.2)

Black

4 (7.4)

3 (8)

1 (5.9)

Other

7 (13)

6 (16.3)

1 (5.9)

Freshman

8 (14.8)

5 (13.5)

3 (17.7)

Sophomore

16 (29.6)

14 (37.8)

2 (11.7)

Junior

8 (14.8)

7 (18.9)

1 (5.9)

Senior

18 (33.4)

9 (24.3)

9 (53)

4(7.4)

2 (5.5)

2(11.7)

Less than college

20 (37)

13 (35)

7 (41)

College or more

34 (63)

24(65)

10(59)

14 (26)

11 (30)

3 (18)

5 (9)

3 (8)

2 (12)

23.05 (17.5-30.4)

23.26 (17.5-30.4)

22.61 (17.8-27.5)

13.41 (0–38)

14.84 (1–38)

10.29 (0–23)

1.41 (0–7)

1.59 (0-7)

1.00 (0–4)

18.39 (4-36)

19.78 (5-36)

15.35 (4-25)

SHPS, M (range)

1.54 (0–9)

1.84 (0–9)

.88 (0-3)

TEPS-A, M (range)

3.96 (2.1-5)

3.92 (2.1-5)

4.02 (2.9-4.9)

TEPS-C, M (range)

4.54 (2.1–6)

4.44 (2.1-6)

4.77 (3.1-5.8)

Age, M (range)†
Ethnicity, N (%)

Academic Status, N (%)

Post-graduate
Parental Education, N (%)

Oral contraceptive use, N (%)
Yes
Antidepressant use, N (%)
Yes
BMI, M (range)
Depressive symptoms, M (range)
ACE, M (range)
Perceived stress, M (range)*

Note. M = mean; BMI = body mass index. ACE = Adverse Childhood Experiences
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Questionnaire; SHPS = Snaith Hamilton Pleasure Questionnaire; TEPS = Temporal
Experiences of Pleasure Questionnaire; A = Anticipatory subscale; C = Consummatory
subscale.
* p < .05 independent samples t-test significant group difference.
† p < .08 independent samples t-test significant group difference.
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Table 2
Appraisal and Evaluation of the TSST/P-TSST by Group
Stress

Control

p value††

Mean

SD

Mean

SD

Threat Appraisal (PASA)

18.63

2.78

9.82

4.05

< .001

Challenge Appraisal (PASA)

10.34

2.60

16.00

2.69

< .001

Secondary Appraisal (PASA)

29.72

5.37

37.88

5.44

< .001

Cognitive Appraisal (CAQ)

5.09

.83

2.76

1.05

< .001

Resource Appraisal (CAQ)

3.46

1.00

5.07

.89

< .001

Threat Index (CAQ)

1.16

.58

.58

.28

< .001

Pre-TSST Assessment

Post-TSST Assessment

Note. †† p values are from multiple regression models controlling for baseline differences in age, perceived stress (over the last two
weeks), negative affect (session entry) and fatigue (session entry). PASA = Primary and Secondary Appraisal Questionnaire; CAQ =
Cognitive Appraisal Questionnaire.
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Table 3
Stress and Probability as Predictors of Reward Motivation (EEfRT) in the GEE Model
Variable

b

SE

z

p-value

CI (lower)

CI (upper)

Group

0.69

0.32

2.11

0.04

0.05

1.32

Time

-1.77

0.48

-3.65

0.00

-2.71

-0.82

Group X Time

1.08

0.52

2.06

0.04

0.05

2.10

Probability (low vs. medium)

2.02

0.26

7.90

0.00

1.52

2.52

Probability (low vs. high)

3.33

0.26

12.77

0.00

2.82

3.84

Probability (low vs. medium)

-0.42

0.30

-1.40

0.16

-1.01

0.17

Probability (low vs. high)

-1.05

0.30

-3.50

0.00

-1.64

-0.46

Probability (low vs. medium)

1.33

0.52

2.56

0.01

0.31

2.35

Probability (low vs. high)

1.00

0.52

1.93

0.05

-0.02

2.02

Group X Probability

Time X Probability

Group X Time X Probability
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Probability (low vs. medium)

-1.33

0.57

-2.31

0.02

-2.45

-0.20

Probability (low vs. high)

-0.61

0.57

-1.06

0.29

-1.73

0.52

Reward Magnitude

1.33

0.05

25.69

0.00

1.23

1.43

Trial number

-0.03

0.00

-9.88

0.00

-0.03

-0.02

PSS

-0.17

0.15

-1.17

0.24

-0.47

0.12

Age

0.22

0.05

4.38

0.00

0.12

0.32

Fatigue

0.12

0.03

4.21

0.00

0.06

0.18

Negative Affect

-0.16

0.04

-4.04

0.00

-0.24

-0.08

Intercept

-10.12

1.17

-8.61

0.00

-12.42

-7.81

Note. Low probability = 12%; medium probability = 50%; high probability = 88%. Group (0 = control; 1 = stress). Time (0 =
Visit 1 baseline; 1 = 120 minutes post-TSST/P-TSST); PSS = perceived stress scale. Fatigue = PANAS fatigue at study entry;
Negative Affect = PANAS negative affect at study entry.
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Table 4
Mediation Models for Reward Motivation: Inflammation as a Mediator of the Relationship Between Stress and Reward Motivation for
Overall, Low, Medium and High Probability Trials on the EEfRT
Outcome

Hard Trials

Mediator

IL-6

IL-6

IL-6

Direct effect

Total effect

(BS SE) [CI]

b(SE)

b(SE)

b(BS SE) [CI]

b(BS SE) [CI]

.03 (.02)*

. 54 (.19)*

.06 (.03)*

-.009 (.04)

.02 (.04)

CI [-.09, .07]

CI [-.06, .11]

-.02 (.04)

.02 (.04)

CI [-.09, .06]

CI [-.05, .11]

-.07 (.08)

-.03 (.08)

CI [-.22, .09]

CI [-.18, .14]

.07 (.06)

.08 (.06)

CI [-.05, .19]

CI [-.04, .19]

.04 (.02)*

.54 (.19)*

.08 (.03)*

.05 (.03)*

. 54 (.19)*

.09 (.05)

CI [.0007, .12]

Probability Hard Trials
High (88%)

b path

CI [.005, .10]

Probability Hard Trials
Medium (50%)

a path

CI [.001, .09]

(Overall)
Low (12%)

Indirect effect

IL-6

Probability Hard Trials
Note. For the outcome variables

.01 (.03)

. 54 (.19)*

CI [-.03, .08]
refers to change in proportions;

.02 (.05)

IL-6 refers to change in IL-6 from study entry to 120 minutes

post-TSST/P-TSST. BS SE = Bootstrapped standard errors; CI = Bootstrapped bias corrected 95% confidence intervals; SE =standard
errors; IL-6 = Interleukin-6.
* = significant at p < .05; the indirect/mediated, direct, and total effect are deemed significant if the confidence intervals do not
include zero.

73

Table 5
Stress Effects on Reward Sensitivity on the EEfRT in the GEE Model
Variable

b

SE

z

p-value

CI (lower)

CI (upper)

Group

-0.74

0.40

-1.82

.07

-1.53

0.05

Reward Magnitude

0.46

0.13

3.63

.00

0.21

0.70

Group X Reward Magnitude

0.20

0.12

1.70

.09

-0.03

0.42

Time

-1.84

0.43

-4.25

.00

-2.69

-0.99

Group X Time

0.93

0.54

1.73

.08

-0.12

1.99

Time X Reward Magnitude

0.42

0.15

2.87

.00

0.13

0.70

Group X Time X Reward Magnitude

-0.29

0.18

-1.59

.11

-0.64

0.07

Expected Value

0.98

0.16

6.22

.00

0.67

1.29

Probability (low vs. medium)

0.45

0.22

2.06

.04

0.02

0.89

Probability (low vs. high)

0.37

0.37

0.98

.33

-0.36

1.09

Trial number

-0.02

0.00

-9.49

.00

-0.03

-0.02

PSS

-0.22

0.17

-1.30

.19

-0.56

0.11

Probability
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Age

0.15

0.06

2.56

.01

0.04

0.27

Fatigue

0.11

0.03

3.42

.00

0.05

0.18

Negative Affect

-0.17

0.05

-3.70

.00

-0.26

-0.08

Intercept

-5.42

1.33

-4.08

.00

-8.03

-2.81

Note. Low probability = 12%; medium probability = 50%; high probability = 88%. Group (0 = control; 1 = stress).
Time (0 = Visit 1 baseline; 1 = 120 minutes post-TSST/P-TSST); PSS = perceived stress scale. Fatigue = PANAS fatigue at study
entry; Negative Affect = PANAS negative affect at study entry.
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Table 6
Mediation Models for Reward Learning and Sensitivity on the PRT: Change in Inflammation at 120 and 90 Minutes as a Mediator of
the Relationship Between Stress and Reward Learning and Stress and Reward Sensitivity on the PRT
Outcome

Mediator

Reward-learning

Indirect effect

a path

b path

Direct effect

Total effect

(BS SE) [CI]

b(SE)

b(SE)

b(BS SE) [CI]

b(BS SE) [CI]

.57 (.21)*

.06 (.05)

.01 (.07)

.04 (.07)

CI [-.14, .14]

CI [-.11, .17]

-.05 (.05)

-.02 (.05)

CI [-.1, .05]

CI [-.11, .07]

.03 (.07)

.04 (.07)

CI [-.12, .16]

CI [-.11, .17]

-.05 (.05)

-.02 (.05)

CI [-.14, .04]

CI [-.11, .07]

IL-6 (120 min) .03 (.02)
CI [-.002, .10]

Reward-sensitivity

IL-6 (120 min) .02 (.02)

.57 (.21)*

.04 (.04)

CI [-.02, .07]
Reward-learning

IL-6 (90 min)

.01 (.02)

.46 (.20)†

.02 (.04)

CI [-.01, .06]
Reward-sensitivity

IL-6 (90 min)

.03 (.02)*

.46 (.20)†

CI [.002, .08]

.06 (.04)†

Note. BS SE = Bootstrapped standard errors; CI = Bootstrapped bias corrected 95% confidence intervals; SE =standard errors; IL-6 =
Interleukin-6.

= change in.

* = significant at p < .05; † = significant at p < .08; the indirect/mediated, direct, and total effect are deemed significant if the
confidence intervals do not include zero.
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Table 7
Mediation Models for Reward Sensitivity on the Emotional Dot Probe: Inflammation as a Mediator of the Relationship Between Stress
and Reward Sensitivity on the Emotional Dot Probe
Outcome

Mediator

Low Arousal

IL-6

Indirect effect

a path

b path

Direct effect

Total effect

(BS SE) [CI]

b(SE)

b(SE)

b(BS SE) [CI]

b(BS SE) [CI]

-10.67 (6.27)

. 54 (.20)*

-19.70

19.57 (11.57)

8.91 (11.50)

(9.04)*

CI [-2.88, 42.60]

CI [-13.76,

CI [-25.96, -1.20]

Positive Attentional Bias

31.59]
High Arousal
Positive Attentional Bias

IL-6

7.40 (5.23)

. 54 (.19)*

CI [-1.36, 19.67]

13.66 (8.92)

-7.67 (13.10)

-.28 (12.02)

CI [-37.28, 15.12]

CI [-25.95,
21.73]

Note. BS SE = Bootstrapped standard errors; CI = Bootstrapped bias corrected 95% confidence intervals; SE =standard errors; IL-6 =
Interleukin-6.

= change in.

* = significant at p < .05; the indirect/mediated, direct, and total effect are deemed significant if the confidence intervals do not
include zero.
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Figure 1. A depiction of Visit 1 and the CTRC session timeline for Visit 2.
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Enrollment

Assessed for eligibility (n= 115)

Excluded (n=46)
¨ Not meeting inclusion criteria (n=38)
¨ Declined to participate (n=1)
¨ Other reasons (n=7)

Randomized (n = 69)

Allocation
Allocated to P-TSST (n=23)
¨ Provided blood samples: (n=20)
¨ Completed session with behavioral data only
due to IV insertion difficulties: (n = 1)
¨ Could not schedule at the CTRC (n = 2)

Allocated to TSST (n=46)
¨ Provided blood samples: (n=37)
¨ Completed session with behavioral data only due to IV
insertion difficulties (n = 1).
¨ Stopped session early (n=1; IV difficulties)
¨ Stopped session early (n=1; IV difficulties + TSST distress)
¨ Could not schedule at the CTRC (n = 3)
¨ Did not show to Visit 2 (CTRC session): (n = 3)

Analysis
Analysed (n= 37)
¨ Excluded from analysis (give reasons) (n=0)

Analysed (n= 17)
¨ Excluded from analysis (give reasons) (n=3)
-invalid IL-6 values; ineligible; ill

Figure 2. Consort diagram
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Figure 3. Adjusted means for stress (A) anxiety (B) and anger (C) on the VAS are illustrated in the stress group and the control group.
Linear mixed effects models revealed significant increases in each negative emotion, particularly after the speech portion of the TSST.
Time 0 = study entry; Time 1 = TSST instructions; Time 2 = speech task; Time 3 = math task; Time 4 = post-TSST (10 min); Time 5
= 60 minutes post; Time 6 = 90 minutes post; Time 7 = 120 minutes post; Time 8 = 150 minutes post.
80

12
10
Negative Affect
8
6
4

-35

15

60
90
Minutes since TSST/P-TSST onset
Control

120

150

Stress

Figure 4. Adjusted means for negative affect on the PANAS across the experimental session. Linear mixed effects models revealed
significant increases in negative affect from study entry (-35 minutes) to post-TSST (15 minutes post-TSST onset) in the stress but not
control group.
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Figure 5. Adjusted means for calm (A) confidence (B) and happy (C) ratings on the VAS are illustrated in the stress group and the
control group. Linear mixed effects models revealed significant decreases in each positive emotion in anticipation of or during the
TSST, but not the P-TSST. Time 0 = study entry; Time 1 = TSST instructions; Time 2 = speech task; Time 3 = math task; Time 4 =
post-TSST (10 min); Time 5 = 60 minutes post; Time 6 = 90 minutes post; Time 7 = 120 minutes post; Time 8 = 150 minutes post.
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Figure 6. Adjusted means for positive affect on the PANAS across the experimental session for the stress and control group. There
was no group by time interaction. In post-hoc contrasts the group difference at 90 minutes post-TSST/P-TSST is marginally
significant.
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Figure 7. Adjusted means for physical fatigue on the PANAS (A) and cognitive fatigue on the POMS (B) are illustrated in the stress
group and the control group. Linear mixed effects models revealed a significant group by time interaction for cognitive fatigue only,
and this was driven by significantly greater increases in cognitive fatigue in the stress versus control group from study entry to postTSST (15 minutes since TSST onset).
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Figure 8. Adjusted means for systolic blood pressure (A) heart rate (B) and diastolic blood pressure (C) are illustrated in the stress
group and the control group. Linear mixed effects models revealed significantly greater increases in systolic blood pressure and heart
rate in the stress vs. control group from study entry to the post-speech component in the TSST/P-TSST. There were significant withingroup increases in diastolic blood pressure for the stress but not the control group. Time 0 = study entry; Time 1 = pre-TSST/P-TSST;
Time 2 = post-TSST/P-TSST; Time 3 = 30 minutes post-TSST/P-TSST onset; Time 4 = 45 minutes post-TSST/P-TSST onset; Time 5
= 60 minutes post-TSST/P-TSST onset; Time 6 = 90 minutes post-TSST/P-TSST onset; Time 7 = 120 minutes post-TSST/P-TSST
onset; Time 8 = 150 minutes post-TSST/P-TSST onset.
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Figure 9. Adjusted means for IL-6 are illustrated in the stress group and the control group. Linear mixed effects models revealed a
marginally greater increase in the stress group (p = .1) which became significant (p = .022) when removing an outlier value (more than
4 SD from the mean; in the control group).
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Figure 10. Probability of choosing a hard trial at varying levels of probability for the stress and control group on the EEfRT.
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Figure 11. Among the participants who underwent stress, those who reported greater increases in mental confusion (1 SD above the
mean) from study entry to 120 minutes post-TSST onset exhibited higher reward motivation for low probability trials.
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Figure 12. Participants who underwent stress and reported greater decreases in PA (1 SD below the mean) exhibited higher reward
motivation for low probability trials in comparison to control participants and stress participants with a smaller decrease (1 SD above
the mean) in PA. The analytic model controlled for the three-way interaction between confusion, time and probability.
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Figure 13. Within the stress group, there was a trend for participants with greater increases in IL-6 to work harder for high reward
magnitude trials, suggesting a relationship between increases in IL-6 and increases in reward sensitivity as measured by the EEfRT.
Reward magnitude refers to the amount of money offered on the individual trials.
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Figure 14. Low arousal positive attentional bias is attenuated for participants who exhibit greater increases in IL-6 following stress in
comparison to participants who exhibit lower increases in IL-6 following stress.
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Figure 15. Early life stress moderates the relationship between change in IL-6 and change in high arousal positive attentional bias.
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