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Abnormal reward responsiveness and rumination each are
associated with elevated inflammation and mood symp-
toms. Ruminating on positive and negative affect, or
dampening positive affect, may amplify, or buffer, the
associations of reward hyper/hyposensitivity with inflam-
mation and mood symptoms. Young adults (N = 109) with
high or moderate reward sensitivity completed reward
responsiveness and ruminative style measures at the initial
visit of a longitudinal study of mood symptoms, a blood
draw to assess inflammatory biomarkers, and mood
symptom measures at the study visits before and after the
day of the blood draw. The interaction between high reward
responsiveness and rumination on positive affect was
associated with higher levels of an inflammatory composite
measure and hypomanic symptoms. The interaction be-
tween lower reward responsiveness and high dampening of
positive affect was associated with higher levels of the
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inflammatory composite measure and depressive symptoms.
Lower reward responsiveness also interacted with low
rumination on positive affect to predict increases in
depressive symptoms and higher levels of the inflammatory
composite. Thus, levels of reward responsiveness and
ruminative response styles may synergistically influence
the development of inflammatory phenotypes and both
hypomanic and depressive mood symptoms.
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ALTHOUGH THEY SHOW SOME differential patterns of
vulnerability, unipolar depression (UD) and bipolar
spectrum disorders (BSDs) share notable overlap in
their risk factors and biological correlates (Cuellar,
Johnson, & Winters, 2005; Johnson & Kizer,
2002). Thus, there is value in developing integrated
transdiagnosticmodels that incorporate common risk
factors for both ends of the mood spectrum. For
example, both aberrant reward responsiveness and
rumination are well-established risk factors for UDs
and BSDs (e.g., Alloy, Olino, Freed, & Nusslock,
2016; Gruber, Eidelman, Johnson, Smith, &Harvey,
2011; Johnson, McKenzie, & McMurrich, 2008;
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Nolen-Hoeksema & Morrow, 1991). Inasmuch as
inflammation is gaining support as part of the
pathophysiology of mood disorders (Brietzke et al.,
2012;Dowlati et al., 2010;Kim, Jung,Myint,Kim,&
Park, 2007), and abnormal reward responsiveness
and rumination both have been independently linked
to heightened inflammation (Nusslock & Miller,
2016; Zoccola, Figueroa, Rabideau, & Woody,
2014), research that investigates the interplay
between rumination, reward responsiveness, and
inflammation in the development of mood symptom-
atology is warranted. Given initial evidence that
rumination amplifies the effect of some risk factors
(e.g., anxiety) on inflammation in ways that increase
risk for depressive symptoms (Moriarity et al., 2018),
this study investigated whether the interaction of trait
ruminative response styles and trait reward respon-
siveness is associated with future inflammatory
biomarkers and changes in depressive and hypoman-
ic/manic (referred to throughout as (hypo)manic)
symptoms.
ABERRANT REWARD RESPONSIVENESS IS A RISK FACTOR

FOR MOOD PSYCHOPATHOLOGY

The behavioral approach system (BAS)/reward
hypersensitivity theory of BSDs (e.g., Alloy,
Nusslock, & Boland, 2015; Alloy et al., 2016;
Johnson, Edge, Holmes, & Carver, 2012) posits
that individuals hypersensitive to reward are at risk
for (hypo)manic symptoms through excessive
reward activation states triggered by rewards,
goal-striving, goal-attainment, and, in the case of
irritability, goal-blockage or frustration (Carver,
2004; Harmon-Jones, 2003). Likewise, reward
hyperresponsive individuals are vulnerable to de-
pressive symptoms when their reward systems
become excessively deactivated in response to
irreconcilable failures or losses. In this model,
reward responsiveness refers to the strength of
reward processing and approach motivation, mech-
anisms that regulate reward pursuit. There is strong
support for the BAS/reward hypersensitivity theory
with respect to (hypo)manic symptoms and epi-
sodes (Alloy, Bender, et al., 2012; Alloy, Urošević,
et al., 2012; Boland et al., 2016). However,
evidence suggests that reward hypersensitivity
may have an indirect effect on depressive symptoms
(e.g., Boland et al., 2016), highlighting the impor-
tance of investigating potential moderators and
mediators of the association between reward
responsiveness and mood symptoms.

Reward models of UD more frequently describe
low reward responsiveness as a risk factor (e.g.,
Henriques & Davidson, 2000; Morgan, Olino,
Mcmakin, Ryan, & Forbes, 2013). Reduced
reward processing as measured by electroencepha-
lographic event-related potentials has been shown
to predict prospective depression onset in adoles-
cent girls (Bress, Foti, Kotov, Klein, & Hajcak,
2013). Further, a recent coordinate-based meta-
analysis of fMRI reward studies found that, relative
to healthy controls, UD individuals consistently
show less striatal activation in response to reward
(Ng, Alloy, & Smith, 2018), and less striatal
activation when anticipating rewards predicted
increases in depressive symptoms at a two-year
follow-up (Morgan et al., 2013). In summary,
whereas high reward responsiveness may provide
risk for (hypo)mania and bipolar depression (Alloy,
Bender, et al., 2012; Alloy, Urošević, et al., 2012;
Alloy et al., 2016), low reward responsiveness may
provide risk for UD (Henriques & Davidson, 2000;
Morgan et al., 2013).

RUMINATION CONFERS RISK FOR MOOD SYMPTOMS

Rumination, the tendency to passively focus on
one’s mood and its causes and consequences, is a
well-established risk factor for depressive symp-
toms and episodes. Rumination on negative affect
has been demonstrated to maintain or worsen
depressive symptoms (e.g., Nolen-Hoeksema,
1991) and predict onset of depressive episodes
(e.g., Spasojevic & Alloy, 2001). There also are
several studies demonstrating that rumination on
negative affect is elevated in euthymic, depressive,
and (hypo)manic phases of BSDs compared to
controls (e.g., Gruber et al., 2011; Johnson et al.,
2008) and is associated with (hypo)manic symp-
toms (Knowles, Tai, Christensen, & Bentall, 2005).
In addition to rumination on negative thoughts

and emotions, rumination on positive affect is
associated with mood symptoms as well. Rumina-
tive styles that amplify positive emotions have been
associated with (hypo)manic symptoms in under-
graduates (Feldman, Joorman, & Johnson, 2008).
Conversely, ruminative styles that lessen positive
moods via responding to positive affect with
thoughts about what could go wrong (referred to
as dampening of positive affect) has predicted
current and future depressive symptoms (Feldman
et al., 2008; Raes, Smets, Nelis, & Schoofs, 2012).
Thus, rumination on both negative and positive
affect can be considered a transdiagnostic risk
factor for mood symptoms.

REWARD RESPONSIVENESS AND INFLAMMATION

Both reward hyper- and hyposensitivity have been
associated with elevated levels of inflammatory
biomarkers (Eisenberger, Moieni, Inagaki, Musca-
tell, & Irwin, 2017; Felger & Miller, 2012; Miller,
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Maletic, & Raison, 2009; Nusslock & Miller,
2016), potentially via moderating levels of physio-
logical arousal in the context of reward-salient
stimuli. This is supported by research associating
reward hypersensitivity with heightened negative
affect in response to stressors (e.g., anger and anxiety;
Carver, 2004; Harmon-Jones, 2003; Hundt et al.,
2013), which, in turn, has been associated with large
stress-evoked changes in inflammatory biomarkers
(Carroll et al., 2011; Moons, Eisenberger, & Taylor,
2010). Additionally, higher levels of an inflammatory
composite variable have been associated with larger
orbitofrontal cortex responses to reward anticipation
among reward hypersensitive individuals (Chat,
Nusslock, Moriarity, Miller, & Alloy, 2018). Fur-
ther, administration of inflammatory challenges has
been associated with heightened neural sensitivity to
both negative and positive social feedback (Eisenber-
ger et al., 2017).
Both hyper- and hypo-reward responsiveness

also are associated with behaviors that can increase
inflammation. Individuals with both high and low
reward responsiveness are more likely to engage in
substance use and have high-fat diets (Alloy et al.,
2009; Loxton & Tipman, 2017; Volkow, Wang,
Fowler, & Telang, 2008), which promote inflam-
mation. Additionally, both reward hyper- and
hyposensitivity are associated with increased oc-
currence of goal failures and losses (e.g., Boland et
al., 2016; Liu & Alloy, 2010), which can trigger
stress-related changes in inflammation. Relatedly,
elevated goal-striving tendencies are associated
with elevated inflammatory biomarkers (Miller &
Wrosch, 2007). Further, low reward responsive-
ness is associated with lack of goal pursuit, which
may preclude successes (e.g., relationships, em-
ployment), resulting in stress that may, in turn,
exacerbate inflammation. In conclusion, there is
evidence that both extremes of reward responsive-
ness might confer risk for inflammation via
increasing intensity and/or frequency of stressors
and inflammation-enhancing behaviors.

RUMINATION AND INFLAMMATION

The perseverative cognition hypothesis (Brosschot,
Gerin, & Thayer, 2006) posits that perseverative
cognitive styles, including rumination, amplify phys-
iological reactions to both physical and psychological
stressors. This prolongs stress-related activation,
ultimately contributing to a shift in baselines for
physiological regulation, which is believed to confer
risk for adverse outcomes (McEwen & Stellar, 1993;
Slavich & Irwin, 2014). This theory is supported by
findings that rumination is associated with greater
increases in C-reactive protein (CRP), and slower
recovery, following a stressor compared to a distrac-
tion condition (Zoccola et al., 2014). Although the
majority of research has tested the relationship
between rumination on negative affect and inflam-
mation, there is evidence that individuals experienc-
ing stress, but not controls, who engage in neutral,
reflective perseverative cognitions about their
stressors also are at risk for heightened inflammation
(Segerstrom, Schipper, & Greenberg, 2008). Thus,
rumination about a stressful experience, regardless of
the valence of affect, might amplify risk for increases
in inflammation.

THEORY: THE INTERACTION BETWEEN REWARD

RESPONSIVENESS AND RUMINATION

Rumination and reward responsiveness might
interact to synergistically increase risk for inflam-
mation and mood symptoms. Reward hyperre-
sponsive individuals might experience increased
physiological arousal during goal pursuit and
reward anticipation/attainment as well as increased
salience of reward-related failures, which might be
amplified by rumination on positive or negative
affect, respectively. Conversely, reward hypore-
sponsiveness might be associated with lower goal
pursuit that would otherwise lead to success and
decrease stress, which also could be amplified by
rumination on negative affect, or protected against
by rumination on positive affect via mitigating
negative arousal and stress associated with a lack of
goal attainment. Further, dampening of positive
affect might buffer the risk conferred by reward
hyperresponsiveness by decreasing physiological
arousal during positive mood states post-goal
attainment. Conversely, dampening of positive
affect may reduce the perceived benefit of positive
events, thus decreasing the frequency of goal
pursuit that might reduce stress, exacerbating the
risk associated with reward hyposensitivity. More-
over, as both extremes of reward responsiveness are
associated with increased frequency of goal failures
and losses (Boland et al., 2016; Liu & Alloy, 2010),
the tendency to ruminate on negative affect might
extend the duration of physiological arousal to
these negative events. Thus, there is value in
extending previous findings to examine whether
the interaction of reward responsiveness and
ruminative response styles is associated with
inflammation and changes in mood symptoms.

THE PRESENT STUDY

This study examined whether the interaction of
reward responsiveness and ruminative response
styles, both known independent risk factors for
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mood symptoms and inflammation, are associated
with inflammatory biomarkers and changes inmood
symptoms. We had three hypotheses for symptoms
and two for inflammation. Regarding symptoms, we
predicted that: response styles associated with high
positive affect (i.e., both high levels of rumination on
positive affect and low tendency to dampen positive
affect) would amplify the positive association be-
tween higher reward responsiveness and (hypo)
manic symptoms (Hypothesis S-1); response styles
associated with low positive affect (i.e., both low
levels of rumination on positive affect, as well as the
tendency to dampen positive affect) also would
amplify the positive association between lower
reward responsiveness and depressive symptoms
(Hypothesis S-2); and brooding on negative affect
would amplify the positive association between
lower reward responsiveness and depressive symp-
toms (Hypothesis S-3). Regarding inflammation, we
predicted that cognitive styles associated with high
positive affect (i.e., high rumination on positive
affect, as well as low tendency to dampen positive
affect) would amplify the positive association be-
tween high reward responsiveness and inflammation
and, similarly, that cognitive styles associated with
low positive affect (i.e., both low levels of rumination
on positive affect, as well as the tendency to dampen
positive affect) would amplify the positive associa-
tion between low reward responsiveness and inflam-
mation (Hypothesis I-1). We also hypothesized that
high brooding on negative affect would amplify the
positive association of low reward responsiveness
and inflammation (Hypothesis I-2).

Method

PARTICIPANTS AND PROCEDURES

Participants were drawn from the Teen Emotion
and Motivation (TEAM) Project (Alloy, Bender, et
al., 2012), an ongoing prospective, longitudinal
study that aims to identify various risk factors
related to the onset and course of BSDs. Partici-
pants were selected via a two-phase screening
procedure from the greater Philadelphia area
(Alloy, Bender, et al., 2012). In Phase I, 9,991
FIG. 1 Study
students aged 14 to 19 were recruited from 13
Philadelphia public high schools and two local
universities. They completed two self-report trait
measures of reward sensitivity: the Behavioral
Inhibition System/ Behavioral Activation System
(BIS/BAS) Scales (Carver & White, 1994) and
Sensitivity to Punishment/Sensitivity to Reward
Questionnaire (Torrubia, Ávila,Moltó,&Caseras,
2001) at the screener (see Fig. 1 for a complete
study timeline). Students who scored in the top 15th

percentile on both the BAS-Total (BAS-T) of the
BIS/BAS and the Sensitivity to Reward Scale (SR)
of the SPSRQ composed the high BAS (high reward
sensitivity) group, and those who scored between
the 40th and 60th percentiles on both of these
measures composed the moderate BAS (moderate
reward sensitivity) group. Participants with
low BAS sensitivity were excluded because low
BAS sensitivity is associated with vulnerability
to unipolar depression (see Alloy et al., 2016;
Nusslock & Alloy, 2017 for reviews) and a major
aim of Project TEAMwas to examine vulnerability
to first onset of BSDs. The screening sample was
representative of adolescents ages 14 to 19 in the
Philadelphia area on race, sex, and age (Alloy,
Bender, et al., 2012).
A random subset of high BAS and moderate BAS

participants were invited to a Phase II screening and
were administered an expanded Schedule for
Affective Disorders and Schizophrenia—Lifetime
diagnostic interview (exp-SADS-L; Alloy et al.,
2008; Endicott & Spitzer, 1978) by interviewers
blind to participants’ BAS risk group status. The
exp-SADS-L interview was expanded to allow for
generation of both DSM-IV-TR (American Psychi-
atric Association, 2000) and Research Diagnostic
Criteria (RDC; Endicott & Spitzer, 1978) diagno-
ses. In Phase II, parents provided written consent
and adolescents provided written assent for those
under the age of 18, and participants 18 or older
completed their own written consent. Participants
were excluded from the final Project TEAM sample
if they met DSM-IV-TR and/or RDC criteria for a
lifetime history of any psychotic disorder or were
not fluent in English.
timeline

Image of Fig. 1
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This study included a subset of 109 participants
(72 high BAS, 37 moderate BAS, 32 with a history
of BSD, 52% female, 57% White, 43% non-white,
mean age at blood draw = 21.5, SD = 2.1 years)
who attended an optional study session to complete
a blood draw as part of an exploratory aim added
several years after the start of the larger study (see
Fig. 1 for study timeline).
As part of the first visit after screening, partici-

pants completed trait measures of ruminative
response styles and reward sensitivity. They also
completed mood symptom measures, the 7 Up 7
Down questionnaire (7U7D; Youngstrom, Murray,
Johnson, & Findling, 2013) and the Beck Depres-
sion Inventory (BDI; Beck, Brown, & Steer, 1996),
approximately every 6 months after the first
session. For this study, symptom measures were
taken from the closest timepoint prior to, and after,
the blood draw. The 7U7D assesses symptoms of
both (hypo)mania and depression, but it does not
include some important symptoms of depression
(e.g., anhedonia). To complement this measure,
analyses also included the BDI, which is a more
thorough measure of depressive symptomology.
Unfortunately, there was no more comprehensive
measure of (hypo)manic symptoms in this sample.
To reduce participant burden, some measures,
including the 7U7D, were completed online before
the study visit, while others were completed at the
study visit (e.g., the BDI). It was not uncommon for
participants to complete their online questionnaires
but miss or reschedule their in-person study session,
resulting in differences in time between assessments
across symptom measures. Eighty-five participants
had pre- and post-blood draw 7U7D data and 81
had pre- and post-blood draw BDI data (see Fig. 1
for study timeline). The variability between time
points was due in part to the measurement timing
described above as well as that the optional blood
draw was collected at a different session than the
regular study visits. The 109 participants who
completed blood draws did not differ from the 665
recruited for the main study on measures of
ruminative response styles, reward sensitivity, or
race (all p’s N .05); however, there was a higher
proportion of males in this subsample than in the
full sample, χ2(1)=7.42, p = .006.
MEASURES

Exp-SADS-L
The exp-SADS-L (Alloy et al., 2008; Alloy, Bender,
et al., 2012), an expanded version of the SADS-L
(Endicott & Spitzer, 1978), is a semistructured
diagnostic interview used to assess lifetime and
current Axis I psychiatric disorders during Phase II
screening. It was designed to generate both DSM-
IV-TR and RDC diagnoses, to increase items and
improve the probes in the mood disorder sections,
and to diagnose and evaluate eating disorders,
attention-deficit/ hyperactivity disorder, acute
stress disorder, medical history, family history,
and organic rule-out conditions (Alloy, Bender, et
al., 2012). Before administering the exp-SADS-L,
postdoctoral fellows, doctoral students, and re-
search assistants in clinical psychology received
approximately 200 hours of extensive training. The
exp-SADS-L has demonstrated high inter-rater
reliability, with κ ≥ .95 for major depressive
episodes based on 80 interviews (Alloy et al.,
2000) and κ ≥ .96 for BSDs based on 105
interviews (Alloy et al., 2008).

BIS/BAS Scales
The BIS/BAS Scales (Carver & White, 1994) are a
widely used self-report questionnaire that assesses
individual differences in sensitivity to threats and
rewards. Participants responded to 20 questions on
a 4-point Likert scale ranging from strongly
disagree to strongly agree. The scales consist of
one BIS subscale, and three BAS subscales: Reward
Responsiveness, Drive, and Fun-Seeking. The five
Reward Responsiveness subscale items (e.g.,
“When I get something I want, I feel excited and
energized”) measure positive responses to reward
stimuli. The four Drive subscale items (e.g., “When
I want something, I usually go all-out to get it”)
evaluate vigor and persistence in reward pursuit.
The four Fun-Seeking subscale items (e.g., “I will
often do things for no other reason than that they
might be fun”) assess willingness to approach
rewards and novel stimuli on impulse. Internal
consistencies (α’s = .66–.76) and retest reliabilities
(r’s = .59–.69) for the subscales are satisfactory
(Carver & White, 1994). Summing all the BAS
items results in the BAS-T score, which was used to
select the high and moderate BAS participants in
Phase I and demonstrated good internal consistency
in Project TEAM (α = .80). Inasmuch as the Reward
Responsiveness subscale assesses the arousal felt
following reward attainment, the mechanism
through which we theorize reward sensitivity
affects inflammation, only the Reward Responsive-
ness subscale was used in these analyses.

SPSRQ
The SPSRQ (Torrubia et al., 2001) is composed of
two subscales, sensitivity to reward (SR) and
sensitivity to punishment (SP) with 24 “yes” or
“no” questions in each. Both subscales have good
internal consistency and retest reliability (Torrubia et
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al., 2001). Research also supports the construct
validity of both the BIS/BAS and SPSRQmeasures. In
the current study, the SR and SP scales demonstrated
good internal consistency with α’s = .76 and .84,
respectively, and the SR subscale was correlated with
the BAS-T (r = .40, p b .01) in the Phase I sample.
Although the SR subscale was used to help select
participants for the overall Project TEAM sample
in Phase I, it was not used in the current study’s
analyses.

Rumination on Positive Affect Scale
The Rumination on Positive Affect Scale (RPAS;
Feldman et al., 2008) is a 17-item self-report
questionnaire used to measure the propensity to
respond to positive affective states with responses
that diminish positive affect (Dampening subscale)
and enhance positive affect through recurrent
thoughts about one’s positive affective experience
(Emotion-Focused subscale) and positive qualities
(Self-Focused subscale) as traits. The Emotion-
Focused and Self-Focused subscales correlate with
self-esteem and vulnerability to hypomania (Feld-
man et al., 2008), whereas the Dampening subscale
correlates with a history of depression (Johnson et
al., 2008). In the current study, all three subscales
demonstrated good internal consistency (α’s ranged
from .76 to .83). In an effort to reduce the number
of analyses and type I error, only the Dampening
and Self-Focused subscales (retest reliability r = .62
for both]), but not the Emotion-Focused subscale,
were used in analyses. This is because the Self-
Focused subscale has been shown to be positively
correlated with (hypo)manic and negatively corre-
lated with depressive symptoms, whereas the
Emotion-Focused subscale was not found to be
correlated with depressive symptoms (Feldman et
al., 2008).

Ruminative Responses Scale
The Brooding subscale of the Ruminative Re-
sponses Scale (RRS; Treynor, Gonzalez, & Nolen-
Hoeksema, 2003) was used to assess brooding
rumination in response to negative affect as a trait.
The subscale has five items, which were scored on
4-point Likert scales (1 = almost never, 4 = almost
always). It has been found to predict depressive
symptoms longitudinally and have good retest
reliability (r’s = .60–.62, Treynor et al., 2003). In
the present study, the Brooding subscale also
demonstrated good internal consistency (α = .78).

Beck Depression Inventory (BDI)
The BDI (Beck et al., 1996) is a 21-item self-report
scale that assesses affective, motivational, cognitive,
and somatic symptoms of depression. Items are
scored from 0 to 3, with higher numbers indicating
greater symptom severity. The BDI has demon-
strated good internal consistency, retest reliabili-
ty, and concurrent validity with clinical depression
ratings in both clinical (r = .72) and nonclinical (r =
.60) samples (Beck et al., 1996). The BDI
demonstrated high internal consistency in this
sample (α = .90).

7 Up 7 Down Inventory (7U7D)
The 7U7D (Youngstrom et al., 2013) is a 14-item
(scored 0–3) brief version of the General Behavior
Inventory (Depue, Krauss, Spoont, & Arbisi,
1989). The depression and (hypo)mania subscales
each have seven items; both subscales have dem-
onstrated good internal consistency, convergent
and discriminant validity, and discrimination be-
tween diagnostic groups (Youngstrom et al., 2013).
Both the depression and (hypo)mania scales had
high internal consistency in this sample (α’s = .93
and .90, respectively).

Immune Assays
Plasma levels ofC-reactive protein (CRP), interleukin
(IL)-6, IL-8, IL-10, and tumor necrosis factor alpha
(TNF-α) were measured. These inflammatory bio-
markers were chosen because they previously have
been associated with (hypo)manic and depressive
symptoms. Blood was drawn into an EDTA-treated
Vacutainer by antecubital venipuncture and stored in
an ultracold freezer at -80°C until the day of assay.
Time of day of the blood draw and participants’
body mass index (BMI) were recorded from directly
measured height and weight. CRP was measured
with a high-sensitivity immunoturbidimetric assay
on a Roche/Hitachi cobas c502 analyzer. Average
intra- and inter-assay coefficients of variation were
2.5% and 5.6%, respectively. This assay’s lower
limit of detection is 0.2 mg/L. The cytokines IL-6, IL-
8, IL-10, and TNF-α were measured in duplicate by
electrochemiluminescence on a SECTOR Imager
2400A (MesoScale Discovery) with a Human
Pro-Inflammatory 4-Plex Ultra-Sensitive assay (Me-
soScale Discovery), following instructions provided
by the manufacturer (Fu, Zhu, & Van Eyk, 2010).
The kit’s lower limits of detection range from 0.10
pg/mL (IL-8) to 0.80 pg/mL (IL-10). Across runs, the
average intra-assay coefficients of variation were
3.79% (IL-6), 2.24% (IL-8), 4.13% (IL-10), and
3.33% (TNF-α).
DATA ANALYSIS PLAN

All descriptive statistics, correlations, and analyses
were conducted in SPSS (v23; IBMCorp, 2016). All
moderation analyses were conducted using Model
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1 in the Process Macro (Hayes, 2013). Bivariate
correlations between demographic and physical
characteristics and primary study variables were
calculated.
Two sets of primary hypothesis-testing analyses

were conducted. First, moderation analyses tested
our three hypotheses for mood symptoms. Specifi-
cally, we tested whether reward responsiveness
interacted with rumination on positive affect or
dampening of positive affect to predict (hypo)manic
symptoms (Hypothesis S-1); whether reward
responsiveness interacted with rumination on posi-
tive affect or dampening of positive affect to predict
depressive symptoms (Hypothesis S-2); and whether
reward responsiveness interacted with brooding on
negative affect to predict higher depressive symptoms
(Hypothesis S-3). These analyses controlled for
gender, race, and age at measurement due to the
established associations between these characteristics
and mood symptoms (Twenge & Nolen-Hoeksema,
2002), as well as medications related to mood
symptoms, therapy at the time of the assessment,
time in study, and symptoms at the previous study
visit to estimate change in symptoms. Second, to
examine our inflammatory hypotheses we tested if
the interaction between reward responsiveness and
rumination on positive affect or dampening of
positive affect was associated with inflammation
(Hypothesis I-1) and if the interaction between
reward responsiveness and brooding on negative
affect was associatedwith inflammation (Hypothesis
I-2). Our inflammatory outcome was a composite of
z-standardized and log (100 x value) transformed
CRP, IL-6, IL-8, and TNF-α. Models controlled for
variables associated with inflammatory biomarkers,
specifically gender and race (Alanna et al., 2011), age
at blood draw (Mills, Scott,Wray, Cohen-Woods,&
Baune, 2013), BMI at blood draw (Howren, Lamkin,
& Suls, 2009), birth control use (Kalo-Klein &
Witkins, 1989), anti-inflammatory medications,
and time of day of the blood draw (Dominguez-
Rodriguez, Abreu-Gonzalex, & Kaski, 2009). An
inflammation composite score (ICS) was computed
both as a proxy measure of systemic inflammation
and to reduce issues of multiple comparisons, as has
been done previously (Miller, Brody, Yu, & Chen,
2014; Nusslock et al., 2019). Significant results for
the ICS were probed for each specific inflammatory
biomarker to examine whether certain biomarkers
might be driving the effects. The anti-inflammatory
cytokine IL-10 was not analyzed, due to its primarily
anti-inflammatory properties. All significant interac-
tion terms were probed for Johnson-Neyman signif-
icance regions to determine at what levels of the
moderator there were significant effects of reward
responsivity.
CRP values N 10 mg/L may indicate an acute
infection, and thus, six participants with CRP N 10
mg/L were excluded from the analyses (Bell et al.,
2017; de Ferranti, Gauvreau, Ludwih, Newburger,
& Rifai, 2006). Raw CRP, IL-6, IL-8, and TNF-α
values were significantly skewed, and thus, were
log-transformed for follow-up analyses (log[100 x
value]).
Results

PRELIMINARY ANALYSES

Descriptive statistics and bivariate correlations for
the primary study variables, including the means and
standard deviations of untransformed inflammatory
biomarkers, are summarized in Supplemental Table
1. Independent samples t-tests were used to investi-
gate potential differences in primary study variables
as a function of gender, race, and BAS-group status.
Females reported higher levels of brooding and had
higher concentrations of the ICS, log CRP, and log
IL-6 (p’s = .018, .042, b .001, and = .003, respec-
tively). Non-White participants reported higher trait
brooding than White participants (p = .017).
Participants in the high BAS group had higher levels
of trait self-focused positive rumination (p = .040),
trait brooding (p = .004), trait reward responsiveness
(p b .001), pre-blood draw 7U7D mania and
depression scores (p’s b .001, = .001, respectively),
and log IL-6 (p = .014). Bivariate correlations
between continuous covariates and primary depen-
dent variables are in Supplementary Table 2.
REWARD RESPONSIVENESS AND RUMINATION

INTERACT TO PREDICT MOOD SYMPTOMS

Two significant interactions emerged consistent
with Hypotheses S-1 and S-2. Consistent
with Hypothesis S-1, trait reward responsiveness
interacted with trait self-focused rumination on
positive affect to predict (hypo)manic symptoms
(7U; b = .187, SE = .089, t = 2.101, p = .040, 95%
CI: .009, .365; Fig. 2a, Supplemental Table 3),
such that higher reward responsiveness combined
with higher self-focused rumination on positive
affect to predict higher (hypo)manic symptoms
(Johnson-Neyman significance region: above 63rd

percentile of rumination; b = .530, SE = .265, t =
1.998, p = .050, 95% CI: .000, 1.061).
As predicted in Hypothesis S-2, trait reward
responsiveness interacted with trait dampening
of positive affect to predict depressive symptoms
(BDI; b = -.157, SE = .073, t = -2.139, p = .036,
95% CI: -.303, -.010; Fig. 3a, Supplemental Table



FIG. 2 a. BAS Reward responsiveness and self-focused rumination on positive affect interact
to predict (hypo)mania symptoms (7U7D)Note: Low = -1 SD frommean, Mod =mean, High
= +1 SD from mean, range of reward responsiveness = 14-20, range of (hypo)manic
symptoms = 2-9. Values represented were truncated to focus on simple slopes.b. BAS
Reward responsiveness and self-focused rumination on positive affect interact to be
associated with inflammatory compositeNote: Rum = rumination, Low = -1 SD from mean,
Mod = mean, High = +1 SD from mean, range of reward responsiveness = 14-20, range of
inflammatory composite = -2.00 – 1.94. Values represented were truncated to focus on
simple slopes
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4), such that lower reward responsiveness inter-
acted with heightened dampening of positive affect
to predict higher depressive symptoms (Johnson-
Neyman significance region: above 56th percentile
of dampening; b = -.769, SE = .385, t = -2.000, p =
.050, 95% CI: -1.539, .000). Also consistent
with Hypothesis S-2, trait reward responsiveness
interacted with trait self-focused rumination on
positive affect to predict depressive symptoms
(BDI; b = .523, SE = .132, t = 3.958, p b .001, 95%
CI: .259, .787; Fig. 3b, Supplemental Table 3),
such that lower reward responsiveness interacted
with lower rumination on positive affect to predict
higher depressive symptoms (Johnson-Neyman
significance region; below 60th percentile of
rumination; b = -.741, SE = .371, t = -2.000, p =
.050, 95% CI: -1.482, .000). There was a second
Johnson-Neyman significance region finding that
high rumination on positive affect provided
a buffering effect of the risk low reward responsive-
ness conferred for depressive symptoms (Johnson-
Neyman significance region; above 83rd percentile of
rumination; b = 1.219, SE = .610, t = 2.000, p = .050,
95% CI: .000, 2.439). We did not find that the
interaction between reward responsiveness and
brooding on negative affect predicted depressive

Image of Fig. 2
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FIG. 3 a. BAS Reward responsiveness and dampening of positive affect interact to
predict depressive symptoms (BDI)Note: Low = -1 SD from mean, Mod = mean,
High = +1 SD from mean, Range of reward responsiveness = 14-20, range of
depressive symptoms = 0-32. Values represented were truncated to focus on simple
slopes.b. BAS Reward responsiveness and self-focused rumination on positive affect
interact to predict depressive symptoms (BDI)Note: Rum= rumination, Low= -1 SD
frommean, Mod =mean, High = +1 SD frommean, range of reward responsiveness
= 14-20, range of depressive symptoms = 0-32. Values represented were truncated
to focus on simple slopesc. BAS Reward responsiveness and dampening of positive
affect interact to be associated with inflammatory compositeNote: Low= -1 SD from
mean, Mod=mean, High=+1 SD frommean, range of reward responsiveness = 14-
20, range of inflammatory composite = -2.00 – 1.94. Values represented were
truncated to focus on simple slopes.
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symptoms (Hypothesis S-3, Supplemental Table 5)
or that the interaction between reward responsive-
ness and dampening of positive affect predicted
(hypo)manic symptoms (Hypothesis S-1, Supple-
mental Table 4, both p’s N .05).

REWARD RESPONSIVENESS AND RUMINATION

ARE SYNERGISTICALLY ASSOCIATED WITH

BIOMARKERS

Two interactions testing Hypotheses I-1 were
significant in these analyses. First, consistent with
support for Hypothesis S-1 predicting (hypo)manic
symptoms, the interaction between trait reward
responsiveness and trait self-focused rumination on
positive affect was associated with the ICS (b = .032,
SE = .014, t = 2.312, p = .023, 95% CI: .004, .059;
Fig. 2b, Supplemental Table 3), such that higher
reward responsiveness combined with higher
self-focused rumination on positive affect was
associated with greater inflammation (Johnson-Ney-
man significance region: above 95th percentile of
rumination; b = .134, SE = .067, t = 1.987, p = .050,
95% CI: .000, .278) and that low reward respon-
siveness combined with low self-focused rumination
to predict greater inflammation (Johnson-Neyman
significance region; below 6th percentile of rumina-
tion; b = -.152, SE = .076, t = -1.987, p = .050, 95%
CI: -.304, .000). Second, consistent with Hypothesis
S-2 predicting depressive symptoms, the interaction
between trait reward responsiveness and trait
dampening of positive affect was associated with
the ICS (b = -.015, SE = .006, t = -2.308, p = .023,
95%CI: -.028, -.002; Fig. 3c, Supplemental Table 4),
such that lower reward responsiveness combined
with higher dampening of positive affect was
associated with higher inflammation (Johnson-Ney-
man significance region; above 94th percentile of
dampening; b = -.144, SE = .073, t = -1.987, p = .050,
95% CI: -.289, .000). The interaction between
reward responsiveness and brooding on negative
affect was not associated with the ICS (Hypothesis
I-2, Supplemental Table 5).
Follow-up analyses probing the results with the

composite suggest that they might be driven
by individual biomarkers. Consistent with the
interaction between reward responsiveness and
self-focused rumination above, higher trait reward
responsiveness and higher trait self-focused rumi-
nation on positive affect was associated with more
IL-8 (b = .019, SE = .008, t = 2.532, p = .013, 95%
CI: .004, .034). Also, consistent with the interaction
between reward responsiveness and dampening
above, lower trait reward responsiveness combined
with higher trait dampening of positive affect was
associated with higher CRP (b = -.012, SE = .005,
t = -2.338, p = .022, 95% CI: -.023, -.002).

Discussion
The literature on inflammation andmood symptoms
has expanded rapidly over the past decade; however,
there is a dearth of integrated models of inflamma-
tion andmood symptom risk, particularly for (hypo)
manic symptoms. Congruent with the perspective
that mood symptoms exist along a continuum, the
current study utilized a transdiagnostic approach
and found that the interaction of reward responsive-
ness and ruminative response styles was associated
with inflammatorymarkers and predicted changes in
both depressive and (hypo)manic symptoms.
Consistent with two hypotheses, higher reward

responsiveness interacted with rumination on
positive affect to predict greater (hypo)manic
symptoms, and lower reward responsiveness inter-
acted with both high dampening of positive affect
and lower rumination on positive affect to predict
higher depressive symptoms. Importantly, probing
of the interaction between reward responsiveness
and dampening of positive affect predicting depres-
sive symptoms suggested that low levels of damp-
ening might also be a protective factor. These
results lend support for the role of higher and lower
reward responsiveness in differentially increasing
risk for (hypo)manic and depressive symptoms,
respectively (Alloy et al., 2016), and indicate that
the tendency to amplify (via rumination) or dampen
positive affect enhances these associations. Individ-
uals with high reward responsiveness are expected
to experience positive affective arousal during
reward anticipation and following reward receipt,
and if they also amplify this positive affect through
rumination, this combination may be especially
likely to lead to greater (hypo)manic symptoms.
Likewise, individuals with blunted reward respon-
siveness who also tend to not savor, or even
dampen, positive affective experiences may be
particularly vulnerable to depressive symptoms.
However, one of our hypotheses, specifically that

lower reward responsiveness would interact with
brooding on negative affect to predict increased
depressive symptoms (Hypothesis S-3), was not
supported. Further, part of Hypothesis S-1, namely
that dampening positive affect would buffer the
risk conferred by higher reward responsiveness for
(hypo)manic symptoms, also was not supported. It
is possible that failure to attain goals is less salient
in individuals with low reward responsiveness,
who then are less likely to have negative emotions
to brood on. Additionally, heightened reward
responsiveness might not increase risk for (hypo)
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manic symptoms via increased positive affect,
rendering the tendency to dampen positive emo-
tions irrelevant. Finally, the two significant models
that predicted depressive symptoms only did so
with the BDI, not the 7U7D depression scale. This
might be the result of the BDI more thoroughly
measuring depressive symptomatology than the
7U7D, which doesn’t include all symptoms of
depression, resulting in these measures reflecting
different depressive constructs. In particular, the
7U7D does not include assessment of anhedonia,
which, among depressive symptoms, has been most
strongly associated with low reward responsive-
ness (Nusslock & Alloy, 2017).
Further, our results suggest that the interaction

between reward responsiveness and ruminative
response styles that promote or dampen positive
affect is associated with higher inflammation,
indexed by an inflammatory composite, providing
additional support for the ability of rumination to
amplify the effect of other psychological risk factors
on inflammation (Moriarity et al., 2018). Impor-
tantly, the interactions associated with inflammation
exhibited the same pattern as two of the interactions
predicting mood symptoms. Specifically, consistent
with Hypotheses I-1 both (a) higher reward respon-
siveness and rumination on positive affect, and (b)
lower reward responsiveness and dampening of
positive affect were associated with greater inflam-
mation. Follow-up analyses suggested that these
results might have been driven by IL-8 and CRP,
respectively. Indeed, consistent with an expansion of
the perseverative cognition hypothesis (Brosschot et
al., 2006; Zoccola et al., 2014), rumination may
amplify the intensity and duration of physiological
arousal associated with psychological states of goal-
pursuit/achievement or goal absence/failure associ-
ated with higher and lower reward responsiveness,
respectively. Although these results support our
hypotheses, it is important to note that, unlike the
models predicting symptoms, inflammation onlywas
measured at one timepoint, precluding truly predic-
tive models.
Unexpectedly, there were no significant models

with brooding on negative affect associated with
inflammation, contrary to prior studies (Moriarity
et al., 2018; Zoccola et al., 2014). This could be due
to the decision to use an ICS, whereas prior studies
tested specific biomarkers. Although this analytic
strategy helped avoid issues of multiple compari-
sons, there is evidence that specific biomarkers have
differential relationships with discrete psychologi-
cal variables (Fried et al., 2018). Thus, it is possible
that brooding on negative affect might have
moderated the association between reward respon-
siveness and individual biomarkers.
This study has several methodological strengths.
It has a longitudinal design, allowing for temporal
precedence of the predictors relative to the out-
comes. Additionally, mood symptoms were mea-
sured twice, allowing for tests of how the predictors
were associated with change in symptomatology. It
also included participants selected for and shown to
be at high-risk for the development of a BSD (Alloy,
Bender, et al., 2012; Alloy, Urošević, et al., 2012),
elevating the likelihood of observing (hypo)manic
symptoms and increasing this study’s clinical
relevance.
However, these results should be considered in

light of the following limitations. First, there was
considerable variability in the time between the
assessments and different average times to follow-
up for the BDI and 7U7D. As a result, participants
had different lengths of time for both predictors and
outcomes to change, which could influence the
relationships observed in this study. Future research
should attempt to replicate these results with
different time lags to evaluate if these associations
are robust to differences in time-to-follow-up.
Additionally, future tests of this model ideally
would have less variability in time-to-follow-up to
allow a more concrete understanding of the
temporal contexts in which these associations are
evident. However, this concern is somewhat miti-
gated by the relatively high stability of the predictor
measures; thus, it is unlikely that they changed
considerably over time. Unfortunately, because the
blood draws were introduced as an optional
addition to Project TEAM, there were no repeated
inflammatory biomarker measures, precluding the
ability to examine change. Also, although the use of
an inflammatory composite variable as a measure
of systemic inflammation has been used before
(Miller et al., 2014; Nusslock et al., 2019) and
reduced potential concerns about multiple compar-
isons, it is a relatively new technique that has not
been psychometrically evaluated. Further, it is
possible that some interactions might have been
associated with individual biomarkers, but not the
composite. Also, it is possible that inflammation
influences reward responsiveness, but only having
pre-blood draw measures of reward responsiveness
precluded investigation of bidirectional relation-
ships. Additionally, the original TEAM sample was
selected for high vs. moderate levels of reward
sensitivity, which might limit the generalizability of
these results. Thus, future research should test these
hypotheses in a sample that includes the full
spectrum of reward responsiveness. Finally, we
did not find any specific tests of the discriminant
validity between these measures of reward sensitiv-
ity and affective rumination and mood symptoms in



840 mor iar i ty e t al .
the extant literature, which must be considered
when interpreting the results.
Theoretically, inflammation could mediate the

relationship between reward responsiveness and
mood symptoms, conditional on rumination. Un-
fortunately, this dataset was underpowered for
testing moderated mediation analyses and only had
one timepoint of immune measures, precluding the
ability to control for initial levels of inflammation.
Future research using a more appropriate dataset
should test such indirect effects. Another important
future direction for this research would be to
evaluate how positive and negative rumination, in
the context of positive and negative life events
(which were not measured in the current study),
may interact with reward sensitivity to predict
inflammation and mood symptoms.

Conclusion
Both reward responsiveness and rumination are
important risk factors for unipolar and bipolar
mood symptoms (Johnson et al., 2008; Nolen-
Hoeksema & Morrow, 1991; Nusslock & Alloy,
2017). This study is the first to demonstrate that they
act synergistically to increase risk for depressive and
(hypo)manic symptoms. Their interaction also is
associated with inflammation, which may account
for some of the associations between these risk
factors andmood symptoms. This study supports the
integration of current models of mood disorder
etiology involving reward sensitivity and ruminative
response styles. It also highlights how these risk
factors might influence inflammation in a way that
increases risk for later mood symptoms.
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