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Trait positive affect buffers the association between
experimental sleep disruption and inflammation

Carly A. Hunt!, Michael T. Smithl, Chung Jung Mun?, Michael R. Irwin2, Patrick H. Finan?

1Department of Psychiatry and Behavioral Sciences Johns Hopkins University School of
Medicine, Baltimore, MD, USA

2Cousins Center for Psychoneuroimmunology, UCLA Semel Institute for Neuroscience, Los
Angeles, CA, USA

Abstract

Background: Sleep disturbances and insufficient sleep are highly prevalent. Both clinical sleep
disorders and multiple forms of experimental sleep loss predict heightened inflammation. As such,
it is necessary to investigate potential protective factors. Given that trait positive affect (PA) is
associated with reduced inflammation, and buffers the proinflammatory effects of stress, it is
possible that high trait positive affect might protect individuals from an inflammatory response to
sleep disruption. The present study tested this hypothesis in an experimental sleep disruption
paradigm with assessment of cellular inflammation.

Methods: Data were drawn from good sleeping adults (n=79) who participated in a randomized,
within-subjects crossover experiment comparing the effects of two nights of sleep disruption
versus two nights of uninterrupted sleep. Stimulated monocytic production of intracellular
proinflammatory cytokines tumor necrosis factor (TNF) and interleukin-6 (IL-6) were assayed
using flow cytometric methods and indexed as the percentage of monocytes expressing TNF, IL-6,
or co-expressing both. Hypotheses were evaluated using linear mixed effects models.

Results: Controlling for negative affect, body mass index, age, and sex, PA significantly
moderated the associations between sleep condition and stimulated monocyte production of IL-6
(b=-1.03, t=-2.02, p=.048) and its co-expression with TNF (b= -.93, t=-2.00, p=.049),
such that inflammatory responses were blunted among those high in PA with increases principally
among those low in PA. The effect on TNF was similar in terms of effect size, but marginally
significant.

Conclusions: Activation of cellular inflammation in response to sleep disruption is buffered by
PA independent of negative affect. Interventions that promote PA might protect persons from the
inflammatory activation following sleep loss, with the potential to mitigate the adverse health
consequences of sleep disturbance.
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1. Introduction

Insomnia is an extensive public health problem, with approximately 25% of U.S. adults
reporting insomnia complaints (i.e., difficulty initiating or maintaining sleep, waking up too
early) and 10% meeting diagnostic criteria for chronic insomnia (LeBlanc et al., 2009).
Although insomnia is diagnosed based on subjective complaints, approximately 50%
demonstrate objective sleep curtailment defined as nightly sleep duration <6 hours
(Vgontzas et al., 2009). Epidemiological data suggest that insomnia predicts chronic disease
risk and all-cause mortality (Finan et al., 2013; Kripke et al., 2002; Sofi et al., 2014), and
point towards increased inflammation following sleep disruption as one underlying
biological mechanism (Irwin, 2015, 2019). Insomnia is associated with increased
inflammation (as reviewed by Irwin, 2019), and several studies implicate curtailed sleep as a
major factor underlying this link (Fernandez-Mendoza et al., 2017; Floam et al., 2015;
Syaugqy et al., 2019), leading to investigations into the effects of experimental sleep
deprivation on proinflammatory cytokine function. Partial sleep deprivation has been shown
in human experimental models to activate the cellular expression of interleukin-6 (IL-6) and
tumor necrosis factor (TNF), as well as upregulate inflammatory gene expression (Irwin,
2006). In addition, prolonged experimental sleep restriction promotes increased cellular IL-6
production, which fails to normalize following recovery sleep (Simpson et al., 2016).
Further, several experimental studies have reported elevations in circulating levels of TNF,
IL-6 and C-reactive protein (CRP) following sleep deprivation (Irwin et al., 2004; Meier-
Ewert et al., 2004; Shearer et al., 2001). Although null findings have also been reported
(e.g., Abedelmalek et al., 2013; Schmid et al., 2011; Stamatakis and Punjabi, 2010), there is
strong experimental evidence corroborated by naturalistic data (Erten et al., 2005; Friedman
et al., 2005) suggesting an influence of sleep disruption on inflammatory mechanisms
(Irwin, 2019). Given the high prevalence and health risks conferred by insomnia, particularly
in the context of objectively shortened sleep, it is important to identify protective factors that
may buffer the detrimental effects of sleep disruption with partial sleep loss on
inflammation.

Trait positive affect (PA), defined as the tendency to experience pleasurable emotions such
as joy, enthusiasm, and contentment (Pressman & Cohen, 2005), has been the subject of
emerging research exploring its broad health-protecting influence (see Pressman & Cohen,
2005) and favorable impact on inflammatory processes (Stellar et al., 2015; A Steptoe et al.,
2005; Andrew Steptoe et al., 2007), which extends the well-documented detrimental effects
of negative affect (NA; defined as the tendency to experience distressing emotions like anger
and sadness) on inflammation (Slavich & Irwin, 2014). Importantly, PA has been
characterized as partially independent from negative affect (Keyes, 2005; Ryff et al., 2006)
and not merely its opposite (Tellegen et al., 1999). Moreover, trait PA can be reliably
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increased through psychosocial intervention (Fredrickson et al., 2008; Lyubomirsky et al.,
2005, 2011) underscoring its clinical relevance.

Individuals higher in PA show more favorable inflammatory profiles relative to those lower
in PA. Specifically, higher PA is associated with lower IL-6 and CRP among healthy adults
(Prather et al., 2007; Stellar et al., 2015; Andrew Steptoe et al., 2008; Sturgeon et al., 2016),
and with lower levels of other multiple inflammatory biomarkers in clinical samples
(Brouwers et al., 2013). These data accord with theory linking PA and health. The “main
effects model” (Pressman and Cohen, 2005, Pressman et al., 2019) characterizes PA as a
factor exerting direct effects on health by reducing tonic levels of health-degrading
biological processes (e.g., inflammation). It is not known if trait PA protects against the
proinflammatory effects of sleep disturbance; however, research suggests that it can buffer
the inflammatory consequences of other pathophysiological perturbations (e.g., stress;
Steptoe et al., 2005; Morozink et al., 2010).

1.1 The present study

2.

In line with theory and empirical data suggesting a protective role of PA, the purpose of the
present study was to test the degree to which PA might moderate (i.e., buffer) the effect of
experimental sleep disruption on cellular markers of inflammation, after adjusting for NA
and relevant demographic characteristics. Data were drawn from a racially diverse sample of
healthy, good sleeping adults who participated in a randomized, within-subjects crossover
experiment comparing the effects of two nights of sleep continuity disruption (i.e., a forced
awakening [FA] protocol versus two nights of normal, usual sleep [US]). The FA protocol is
designed to acutely model the type of partial sleep loss profile commonly observed in severe
insomnia, i.e., multiple and sometimes prolonged awakenings distributed throughout the
night (Smith et al., 2019). In this investigation, we sought to evaluate whether PA moderates
the effects on cellular inflammation. Specifically, we evaluated TNF and IL-6 using flow
cytometric methods, reporting percentage of monocytes expressing TNF or IL-6, or co-
expression of TNF and IL-6. We examined monocytes because these cells are the principal
cells in peripheral circulation that respond to an inflammatory insult with early production of
pro inflammatory cytokines. We hypothesized that individuals lower in PA would
demonstrate greater increases in stimulated intracellular production of all three markers
following FA relative to those high in PA.

Methods

Hypotheses were evaluated using data drawn from a larger parent study (NCT01794689)
investigating inflammation as a potential mechanism underlying alterations in morphine
analgesia in response to experimental pain after sleep continuity disruption. The parent study
was designed to investigate intracellular cytokine expression, rather than basal levels, due to
systematic review findings indicating that brief experimental sleep disruption alters
intracellular cytokine production but not circulating levels (Irwin et al., 2016). It appears that
multiple nights of sleep loss are needed to induce reliable increases in systemic markers of
inflammation (Irwin 2019). The present study is distinct from the parent project in that it
does not explore pain-related phenomena, but rather investigates the degree to which PA
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moderates the direct effect of sleep continuity disruption on inflammation. The methods
pertaining to the present analysis are described here; the full parent project methodology has
been described elsewhere (Smith et al., under review). All methods were approved by the
University of California, Los Angeles and Johns Hopkins University Institutional Review
Boards. Participants provided written informed consent prior to participation.

2.1 Participants

Data were drawn from healthy, good sleeping adults (N = 79). Of the 100 participants that
were randomized in the parent project, 81 contributed valid data on stimulated monocytic
production of inflammatory markers in response to sleep manipulation (see Study Design).
Of these, two cases were removed due to invalid trait affect data, yielding the 79 included
cases. Participants were demographically diverse (see Table 1). Eligibility procedures and
inclusion/exclusion criteria are presented in Supplemental Material.

2.2. Study Design

The study employed a within-subjects crossover design. Participants were randomly
assigned to the order of sleep condition (i.e., US first or FA first) using a randomization
scheme stratified on sex, body mass index (25> vs. <25), and age (18-32 vs. 33-48) given
their impact on inflammation. Trait PA and NA scores were obtained during the screening
phase prior to randomization. Participants were admitted to the Clinical Research Unit
(CRU) with the first night serving to rule out occult sleep disorders and as an adaption to
polysomnographic monitoring, and then completed either two consecutive nights of FA or
US. Seven blood samples were drawn on the morning following the second sleep
manipulation night as part of an extended procedure involving experimental pain induction,
opioid administration, and quantitative sensory testing, which was employed pursuant to the
parent study aims. In this study we analyzed markers obtained from the first and second of
the 7 blood draws, which indicate baseline cellular inflammatory responses to sleep
manipulation (as opposed to responses to sleep manipulation coupled with induced pain
and/or opioids), henceforth termed X1 and X2. These baseline draws were respectively
completed at approximately 07:30 and 08:30. Two baseline draws were obtained to establish
a stable baseline consistent with recommended practices (Irwin et al., 2006; Korn et al.,
1984). Analyses presented below were conducted separately for X1 and X2 samples.

After a minimum two-week washout period, participants returned to the CRU to complete
the other sleep condition, which did not include an adaptation night prior to the two nights of
sleep manipulation (i.e., FA vs. US). The flow of study procedures is shown visually in
Figure 1.

2.3 Sleep Procedures

Participants were required to remain in the CRU during sleep conditions to protect their
safety and maximize the integrity of experimental conditions. Participants were prohibited
from napping outside designated sleep periods, which occurred between 23:00 to 7:00, and
also from using caffeine, nicotine and alcohol. Heart-healthy food options were provided
(i.e., low in fat and sodium, not fried), and lunch was usually served around 12 pm.
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Polysomnography (PSG) monitoring was maintained throughout both sleep conditions to
assess sleep architecture.

2.3.1 US Procedures—Participants were given an opportunity to sleep undisturbed for
an 8-hour period.

2.3.2 FA Procedures—RParticipants experienced partial sleep deprivation via a
standardized FA protocol that our group developed previously (Smith et al., 2007) which is
designed to be an experimental model of the type of sleep disruption experienced by patients
with insomnia (i.e., multiple awakenings throughout the night and a loss of total sleep time).
Specifically, 7 of the 8 sleeping hours were divided into thirds, and one 20-minute interval
from each hour was randomly selected as a FA period, during which nurses awakened
participants and ensured they stayed awake during the interval. Further, one of the 8 hours
was randomly selected as a 60-minute FA period, during which participants were kept awake
throughout. Participants were encouraged to sit upright in bed and the lights were kept on to
minimize the likelihood of microsleep. The maximum possible total sleep time was 280
minutes.

2.4 Blood Draw Procedures

Approximately 30 minutes after participants awoke after two nights of sleep manipulation
(at approximately 07:30), a CRU nurse inserted a single port lumen peripheral catheter in an
upper extremity vein and obtained the first blood sample. The second sample was collected
at approximately 830h. A continuous saline infusion at 250cc/h was maintained that was
flushed before and after all blood draws. Samples were drawn and immediately transported
for preparation by a research technician.

2.5 Measures

2.5.1 Positive and Negative Affect—Trait affect was quantified using the positive and
negative affect scale scores obtained with the Positive and Negative Affect Schedule-
Expanded Form (PANAS-X; Watson & Clark, 1999). The PA and NA scales are each
comprised of 10 adjectives describing various emotions. Respondents are asked to indicate
the degree to which they experienced each emotion within the past several weeks on Likert-
type scales (1 = “very slightly or not at all”’; 5 = “extremely”). The construct validity of the
PANAS-X PA and NA scales has been well-established in community samples, while items
on each scale have shown strong internal consistency (Watson & Clark, 1999).

2.5.2 Inflammation—L.ipopolysaccharide stimulated monocyte production of
intracellular inflammatory cytokines TNF and IL-6 was evaluated using flow cytometric
methods, and the percentage of monocytes expressing TNF or IL-6, or co-expression of TNF
and IL-6 was calculated, as previously described (Irwin et al., 2006, 2016). We also provide
details in Supplemental Material.

2.5.3 Demographics—Participants self-reported their sex, race, ethnicity, employment
status and education level during screening. BMI was calculated using in-person
measurements of height and weight.
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2.6 Statistical Approach

Relationships between PA, sleep condition (FA vs. US) and stimulated monocyte expression
of TNF, IL-6, and the co-expression TNF and IL-6 were explored using linear mixed models
allowing for random intercepts in accord with recommended procedures in longitudinal
analysis (Singer & Willett, 2009). Random slopes were tested as well, but models did not
converge, and so random slopes were not included in final analyses. PA, sleep condition and
their interaction were included as fixed predictors, while NA, sex and BMI were included as
fixed covariates. Given that hypotheses were tested with interaction terms involving a level 2
variable (PA) and a level 1 variable (sleep condition), to adequately control for negative
affect, we similarly entered it as an interaction term with sleep condition. Models were
specified using the Ime4 and ImerTest packages in R (Bates et al., 2015; Kuznetsova et al.,
2017) using restricted maximum likelihood estimation. Significance values were computed
using Satterthwaite’s method (see Kuznetsova et al., 2017). For each model we report the
marginal R2 (a pseudo R? reflecting the proportion of outcome variance explained by the
fixed effects), as well as the conditional R2, which indicates the amount explained by both
fixed and random effects (Nakagawa et al., 2017). Significant interactions were probed using
the Johnson-Neyman method with the interactions R package (Long, 2019). The Johnson-
Neyman technique presents the range of moderator values in which the slope of the focal
predictor (in this case, sleep condition) is and is not significant at a specified alpha level
(Bauer et al., 2005). We estimated the magnitude (i.e., effect size) of the interaction effect in
each model by examining the percent reduction in level-1 variance with the addition of the
PA by Sleep interaction term, relative to an identical model but with PA entered as a main
effect.

3. Results

3.1 Sleep Manipulation Check

Averaged across the two nights, FA predicted fewer minutes of total sleep time, Stage N1,
N2, N3, and REM compared with US (p’s < .001), indicating that the experimental
manipulation effectively reduced total sleep time and altered sleep architecture. Full results
of this comparison are shown in Table S1.

3.2 Cytokine Analyses

Distributions on all outcomes approximated normality and contained no outliers. Variances
on all outcomes were equal across groups (US and FA) as suggested by Barlett’s test (o’s
> .05). Primary analyses were conducted separately for the X1 and X2 samples. Time (i.e.,
X1 vs X2) did not interact with sleep condition to predict any inflammatory marker (o’s

> .05), and so we examined the effect of Time separately within each sleep condition.
Following US, monocytic production of all markers increased from X1 to X2 (p’s = .05 for
IL-6, <.001 for TNF as well as its co-expression with IL-6). Following FA, there were no
significant changes in monocytic production of cytokines from X1 to X2 (full statistics
available in Supplemental Tables 2 and 3). Overall, primary models described below
produced findings that were similar in direction at X1 and X2, but effect sizes were
consistently more robust at X2 across markers. Below, we detail the X2 findings, and
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summarize the sleep condition x PA results at X1 with full statistics available in
Supplemental Material (Supplemental Tables 4-6).

3.2.1 Interleukin-6—At the first resting blood draw (X1), there was a trend toward
increased monocytic IL-6 production following FA relative to US (o =.06). PA did not
significantly moderate the effect of Sleep Condition in those models. Full statistics are
available in Supplementary Table 4.

At the second resting blood draw (X2), monocytic production of IL-6 did not significantly
increase on average following FA relative to US (see Table 2, Model 1; p=.19). However,
there was a significant PA X Sleep Condition interaction effect, indicating that monocytic
production of IL-6 increased from US to FA selectively among those low in PA, after
adjusting for NA, age, sex and BMI (p=.048; Table 2, Model 4) (see Figure 2A).
Specifically, the Johnson-Neyman method indicated that when PA was less than 31.6
(observed PA values ranged from 14 to 50), sleep disruption induced an increase in
monocytic production of IL-6 (p < .05). To illustrate (see Figure 2A), at one standard
deviation below the mean for PA (PA = 27.2, which falls within the significant Johnson-
Neyman interval), sleep disruption was associated with increased IL-6 (b= 11.57, t=2.38, p
=.02), whereas at one standard deviation above the mean for PA (PA = 41.4), there was no
association between sleep disruption and monocytic production of IL-6 (b= -2.66, {=
-0.55, p=.58). For perspective, a mean trait PA score of 32 (SD = 7.2) has been reported as
normative in young adult men and women living in the United States (Watson et al., 1988);
thus, PA values in this sample were consistent with population norms. In the final model, the
fixed effects explained 8% of the variance in IL-6, and the PA by Sleep interaction
contributed to a 3% reduction in the level-1 variance component (as shown by comparing
Model 3 with Model 4). Of note, there was no association between PA and IL-6 production
under control (i.e., usual sleep) conditions (4= 0.40, £=0.97, p=.33) adjusting for NA, sex,
age and BMI, suggesting that IL-6 production was not already higher in a tonic sense among
those low in PA.

3.2.2 Tumor Necrosis Factor—At the first resting blood draw (X1), there was a
significant, positive effect of sleep condition (FA) on monocytic production of TNF (p
=.02). PA did not significantly moderate the effect of Sleep Condition in those models. Full
statistics are available in Supplementary Table 3.

At the second resting blood draw (X2), there was no main effect of sleep condition (p = .43,;
see Table 3, Model 2). The PA X Sleep Condition interaction failed to reach statistical
significance after adjusting for NA, age, sex and BMI (p = .075; see Table 3, Model 4), but
the pattern was similar to that of IL-6 such that monocytic production of TNF trended
upwards following FA among those low in PA. To illustrate (see Figure 2B), at one standard
deviation below the PA mean, sleep disruption marginally predicted increased monocytic
production of TNF (b= 8.16, t=1.97, p=.049), whereas sleep disruption and monocytic
production of TNF were unassociated at one standard deviation above (b= -2.74, t= -0.67,
p=.51). The fixed effects explained 11% of the variance in monocytic production of TNF.
As shown by comparing Model 3 with Model 4, the PA by Sleep interaction was associated
with a 2% reduction in level 1 variance. There was no association between PA and TNF
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production under control (i.e., usual sleep) conditions (6= -0.04, t=-0.11, p=.91)
adjusting for NA, sex, age and BMI, suggesting that TNF production was not already higher
in a tonic sense among those low in PA.

3.2.3 Tumor Necrosis Factor and Interleukin-6 Co-Expression—At the first
resting blood draw (X1), there was a significant effect of sleep condition on co-expression of
TNF and IL-6 (p=.04). PA did not significantly moderate the effect of Sleep Condition in
those models. Full statistics are available in Supplementary Table 4.

At the second resting blood draw (X2), there was no main effect of sleep condition on the
co-expression of TNF and IL-6 (p = .25; see Table 4, Model 2). However, there was a
significant PA X Sleep Condition interaction, after adjusting for NA, sex, age and BMI (p
= .04, see Table 4, Model 4). Compared with US, FA induced an increase in TNF and IL-6
co-expression among those low in PA. Specifically, the Johnson-Neyman method revealed
that when PA was less than 30.7, there was a positive relationship between sleep disruption
and the co-expression of TNF and IL-6 (p < .05). To illustrate (see Figure 2C), at one
standard deviation below the mean (PA = 27.2, which falls within the significant Johnson-
Neyman interval), sleep disruption predicted increased TNF and IL-6 co-expression (6=
10.21, ¢t=2.31, p=.02), whereas at one standard deviation above the mean (PA = 41.4),
sleep disruption was unassociated with the co-expression of TNF and IL-6 (b= —2.66, f=
-0.61, p=.55). The fixed effects explained 11% of the outcome variance. As shown by
comparing Model 3 and Model 4, the PA by Sleep interaction contributed to a 3% reduction
in the level 1 variance component. There was no association between PA and the co-
expression of TNF and IL-6 under control (i.e., usual sleep) conditions (6= 0.15, = 0.41, p
=.68) adjusting for NA, sex, age and BMI, suggesting that TNF and IL-6 coproduction was
not already higher in a tonic sense among those low in PA.

4. Discussion

Consistent with hypotheses, results suggested that trait PA buffers the cellular inflammatory
response to sleep disruption, independent of NA. Specifically, we observed that two nights
of sleep continuity disruption led to increased cellular inflammatory responses selectively
among individuals low in trait PA, even after accounting for NA, sex, age and BMI. This
pattern was observed in all three markers tested (i.e., IL-6, TNF, TNF their co-expression).
Effect sizes across markers were similar, despite marginal statistical significance in TNF (p
=.075). Empirical data suggest that people higher in PA tend to live longer (Ostir et al.,
2000; see Cohen & Pressman, 2006) and have better overall physical health than those lower
in PA (see Cohen & Pressman, 2006). These findings add to that broad body of work, raising
the possibility that PA may confer resilience to the inflammatory consequences of disrupted
sleep.

The present findings also add to a growing body of evidence supporting the unique role of
PA (i.e., beyond NA) among individuals experiencing sleep disruption. Experimental
evidence from our laboratory suggests that acute sleep continuity disruption selectively
attenuates next-day positive but not negative affective functioning (Finan et al., 2017) which
is corroborated by naturalistic studies documenting detrimental effects of sleep disruption on
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next-day PA and not NA (Bower et al., 2010). Relatedly, use of the emotion regulation
strategy positive reappraisal, which commonly leads to increased PA (Folkman &
Moskowitz, 2000), buffered the effect of short total sleep time on cellular IL-6 response to
acute marital conflict (Wilson et al., 2017). The present findings provide another perspective
on the importance of improving PA in the context of sleep difficulties: sleep disruption can
lead not only to reduced daytime PA, but also to increased inflammation among those
lacking positive affective resources. There has already been an interest in applying positive
psychological interventions to insomnia on the basis that patients with insomnia are often
anhedonic (Harvey et al., 2009), and initial studies investigating the efficacy of mindfulness-
based interventions among patients with insomnia support their ability to enhance PA (Ong
et al., 2018), as well as reduce inflammation (Black et al., 2015; Irwin et al., 2015). Of note,
negative affect did not modify the effect of sleep disruption on cellular inflammation in our
study, underscoring the unique relevance of PA.

The present findings encourage investigations on whether psychological interventions with
the capacity to enhance PA can ameliorate the inflammatory consequences of sleep
disruption among those initially lacking in PA. Further, although this study was conducted in
healthy adults, these findings may have implications for individuals with insomnia. For
instance, it may be important to evaluate PA in the context of insomnia treatment, as those
low in PA may be disproportionately likely to experience heightened inflammation and
therefore experience more health complications from disrupted sleep. It is also possible that
those low in PA may be most likely to benefit from psychological interventions that enhance
PA.

5. Limitations and Conclusions

Some nuances and design limitations of the present study deserve attention. First, the sleep
disruption manipulation yielded significant increases in cellular inflammatory responses at
the first available resting blood draw (X1) that were attenuated at the second resting blood
draw (X2), which was obtained approximately 60 minutes later. This suggests that the effect
of sleep disruption on cellular inflammatory response may begin to dissipate/normalize over
the course of the morning hours. Indeed, prior work has shown that morning inflammatory
elevations following sleep loss are relatively transient, resolving completely after a single
night of normal sleep (Irwin et al., 2008). Our study was not designed to evaluate
methodological questions regarding the time-variant nature of resting inflammatory states,
but given the fact that the primary interaction effects (PA X Sleep Condition) were
consistently observed at X2, but not X1, we speculate that the salutary benefit of trait PA
may dissipate at higher levels of inflammatory insult. Future work should be designed a
priorito investigate this possibility.

It is worth noting that PA and physical exercise frequency are positively associated
(Cameron et al., 2017; Garcia et al., 2012), likely in a bi-directional manner (Mandolesi et
al., 2018). As such, it is possible that the moderating effect of PA on the association between
sleep disruption and cellular inflammation was partially due to physical activity engagement
and/or physical fitness. Future studies might look more directly at the role of physical fitness
and exercise in this context.
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The present study was conducted with healthy adults, and it therefore remains unclear to
what degree these findings may generalize to those with insomnia or other individuals with
sleep disorders. Furthermore, we did not investigate the role of cortisol or stress in this or the
parent study, precluding our capacity to evaluate their role in these findings. Further,
although strong in internal validity, the ecological validity of the present findings needs to be
established through naturalistic studies. Finally, the biological mechanisms underlying the
protective effect of PA observed in this study could not be ascertained. One way PA is
thought to favorably impact the immune system is by dampening sympathetic nervous
system activation (Marsland et al., 2007), which escalates when sleep is disrupted (see Irwin,
2015). Further research on this topic is needed.

A strength of the present study is its identification of a modifiable vulnerability factor (i.e.,
low PA) in the context of a rigorous experimental sleep disruption design. Findings point
towards potential clinical implications of PA interventions to improve health outcomes in the
context of disrupted sleep. Findings encourage further investigation on whether a buffering
effect on the inflammatory consequences of sleep disruption is a pathway through which PA
supports better health over time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Cellular inflammation increased after experimental sleep disruption only
among people low in positive affect

. Positive affect is protective independent of negative affect and demographic
factors

. Negative affect did not modify the effect of sleep disruption on cellular
inflammation
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Table 1

Sample Demographic Characteristics

Total n 79

Age, mean (SD) 27.8 (6.4)

Female, n (%) 43 54.4%

Race, n (%)

BMI, mean (SD) 25.7(3.8)
African American 26 32.9%
Asian 11  13.9%
White 36 45.6%
Multiracial 3 38%
Other 2 25%
Unknown 1 1.3%

Highest Degree Completed, n (%)

Graduate 16 20.3%
Undergraduate 37  46.8%
Technical School 1 1.3%
High School 24 30.4%
Unknown 1 1.3%

Employment Status, n (%)

Homemaker 1 1.3%
Student 31 39.2%
Unemployed 10 12.7%
Working for pay, full-time 18 22.8%
Working for pay, part-time 18 22.8%
Unknown 1 1.3%

Note. Includes participants providing blood samples at X2.
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Table 2
IL-6 Expression
Model 1 Model 2 Model 3 Model 4
' : Cl P- . Cl P- ) Cl P- ) Cl P-
Predictors Estimates (95%) Value Estimates (95%) Value Estimates (95%) Value Estimates (95%) Value
Intercept 46.03 4222 <0.001 43.84 38.85 <0.001 65.00 23.82  0.003 42.91 -3.22 0071
49.85 48.82 106.17 89.05
Sleep (US 4.43 -2.08 0.187 -0.15 -22.30 0.990 43.27 -4.33 0.079
v. FA) - - -
10.93 22.01 90.87
Sex 1.55 -6.50 0.707 1.31 -6.68  0.749
-9.60 -
9.29
Age 0.35 -0.29  0.290 0.39 -0.25 0.236
-0.99 -
1.02
BMI -1.08 -2.11  0.046 -1.04 -2.07 0.050
-0.04 -0.02
Negative 0.04 -1.23 0.948 0.34 -0.94 0.603
Affect -1.31 -
1.63
Positive -0.13 -0.74  0.686 0.35 -041 0371
Affect -0.48 -
111
Sleep by 0.33 -1.23 0.676 -0.28 -1.93 0.738
Negative -1.89 -
Affect 1.37
Sleep by -1.03 -2.03 0.048
Positive —
Affect -0.03
Random
Effects
o2 362.00 360.07 361.42 350.26
To 82.87 ig 82.20 iy 82.10 4 83.39 g
ICC 0.19
N 79 g 794q 78 4 78iq
135 135 134 134
Observations
Marginal 0.000/0.186 0.011/0.195 0.057/0.231 0.080/0.257
R2/
Conditional
RZ

Notes. 02 = level 1 variance; TQQ = between subject, random intercept variance; ICC = intraclass correlation coefficient
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Table 3
TNF Expression
Model 1 Model 2 Model 3 Model 4
' ! Cl P- ) Cl P- ! Cl P- : Cl P-
Predictors Estimate (95%)  Value Estimate (95%) Value Estimate (95%)  Value Estimate (95%)  Value
Intercept 49.15 4547  <0.001 48.04 43.47 <0.001 71.26 32.97- 0.001 54.28 12.10- 0.013
- - 109.54 96.46
52.82 52.60
Sleep (US 2.25 -3.25 0426 -3.96 -22.65 0.680 29.37 -11.17 0.161
v. FA) -7.74 -14.73 —-69.90
Sex 6.65 -0.86  0.087 6.46 -0.99  0.094
-14.16 -13.90
Age 0.25 -0.34  0.405 0.29 -0.30 0.345
-0.85 -0.88
BMI -0.78 -1.74  0.118 -0.75 -1.71  0.128
-0.19 -0.20
Negative 0.04 -1.10  0.946 0.27 -0.89  0.648
Affect -1.18 -1.43
Positive -0.41 -0.98  0.159 -0.05 -0.74  0.884
Affect -0.16 -0.64
Sleep by 0.49 -0.83 0472 0.01 -1.39  0.990
Negative -1.80 -141
Affect
Sleep by -0.79 -1.64  0.075
Positive -0.06
Affect
Random
Effects
o2 247.45 250.21 254.30 249.34
To 127.20 4 124.59 i 105.77 iq 104.50 iy
ICC 0.34
N 79 g 794q 78 4 78 g
135 135 134 134
Observations
Marginal 0.000/0.340 0.003/0.335 0.094 / 0.360 0.110/0.373
R2/
Conditional
RZ

Notes. 02 = level 1 variance; TQQ = between subject, random intercept variance; ICC = intraclass correlation coefficient
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Table 4
TNF and IL-6 Co-Expression
Model 1 Model 2 Model 3 Model 4
- ) Cl P- " Cl P- ) Cl P- . Cl P-
Coefficient Estimate (95%) Value Estimate (95%)  Value Estimate (95%) Value Estimate (95%) Value
Intercept 33.54 30.08 <0.001 31.79 27.26  <0.001 64.80 28.36 - 0.001 44.88 3.82- 0.035
- - 101.24 85.94
37.00 36.32
Sleep (US 3.54 -2.39  0.246 -4.78 -24.92  0.643 34.41 -8.82 0.124
v. FA) -9.46 -15.35 -
77.65
Sex 4.09 -3.03- 0.264 3.87 -3.18 0.286
11.21 -
10.93
Age 0.29 -0.27- 0.310 0.33 -0.23 0.254
0.86 -0.89
BMI -1.07 -1.99- 0.025 -1.04 -1.95 0.028
-0.15 -
-0.13
Negative -0.35 -1.48- 0.546 -0.08 -1.23  0.892
Affect 0.78 -1.07
Positive -0.32 -0.86- 0.252 0.11 -0.57 0.747
Affect 0.22 -0.79
Sleep by 0.63 -0.79- 0.390 0.07 -143 0.926
Negative 2.04 -157
Affect
Sleep by -0.93 -1.84  0.049
Positive —
Affect -0.02
Random
Effects
o2 297.75 298.47 299.59 290.61
To 68.29 iy 66.27 ig 54.54 4 55.65 ig
ICC 0.19 0.18 0.15 0.16
N 7944 79 g 78 4 78 g
135 135 134 134
Observations
Marginal 0.000/0.187 0.009/0.189 0.085/0.226 0.108/0.251
R2/
Conditional
RZ

Notes. 02 = level 1 variance; TQQ = between subject, random intercept variance; ICC = intraclass correlation coefficient
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