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A B S T R A C T   

Depression, one of the most common diseases in older adults, carries significant risk for morbidity and mortality. 
Because of the burgeoning population of older adults, the enormous burden of late-life depression, and the 
limited efficacy of current antidepressants in older adults, biologically plausible models that translate into se-
lective depression prevention strategies are needed. Insomnia predicts depression recurrence and is a modifiable 
target to prevent incident and recurrent depression in older adults. Yet, it is not known how insomnia gets 
converted into biological- and affective risk for depression, which is critical for identification of molecular targets 
for pharmacologic interventions, and for refinement of insomnia treatments that target affective responding to 
improve efficacy. Sleep disturbance activates inflammatory signaling and primes immune responses to subse-
quent inflammatory challenge. In turn, inflammatory challenge induces depressive symptoms, which correlate 
with activation of brain regions implicated in depression. This study hypothesizes that insomnia serves as a 
vulnerability factor for inflammation-related depression; older adults with insomnia will show heightened in-
flammatory- and affective responding to inflammatory challenge as compared to those without insomnia. To test 
this hypothesis, this protocol paper describes a placebo-controlled, randomized, double-blind study of low dose 
endotoxin in older adults (n = 160; 60–80 y) with insomnia vs. comparison controls without insomnia. The aims 
of this study are to examine differences in depressive symptoms, measures of negative affective responding, and 
measures of positive affective responding as a function of insomnia and inflammatory challenge. If the hy-
potheses are confirmed, older adults with two “hits”, insomnia and inflammatory activation, would represent a 
high risk group to be prioritized for monitoring and for depression prevention efforts using treatments that target 
insomnia or inflammation. Moreover, this study will inform the development of mechanism-based treatments 
that target affect responses in addition to sleep behaviors, and which might also be coupled with efforts to reduce 
inflammation to optimize efficacy of depression prevention.   

1. Introduction 

Depression, one of the most common diseases in older adults, carries 
significant risk for morbidity and mortality (Carney et al., 2002; Cuijpers 

et al., 2013). Many older adults with depression are not identified 
(Alexopoulos, 2005), and even when identified, over 60% of older adults 
fail to achieve symptomatic remission (Charney et al., 2002; Thase, 
2003). Because of the burgeoning population of older adults, the 
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enormous burden of late-life depression, and the limited efficacy of 
current antidepressants in older adults, biologically plausible models 
that can be translated into depression prevention efforts are needed. 

Insomnia predicts depression recurrence (Baglioni et al., 2011) 
especially in older adults (Cho et al., 2008; Lee et al., 2013) and is a 
modifiable target for depression prevention. Indeed, we have found that 
treatment of insomnia prevents incident and recurrent major depressive 
disorder in non-depressed older adults (Irwin et al., 2022). Yet, it is not 
known how insomnia gets converted into biological- and affective risk 
for depression, which is critical for identification of molecular targets for 
pharmacologic interventions, and for refinement of insomnia treatments 
that target affective responding with the potential to improve efficacy. 

Sleep disturbance and/or insomnia activate inflammatory signaling 
and prime immune responses to subsequent inflammatory challenge 
(Irwin, 2019). In addition, substantial evidence links inflammation to 
depression, as reviewed previously (Miller and Raison, 2016; Slavich 
and Irwin, 2014). Further, we and others have found that inflammation 
has a causative role in inducing depressive symptoms (Slavich and 
Irwin, 2014). For example, acute inflammatory challenge (i.e., endo-
toxin) induces depressive symptoms (Eisenberger et al., 2009; Lasselin 
et al., 2020; Moieni et al., 2015b; Schedlowski et al., 2014), which 
correlate with activation of brain regions implicated in depression 
(Eisenberger et al., 2009, 2010a, 2010b). Finally, sleep disturbance is 
reported to be associated with exaggerated increases in depressive 
symptoms in response to endotoxin (Cho et al., 2016), with greater in-
creases in women vs. men (Cho et al., 2016). Given this evidence, the 
present study hypothesizes that insomnia serves as a vulnerability factor 
for inflammation-related depression (Irwin and Piber, 2018). We hy-
pothesize that older adults with insomnia will show heightened affective 
responding to inflammatory challenge as compared to those without 
insomnia. 

It is important to study older adults with insomnia, as “usual” aging 
is associated with inflammation (Franceschi and Campisi, 2014; Ken-
nedy et al., 2014; Piber et al., 2019). In addition, insomnia is highly 
prevalent in older adults and can exacerbate age-related inflammation 
(Besedovsky et al., 2019; Irwin, 2019). Together, insomnia and 
pre-existing inflammation, might heighten affective responding to in-
flammatory challenge. Whereas some prospective evidence suggests that 
chronic inflammation predicts depressive symptoms (Gimeno et al., 
2009; Raison and Miller, 2013), findings are mixed (Mac Giollabhui 
et al., 2021; Valkanova et al., 2013). Nevertheless, experimental studies 
have found that chronic inflammation primes inflammatory activation 
(Chung et al., 2009; Franceschi and Campisi, 2014) and heightens 
depressive symptoms in response to inflammatory challenge (Irwin 
et al., 2012; Pace et al., 2006, 2010; Slavich and Irwin, 2014; Weinstein 
et al., 2010), including challenges due to biologic (i.e. infections) and 
psychosocial factors (i.e., interpersonal stress) (Dassonville et al., 2007; 
McIntire et al., 2009; Slavich and Irwin, 2014). Moreover, inflammatory 
reactivity predicts acute increases in depressive symptoms (Aschbacher 
et al., 2012a; Slavich and Irwin, 2014) as well as increases in depressive 
symptoms over the following year (Aschbacher et al., 2012a). 
Conversely in depressed patients, acute decreases in inflammation are 
associated with clinically meaningful decreases in depressive symptoms 
(e.g., ketamine treatment) (De Kock et al., 2013; Wang et al., 2015; Yang 
et al., 2015a). 

1.1. Depression in older adults: need for prevention approaches 

Depression in older adults is a major public health concern. Given 
that older adults with depression often do not receive diagnosis and 
treatment (Alexopoulos, 2005), and only about 30–35% of older adults 
achieve remission using current treatment approaches (Roose and 
Schatzberg, 2005) with over two-thirds of the disease burden remaining 
(Andrews et al., 2004; Chisholm et al., 2004), innovative approaches 
that selectively prevent depression are needed (Cuijpers and Reynolds, 
2022). Furthermore, the Institutes of Medicine has long called for efforts 

to develop, evaluate, and implement interventions focused on depres-
sion prevention (Institute of Medicine, 2004; Mrazek and Haggerty, 
1994). However, for prevention strategies to be efficient, it is necessary 
to target subgroups at high risk (i.e., selective prevention) (Munoz et al., 
2010), as we have recently demonstrated in a selective prevention trial, 
in which treatment of insomnia prevented incident and recurrent major 
depressive disorder in older adults with insomnia (Irwin et al., 2022). 
However, the mechanisms that contribute to the efficacy of insomnia 
treatment to prevent depression are not known. The present study is 
significant by being the first to use an experimental approach to evaluate 
the independent and interactive effects of two modifiable risk factors, 
insomnia and inflammation, on depressive symptoms and mechanisms 
of negative and positive affective responding, and to do so in a vulner-
able population of older adults. 

1.2. Prevention of depression in older adults: significance of insomnia 

To maximize efficiency of a prevention intervention in older adults, 
it is important to identify modifiable risk factors that can be targeted 
(Cuijpers and Reynolds, 2022; Reynolds, 2009; Reynolds et al., 2001). 
Insomnia is associated with a nearly 2-fold increase in depression risk 
(Baglioni et al., 2011; Cole and Dendukuri, 2003), with further elevated 
risk in older adults (Cho et al., 2008; Lee et al., 2013). Treatment of 
insomnia with cognitive behavioral therapy for insomnia (CBT-I), as 
compared to sleep education therapy, reduces incident and recurrent 
major depressive disorder by 51% in older adults with insomnia (Irwin 
et al., 2022). The proposed study is significant by experimentally 
examining whether the effects of insomnia on depression risk is differ-
entially triggered by inflammation. Findings will provide understanding 
to inform the refinement of prevention efforts at three levels of analysis: 
population selection (i.e., targeting those with insomnia and/or in-
flammatory disorder), timing of intervention (i.e., delivery of the 
intervention during onset of inflammatory disorder and/or infection), 
and target of intervention (i.e., sleep, affective responses). 

1.3. Insomnia as a modifiable risk factor: need for treatment optimization 

Insomnia is associated with difficulties in down-regulating negative 
affect, with increased reactivity to negative affective stimuli as 
measured by psychophysiological responses (Walker, 2010; Yoo et al., 
2007). Less is known about the effects of insomnia on positive affect 
systems, although insomnia appears to be associated with difficulty 
up-regulating positive affect (i.e., anhedonia) (Zohar et al., 2005). Dif-
ficulties with affective responding might also have reciprocal effects on 
sleep and perpetuate insomnia by activating arousal mechanisms 
(Bonnet and Arand, 2010; Nofzinger et al., 2004; Riemann et al., 2010). 
Behavioral treatments such as cognitive behavioral therapy for insomnia 
(CBT-I) target sleep behaviors, but the efficacy of CBT-I is often no better 
than 50% (Morin et al., 2006). The proposed study is significant by 
providing experimental insight into the impact of insomnia on affective 
responding, which can inform the development of adjunctive insomnia 
treatment components that target specific processes related to affect 
responding (i.e., social rejection sensitivity, negative bias in facial 
emotion recognition) or reward deficits, the latter of which could inform 
the development of interventions that pharmacologically target neuro-
transmitters (i.e., dopamine) implicated in reward. 

1.4. Inflammation-induced depression: an experimental model in older 
adults 

Given that sleep disturbance leads to daytime increases in circulating 
levels of inflammatory cytokines and C-reactive protein (CRP) (Irwin, 
2015, 2019; Redwine et al., 2003; Shearer et al., 2001; Vgontzas et al., 
1999), that modest amounts of sleep loss activate cellular and inflam-
matory nuclear signaling pathways (e.g., nuclear factor [NF]-κB) (Irwin 
et al., 2006, 2008), and that treatment of insomnia promotes a reversal 
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of systemic and cellular inflammation in older adults (Irwin et al., 2014, 
2015b), abundant evidence supports the link between insomnia and 
inflammatory activation. Further, “usual” aging is also associated with 
elevations in markers of inflammation (Chung et al., 2009), which leads 
to “inflammaging” or low-grade, chronic, systemic inflammation 
(Franceschi and Campisi, 2014; Piber et al., 2019). However, even in 
those with chronic increases in inflammation, there is dynamic vari-
ability, due to in part to many other contributing factors that acutely 
increase inflammation including specific diseases (i.e. infections) (Das-
sonville et al., 2007; McIntire et al., 2009) and psychosocial factors (i.e., 
interpersonal stress) (Slavich and Irwin, 2014). Indeed, when acute in-
creases in inflammation occur, especially in those with chronic inflam-
mation in which the immune system is primed, the likelihood of 
depression may be heightened (Bucks et al., 2008; Janicki-Deverts et al., 
2007; Slavich and Irwin, 2014). For example, acute inflammatory 
reactivity to laboratory-based tasks of interpersonal threat correlates 
with increases in depressed mood (Slavich and Irwin, 2014), and in-
creases in inflammation and depressive symptoms are both exaggerated 
in those in those with inflammatory conditions (Irwin et al., 2012; 
Motivala et al., 2008). Importantly, such acute increases in inflamma-
tory markers are clinically meaningful, as greater inflammatory reac-
tivity predicts increases in depression over the following year 
(Aschbacher et al., 2012a; Slavich and Irwin, 2014), and conversely 
acute decreases in proinflammatory cytokines are associated with clin-
ically meaningful decreases in depressive symptoms following treatment 
with ketamine (De Kock et al., 2013; Wang et al., 2015; Yang et al., 
2015b). 

Endotoxin is a model of systemic inflammation that can be used to 
experimentally interrogate the role of inflammation to induce depres-
sive symptoms (Lasselin et al., 2020). Endotoxin resembles a 
pathogen-induced, naturally occurring inflammatory immune response, 
which is driven by a complex interplay of various cytokines, all with 
distinct kinetics and locally differing concentrations (DellaGioia and 
Hannestad, 2010; Schedlowski et al., 2014). Injection of a single cyto-
kine does not model this response as it does not target the inflammatory 
cascade. Likewise, acute laboratory-based stress can activate inflam-
mation, but only induces modest inflammatory and depression re-
sponses, which are less robust than found with endotoxin. 

Increasingly, depression is viewed along a continuum of affective 
responses that lead to symptom expression, as opposed to being a cat-
egorical, diagnostic construct (Insel et al., 2010; Insel, 2014), and 
endotoxin affects the two cardinal affective symptoms that constitute 
depression: depressed mood and anhedonia. Endotoxin induces in-
creases in depressed mood (Profile of Mood States [POMS]>3), and 
these responses are nearly 2-fold greater and within the range of clinical 
severity in those with sleep disturbance (Cho et al., 2016). Similarly, 
endotoxin induces increases depressive symptoms as indexed by the 
Montgomery-Asberg Depression Rating Scale (MADRS >7), indicating 
mild depression (Hannestad et al., 2011), and these responses are 
attenuated by pretreatment with the antidepressant citalopram (Han-
nestad et al., 2011). Anhedonia (i.e., the lack of pleasure) also increases 
in response to endotoxin (Eisenberger et al., 2010a; Hannestad et al., 
2011). Finally, endotoxin administration induces acute changes in the 
activity of neural substrates that are linked to depression. For example, 
the dorsal anterior cingulate cortex (dACC) and its functional connec-
tivity to other regions are recognized for their role in the pathophysi-
ology of depression. Endotoxin induces increases in activity of the dACC, 
which are correlated with increases in inflammatory cytokines and re-
ports of depressed mood (Eisenberger et al., 2009). Moreover, endotoxin 
administration also reduces neural activity in the ventral striatum, a 
reward-related neural region (Eisenberger et al., 2010a), and decreased 
ventral striatum activity mediates effects of endotoxin on increases in 
depressed mood (Eisenberger et al., 2010a). 

No prior research has used the endotoxin model, or any other in-
flammatory challenge, to probe depression risk in older adults. More-
over, no prior study has tested the role of insomnia in the moderation of 

depression responses, nor used objective assessment of negative- and 
positive affective responding to inform the development of treatments 
that target these affective pathways. This study will address each of the 
limitations of prior research by evaluating older adults and by exam-
ining depression responses as a function of insomnia with objective 
assessment of depressive symptoms and task based affective responding. 

In this placebo-controlled, randomized, double-blind study of acute 
systemic inflammation in older adults (aged 60–80 years) with insomnia 
vs. comparison controls without insomnia, we aim to examine differ-
ences in measures of depressive symptoms (primary outcome) and 
measures of negative affective responding (secondary outcome) in 
response to inflammatory challenge with low-dose endotoxin as a 
function of insomnia. Additionally, we aim to examine differences in 
measures of positive affective responding (secondary outcome). A 
further aim of this study is to evaluate whether differences in depressive 
symptoms, negative affective responding, and positive affective 
responding correlate with increases in inflammation in response to 
endotoxin as a function of insomnia. As an exploratory aim, this study 
will examine whether sex differences explain variability in depressive 
symptoms, negative affective responding, and positive affective 
responding in response to inflammatory challenge as a function of 
insomnia, given prior results in adults (Moieni et al., 2015b). 

2. Methods 

2.1. Trial design 

This investigation is a randomized controlled trial to evaluate the 
effects of an acute inflammatory challenge in response to endotoxin (0.8 
ng/kg body weight) vs. placebo over 12 h in older adults with insomnia 
as compared to older adults without insomnia. One hundred sixty older 
adults (aged 60–80 years), who are free from current psychiatric illness 
and medical conditions (e.g., inflammatory disorders), will be entered 
into this placebo-controlled, randomized, double-blind, parallel arm 
(endotoxin vs. placebo) experimental challenge protocol. Of this sample, 
approximately 60 participants will fulfill DSM-5 criteria for insomnia 
disorder. Given the feasibility and cost utility of recruiting comparison 
controls who do not have insomnia, 100 controls will be used. 
Furthermore, a larger group of comparison controls lends more statis-
tical power for the overall study, as well as greater statistical power for 
secondary analyses related, for example, to sex differences in depressive 
and inflammatory responses in older adults. Within each group, ran-
domized conditions of endotoxin vs. placebo will be balanced with a 1:1 
randomization ratio. Three pre-entry classification variables will be used 
to balance participants between those with insomnia and comparison 
controls including age (age 60–70 vs. 71–80), sex, and body mass index 
(18–24.9 vs. 25–35 kg/m2). We will also use these pre-treatment clas-
sification variables in a modified randomization procedure, the mini-
mization method (Scott et al., 2002) to ensure that the endotoxin vs. 
placebo conditions in the study design are balanced. The minimization 
method is particularly useful when it is important to balance experi-
mental groups on a larger number of covariates (Scott et al., 2002). In its 
most simple application, this method weighs each classification variable 
equally and seeks to achieve an overall balance of the levels of these 
variables across experimental conditions, rather than a balance within 
each stratum. In addition, we will measure possible moderators (i.e., 
severity/duration of insomnia, prior depressive episodes) and examine 
their potential moderating roles. 

Participants provided written informed consent as approved by the 
UCLA (University of California, Los Angeles) Institutional Review Board, 
as further described in the section on Ethics. All data were deidentified. 
Trial data monitoring and steering committees of the UCLA Clinical 
Translational Sciences Institute oversaw the study, which was under-
taken according to the intention-to-treat principle. This study adhered to 
the Consolidated Standards of Reporting Trials (CONSORT) reporting 
guidelines. 
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Participants will be randomly assigned to receive either endotoxin or 
placebo in a 1:1 ratio in a between-subjects manner, stratified by 
insomnia status. Following administration of endotoxin (0.8 ng/kg body 
weight) vs. placebo, self- and observer rated measures of depressed 
mood will be assessed over up to 12 h (primary outcome) and self-rated 
measures of depressed mood and depressive symptoms over up to 12 h 
(primary outcome). Additional secondary outcomes related to negative 
affective and positive affective responding will also be obtained as 
described below. We have found that older adults show a peak onset of 
depressed mood at 2 h, similar to young adults and will explore the 
presence of delayed termination of response in older adults; hence 
protocol duration will last up to 12 h, as compared to 6 h as was pre-
viously used in the study of adults (Moieni et al., 2019b). Other sec-
ondary outcomes including assessment of physical symptoms, social 
dimensions, and inflammatory activity will be assessed as described in 
the detailed procedures below. 

A between-subject parallel design will be used for the following 
reasons: 1) the proposed study involves endotoxin administration, and 
in a hypothetical crossover design, subjects who experience aversive 
sickness symptoms from endotoxin (possibly also from placebo due to 
expectation) might drop out, which would introduce bias and invalidate 
the results; 2) the effect of endotoxin on affective responding and 
inflammation might not resolve between two cross-over sessions of the 
experimental protocol; 3) repeated exposure to behavioral tests of affect 
responding might alter responses; 4) two cross-over sessions of the 
experimental protocol have higher subject burden. 

Because the administration of endotoxin in this experimental pro-
tocol is designed to mimic the increases in plasma cytokines reported in 
chronic low-grade inflammatory conditions (i.e., 2–10 fold increases in 
interleukin [IL-6] and tumor necrosis factor α [TNF]) (Suffredini et al., 
1999; Suffredini and Noveck, 2014), we will use low dose endotoxin 
(0.8 ng/kg) similar to what we have used in our prior studies (Moieni 
et al., 2019b). An endotoxin dose of 0.8 ng/kg yields significant in-
creases in proinflammatory cytokines, and increases in depressed mood 
and anhedonia. Our preliminary data indicate that older adults show 
similar response to endotoxin without adverse events. Other inflam-
matory experimental challenge models have been proposed, namely 
administration of interferon (IFN)-α or typhoid vaccine. However 
behavioral effects of IFN-α do not usually occur until 8–12 weeks of 
treatment (Capuron et al., 2002), and typhoid vaccine induces modest 
increases in IL-6 that are not robustly associated with changes in 
depressive symptoms (Brydon et al., 2008; Harrison et al., 2009a, 
2009b). 

3. Participants 

3.1. Recruitment of participants 

Given our focus on community-dwelling older adults, we employ 
survey-based, age-targeted sampling methods, which involve obtaining 
a list of telephone numbers and mailing addresses of households with at 
least one person aged 60 years or older from the Genesys Sampling 
Systems (Fort Washington, PA) or from the UCLA Clinical and Trans-
lational Science Institute (CTSI) Informatics Program. First, the Genesys 
Sampling System is a company that has been engaged in supporting 
various national surveys (O’Malley and Forrest, 2002; Runyan et al., 
2005). Genesys Sampling Systems maintains a bimonthly updated 
database of all available listed telephone households in the US within a 
specified area. For this study a list of 5000 households is purchased 
every 3 months. Initial contact is made using UCLA Institutional Review 
Board (IRB) approved recruitment brochures and letters, which inform 
potential participants of the study (i.e., a research study to examine 
“Sleep and Healthy Aging Research in Depression,” SHARE-D) and invite 
them to call a hotline number if interested. A follow-up phone call is 
made to confirm receipt of the letter, and a phone eligibility survey is 
completed if the participant is interested. This two-step method 

increases overall response rate and reduces interviewer time by 80% 
compared to a random-digit-dial sample surveys (O’Malley and Forrest, 
2002). Second, we obtained listing of persons aged 60–80 years who 
were enlisted in the UCLA Healthcare System, using the UCLA CTSI 
Informatics Program. This program queries xDR – a clinical data ware-
house system containing data from UCLA’s CareConnect (Epic) Elec-
tronic Health Records (HER) linked to older adult legacy systems and 
other sources. In addition to age-targeted sampling methods, the UCLA 
CTSI Informatics Program identifies those persons who have expressed 
interest in participating in research. Data from the UCLA CTSI Infor-
matics Program are extracted every 6 months, including demographic 
and contact information. As noted above, participants are first contacted 
by brochure and letters, with follow-up phone contact. The survey 
sample for Genesys Sampling Systems and the CTSI Informatics Program 
are limited to households living within a 15 mile radius of the UCLA 
Westwood Campus, given the logistics of assessment and transport to 
UCLA for baseline assessment and the experimental protocol. We have 
employed sampling methods similar to those described for other ran-
domized controlled trials that have enrolled older adults with insomnia 
as previously reported (Black et al., 2015; Irwin et al., 2014, 2015a, 
2019, 2022). 

3.2. Eligibility criteria 

Inclusion Criteria: Participants will be required to be in good general 
health (as evaluated during eligibility assessment by phone and in- 
person interview); aged 60–80 years old; those with insomnia disorder 
will be identified by the Structured Clinical Interview for DSM-5 (SCID- 
DSM-5) (First et al., 1996)American Psychiatric Association., 2013 
#11473} and the Duke Structured Interview for Sleep Disorders (DSISD) 
(Edinger et al., 2009). Comparison controls are those who do not fulfill 
diagnostic criteria for insomnia. Whereas short sleep duration along 
with insomnia are thought to have greater biological impact than 
insomnia alone (Fernandez-Mendoza et al., 2017; Vgontzas et al., 2013, 
2014), the broad goal of this research is to inform understanding of the 
mechanisms linking insomnia to depression. Inclusion of only those with 
insomnia and short sleep duration would limit generalizability. Further, 
because the diagnosis of insomnia does not employ objective sleep 
assessment such as actigraphy or polysomnography to evaluate the na-
ture and severity of insomnia complaints, neither of these methods will 
be used to determine the presence or absence of DSM-5 insomnia dis-
order. Nevertheless, we will assess the duration and severity of 
insomnia, and participants will complete 14 days of sleep diary and 
actigraphy to evaluate sleep duration and sleep efficiency as described 
below. 

Exclusion Criteria: The following medical conditions result in exclu-
sion: presence of chronic physical illnesses; history of allergies, auto-
immune, liver, or other severe chronic diseases; current or history (last 6 
months) of medical conditions not limited to but including cardiovas-
cular (e.g., history of acute coronary event, stroke) and neurological 
diseases (e.g., Parkinson’s disease), as well as pain disorders; inflam-
matory disorders (e.g., rheumatoid arthritis) or other autoimmune dis-
orders; uncontrolled medical conditions that are deemed by the 
investigators to interfere with the proposed study procedures, or to put 
the study participant at undue risk; chronic infection, which may elevate 
proinflammatory cytokines; acute infectious illnesses within the two 
weeks prior of the experimental session. 

The following psychiatric and sleep disorders will result in exclusion: 
current Axis I psychiatric disorders as determined by SCID-5 including a 
current major depressive disorder or substance dependence; history of 
depression within last year, although history of depression greater than 
one year prior to enrollment will not be an exclusion criterion (a pre- 
planned sensitivity analysis will evaluate differences in depressed 
mood responses and negative- and positive affective responding as a 
function of past history of depression); lifetime history of suicide 
attempt or inpatient psychiatric admission; sleep apnea as screened with 
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the Berlin Sleep Questionnaire and further assessed with overnight sleep 
monitoring using the WatchPat (i.e., apnea hypoxia index >15) (Weimin 
et al., 2013); and phase-shift disorder as identified by the SCID-5 and the 
DISD or history of nightshift work or time zone shifts (>3hrs) within the 
previous 6 weeks. Persons with sleep apnea are excluded given limited 
evidence that sleep apnea is a prospective risk factor for depression and 
that prevalence rates of depression are not elevated in those with sleep 
apnea as compared to those without sleep apnea (Bajpai et al., 2014). 

Additional exclusion criteria are: current and regular use of pre-
scription medications such as steroids, non-steroid anti-inflammatory 
drugs, aspirin, immune-modifying drugs, opioid analgesics, statins, 
antihypertensive or other cardiovascular drugs (i.e., antiarrhythmic, 
antianginal, and anticoagulant drugs); antidepressant medications or 
other psychotropic medication in the last 6 months; current smoking or 
excessive caffeine use (>600 mg/day) because of the known effects on 
proinflammatory cytokine levels (O’Connor et al., 2009); history of 
recreational drug use in last 6 months or evidence of such use as 
determined by screening urine test for substances; body mass index >35 
kg/m2 because of the effects of obesity on proinflammatory cytokine 
activity (O’Connor et al., 2009) and also on risk for sleep disordered 
breathing; any clinically significant abnormalities on laboratory tests; 
clinically significant abnormalities in electrocardiogram; and evidence 
of cognitive impairment with scores on Mini-Mental Status Examination 
24 or less. On the day of the experimental protocol, participants will be 
excluded should they show any of the following physical signs: blood 
pressure less than 90/60 or greater than 160/120 mmHG, pulse less than 
50 beats/minute, or temperature greater than 99.5 ◦F. 

4. Trial procedures 

4.1. Assessments prior to experimental protocol 

Screening Eligibility: Individuals with cognitive impairment or limited 
English proficiency, as identified at the onset of telephone contact, will 
not undergo screening phone interview. After verbal consent for a 
screening interview, interviewers will conduct an approximate 20-min 
survey using a scripted telephone interview format as previously 
described (Ishii et al., 2012) to assess demographic information and 
screen for the presence of insomnia using the Pittsburgh Sleep Quality 
Index (PSQI) (Buysse et al., 1989). Eligibility questions will also eval-
uate whether current depression is absent and exclude subjects who 
answer affirmatively to the following two screening question: “Are you 
depressed nearly every day for two weeks or more?” and/or “Have you 
lost interest in normal activities nearly every day for two weeks or 
more?”, using items from the 10-item Center for Epidemiologic Studies 
Depression (Irwin et al., 1999). If subjects do not evidence symptoms of 
current depression, they will be advanced to interview assessment, in 
which the SCID-5 will be administered to confirm the absence of current 
depression using DSM-5 diagnostic criteria (Drill et al., 2015; First et al., 
1996). In addition, we will screen for ongoing medical conditions and 
current use of medications such as antidepressant medications. 

Baseline eligibility: At the onset of this interview assessment, written 
informed consent is obtained after reviewing any study-related ques-
tions. This baseline eligibility assessment is a face-to-face interview 
format lasting about 120 min, including the following assessments: 
SCID-DSM-5 (those with current psychiatric disorder or depression in 
last year will be excluded) and the DSISD (Edinger et al., 2009); de-
mographic information and medical/medication histories including 
recent (last two weeks) infection and Charlson Co-Morbidity Index 
(Beloosesky et al., 2011) and Chronic Disease Scale(Putnam et al., 2002; 
von Korff et al., 1992); substance use history; Mini-Mental Status Ex-
amination (those who score 24 or less will be excluded) (Folstein et al., 
1975); height and body weight for calculation of body mass index, vital 
signs, blood sampling for screening laboratory tests (i.e., complete blood 
cell count, comprehensive metabolic panel, hemoglobin A1c, and Free 
T4 Index), and electrocardiogram (those will clinically significant 

abnormalities will be excluded). 
A wrist actigraph and instructions for completing sleep diaries for a 

two-week period to monitor sleep wake patterns will be reviewed. 
Additionally, a Watch-PAT device will be worn for one night (those with 
sleep apnea and nocturnal myoclonus will be excluded) (Weimin et al., 
2013). 

Baseline assessment of clinical and other background variables. The 
following baseline measures are assessed prior to the experimental 
protocol, but not repeatedly during the experimental protocol. Measures 
repeatedly assessed during the experimental protocol are described in 
the “Outcomes” section below. 

Insomnia assessment: In addition to diagnostic evaluation of the 
presence of current DSM-5 insomnia disorder or not, duration and life-
time history of insomnia will be evaluated; profile of inflammatory 
activation may be related to duration of insomnia. Current severity of 
insomnia complaints will be evaluated by the Insomnia Severity Index 
(ISI) (Morin et al., 2011)) and the PSQI (Buysse et al., 1989; Cole et al., 
2006). These self-report data are in addition to the daily sleep diary 
(Monk et al., 1994) as completed by an Online Sleep Diary System, 
accessible via computer interface with unique user IDs, and objective 
assessment of sleep behaviors and sleep duration by wrist actigraphy. 
Sleep apnea will be screened by the Berlin Questionnaire (Sharma et al., 
2006) with objective evaluation using the WatchPat. (Weimin et al., 
2013). Sleep wake schedule will be evaluated using the Munich Chro-
notype Questionnaire (Juda et al., 2013) and daytime dysfunction 
associated with insomnia is assessed by the Fatigue Symptom Inventory 
(FSI) (Donovan et al., 2015) and Multidimensional Fatigue Symptom 
Inventory-Short Form (MFSI-SF) (Stein et al., 2004). 

Depression assessment: The SCID-5 interview will be used to deter-
mine the presence of past history of depression, and the absence of 
current depressive disorder and other psychiatric diagnoses. For those 
with depression history, we will identify number of episodes, age of 
onset, last episode, and treatment variables. Administration of the SCID 
is performed by interviewers who are trained to criterion validity; di-
agnoses is determined in a weekly consensus meeting to maintain reli-
ability and criterion validity. Depressive/anxiety symptom severity is 
assessed at baseline using the Patient Health Questionnaire-9 (Kroenke 
et al., 2001), Beck Depression Inventory-II (Steer and Beck, 2000; Steer 
et al., 2000), Beck Anxiety Inventory (Beck and Steer, 1990), General 
Anxiety Disorder-7 (Rutter and Brown, 2017), and Inventory for 
Depressive Symptoms-Self Report (Rush et al., 1986). 

Social domain: Social support measures include Social Provision Scale 
(Cutrona and Russell, 1987), Experiences in Close Relationships Ques-
tionnaire (Fraley et al., 2000), and Interpersonal Support Evaluation List 
(Cohen and Hoberman, 1983). 

Psychosocial stress: Psychosocial stress is evaluated by Perceived 
Stress Scale (Cohen et al., 1983), and childhood adverse psychosocial 
stress is evaluated using the Risky Families Questionnaire (Repetti et al., 
2002). 

Health factors: Health variables, in addition to eligibility, include 
level of physical activity (i.e., Godin Leisure-Time Exercise Question-
naire) (Amireault et al., 2015) and health functioning (i.e., Medical 
Outcomes Study Short-form (SF-36) (McHorney et al., 1993). 

4.2. Endotoxin vs. placebo administration methods 

Following baseline assessments, inclusion and exclusion criteria will 
be examined and confirmed by the study physician (Michael R. Irwin, 
MD). The study is conducted at the UCLA Clinical Translational 
Research Center (CTRC). Beginning at 8 a.m., a CTRC nurse, blind to the 
randomization schedule, will assess height and weight as well as vital 
signs (blood pressure, pulse, temperature). As noted above, participants 
will be excluded if: (a) blood pressure is less than 90/60 mmHG or 
greater than 160/120 mmHG, (b) pulse is less than 50 beats/minute, or 
(c) temperature is greater than 99.5 ◦F. An indwelling venous catheter 
with a heparin lock will be inserted into the participant’s dominant 
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forearm for hourly blood draws and one into the nondominant forearm 
for a continuous saline flush (150 cc/h) for endotoxin vs. placebo 
administration. Baseline assessment of outcomes including self-report 
questionnaires and experimental affective response tasks will then be 
completed, followed by baseline blood sampling which is obtained 
about 60 min after placement of catheter and 30 min after completion of 
questionnaires and tasks. The CTRC pharmacy will receive the 
randomization assignment and prepare the endotoxin vs. placebo. After 
90 min following arrival at the CTRC, participants will randomly receive 
either low-dose endotoxin (0.8 ng/kg of body weight) or placebo as an 
intravenous bolus over 30–60 s. NIH will provide reference endotoxin 
humans (E. coli group O:113). Throughout the study protocol lasting up 
to 12 h, vital signs and blood sampling will be obtained. Placement of an 
intravenous catheter for the duration of the day has not been found to 
induce nonspecific increases in circulating levels of IL-6 or TNF 
(Eisenberger et al., 2009). 

4.3. Randomization and allocation concealment 

Randomization sequence will be generated via computerized 
random number generator in each group for endotoxin vs. placebo in a 
1:1 ratio by the study biostatistician (RO) who has no contact with 
participants. Allocation concealment will be maintained confidential 
delivery of a secure and encrypted email to the CTRC pharmacy. 

4.4. Blinding 

Participants will be aware that they are assigned to either endotoxin 
or placebo as the consent form states that participants would be assigned 
at random to either endotoxin or placebo as experimental conditions. 
Participants are blind to condition assignment, and they are also blind to 
the primary outcome of the study, namely depressed mood and 
depressive symptoms. Investigators and outcome assessors are blind to 
allocation. 

5. Outcomes 

5.1. Primary outcome 

The primary outcome is self- and observer-rated assessment of 
depressed mood (primary outcome) as measured by the POMS (McNair 
et al., 1992; Norcross et al., 1984; Shacham, 1983) and observer-rated 
depressed mood and depressive symptom severity as measured by the 
MADRS (Hammond, 1998) in response to endotoxin (0.8 ng/kg body 
weight) vs. placebo with repeated assessment over up to 12 h. Both the 
POMS and MADRS have been found to be sensitive to acute changes in 
depressed mood following endotoxin (DellaGioia and Hannestad, 2010; 
Moieni et al., 2019a). 

5.2. Secondary outcomes 

Secondary outcome: severity of depressive symptoms. Change in severity 
of depressive symptoms is also assessed by Brief Symptom Inventory 
(Petrowski et al. (2018) and the observer-rater administration of the 
Hamilton Rating Scale for Depression (HAMD) (Brown et al., 1995; 
Endicott et al., 1981), modified for administration during an acute time 
period with repeated assessment over up to 7 h. 

Secondary outcome: negative affective responding. Two tasks evaluate 
changes in negative affective responding: Emotion Recognition Task and 
Emotion Intensity Task, which are administered at baseline and again 
about 3 h after endotoxin vs. placebo. 

The Emotion Recognition Task evaluates the ability of participants to 
recognize an expressed facial emotion, and to rate their certainty in this 
choice (Pollak et al., 2009; Pollak and Sinha, 2002). Delayed recognition 
of a sad emotion, for example, indicates a reduced sensitivity to sad 
facial expressions. Facial images are taken from video-recordings of the 

Cohn-Kanade facial expression database. Images represent a range of 
age, sex, and ethnicity, which are distributed equally across the emo-
tions being assessed. In total, 7 trials are used, each comprising 10 im-
ages. Within each trial, the 10 images gradually progress from a neutral 
expression to a specific emotion. The trials (i.e., happy, sad, angry, 
afraid, surprised, and neutral) are presented in a random order. After 
each image, which is shown as 3-sec stimuli, participants are asked to 
identify the presented emotion (i.e., “Which emotion is this person 
feeling right now?”), and answers are collected during a 10-sec response 
(i.e., happy, sad, angry, afraid, surprised, or nothing yet). Task perfor-
mance is indexed by the number of elapsed images (i.e., delay) required 
to correctly identify a contiguous sequence of images, with more elapsed 
images (i.e., longer delays) indicating attenuated or impaired facial 
emotion processing. A contiguous sequence was defined as a continuous 
series of consistently correct answers that led up to the full emotion 
expression (e.g., if a participant gave a correct answer for image #1 and 
#2, then an incorrect answer for image #3 to #6, and again a correct 
answer for image #7 to #10, the delay for this trial was determined as 
“7”, because the onset of the contiguous sequence that led up to the full 
emotion expression started at image #7). This analytical approach has 
the advantage of providing more stringent recognition criteria, as 
opposed to capturing impulsive responding. Whereas it is known that 
sleep disturbance is associated with subjective reports of negative affect, 
there are few empirical studies that have examined tasks of emotional 
processing, even though accurate face judgments may modulate 
emotional reactivity. We have previously found that sleep disturbance is 
associated with a delay in recognition of sad facial emotion in older 
adults (Piber et al., 2020). 

The Emotion Intensity Task evaluates subjective ratings of perceived 
intensity in response to various degrees of facially-expressed sadness, 
happiness, and anger (van der Helm et al., 2010) taken from NimStim set 
of facial affects (Tottenham et al., 2009) and includes sad, happy, and 
angry and a neutral face of one white male individual. Each emotion 
image morphes with the neutral image using a face-morph software 
(Morph 2.5), resulting in 10 images covering a range of emotion 
expression (i.e., image #1 reflects 10% emotion expression, image #2 
reflects 20% emotion expression, etc.). In total, 10 separate images are 
created for each emotional category, which represents the full range of 
emotion expression. The trials (i.e., sadness, happiness, anger) are pre-
sented in a random order. Prior to each trial, participants are informed 
which specific emotion they are about to rate for intensity (e.g., “You are 
about to see a sad face”), and are familiarized with the full range of 
emotion expression. During the task itself, each emotion is presented in a 
separate trial, and within each trial, the 10 images were presented in a 
random order as 2-sec stimuli. During the three trials, participants are 
presented with a morphing image and are asked to identify the emotion 
as soon as they recognize which emotion being depicted. The image 
gradually progresses from neutral to the specific emotion. The partici-
pant is presented with a red “x” if the incorrect emotion is chosen. Task 
performance is indexed by the mean rating across the 10 images within 
each trial, with lower ratings indicating lower perceived intensity. 
Hence, Emotion Intensity Task differs from the Emotion Recognition 
Task; the Emotion Intensity Task evaluated the perceived intensity to a 
known emotion, whereas Emotion Recognition Task evaluates the 
ability to recognize or identify an emotion. 

Secondary outcome: positive affective responding. Two tasks will be 
used to evaluate changes in positive affective responding: Probabilistic 
Reward Task (PRT) and the Effort Expenditure for Rewards Task 
(EEfRT), which are administered about 2.5 h after endotoxin vs. 
placebo. 

The PRT is a laboratory based probabilistic reward task that objec-
tively measures participants’ ability to modulate behavior as a function 
of reward (Pizzagalli et al., 2008). This task has been found to identify 
reduced reward learning in depressed patients which is state-dependent 
and also to predict the persistent diagnosis of depression in the midst of 
treatment (Pizzagalli et al., 2008; Vrieze et al., 2013; Whitton et al., 
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2015). The method (MacLeod et al., 1986) of this computerized 
reward-learning task is extensively described (Pizzagalli et al., 2008; 
Weischer et al., 2013). This task was selected because anhedonia is a 
core feature of major depressive disorder and includes a reduction in 
experienced pleasure (liking reward) and dysfunction in reward antici-
pation and reward learning (Pizzagalli et al., 2008; Vrieze et al., 2013; 
Whitton et al., 2015). We have previously found that an inflammatory 
challenge reduces neural sensitivity to reward anticipation (Eisenberger 
et al., 2010a). There are limited data on the relationship between 
insomnia on reward responsiveness, although individuals with insomnia 
show reduced positive affect using ecological momentary assessment 
(Bunney and Bunney, 2013). 

The Effort Expenditure for Rewards Task (EEfRT) is used to evaluate 
reward processing (Treadway et al., 2009). The EEfRT is a computerized 
task that assesses effort-based decision making in the context of mone-
tary reward. During the task, participants are presented with a series of 
trials in which they choose between an easy, low effort trial (worth a low 
reward amount of $1.00) and a hard, high effort trial (worth higher 
reward amounts ranging between $1.24-$4.30). Easy trials required 30 
button presses using the index finger of the non-dominant hand in 7 s, 
while hard trials required 100 button presses with the pinky finger of the 
dominant hand in 21 s. Participants are told that not all successfully 
completed trials are rewarded, and the probability that a successful 
response yields a reward (12%, 50%, 88%) is presented for each trial. In 
the current study, the EEfRT is shortened from 20 min to 10 min and 
hard trials used the pinky finger of the dominant hand rather than the 
non-dominant hand to accommodate constraints in the laboratory 
environment (Boyle et al., 2020). Motivation for reward on the EEfRT is 
operationalized by willingness to exert effort for monetary reward; i.e., 
the selection of high effort/high reward trials relative to the selection of 
low effort/low reward trials. Sensitivity to reward is operationalized by 
the association between changes in monetary reward magnitude 
(ranging from $1.24-$4.30) and changes in likelihood of selecting high 
effort/high reward trials vs. low effort/low reward trials. 

Other secondary outcomes related to positive affective responding 
include measures of interest in activities and reward responsiveness, as 
well as responding to social reward. Three self-report questionnaires are 
used to evaluate interest in activities, reward responsiveness, or hedonic 
experience, including Snaith-Hamilton Pleasure Scale (SHAPS) (Snaith 
et al., 1995), and the Temporal Experience of Pleasure Scale,(Ho et al., 
2015). These questionnaires are administered at baseline and about 4–5 
h after endotoxin vs. placebo. 

To evaluate social reward, we use a social reward task (i.e., 
Emotional Dot Probe task with happy faces) (MacLeod et al., 1986) and a 
questionnaire (i.e., Close Other Social Reward) (Inagaki et al., 2015a, 
2015b) to evaluate change in social reward before and after inflamma-
tory challenge with endotoxin vs. placebo. We have previously found 
that inflammatory challenge reduces reward activation to non-social 
reward cues, but increases activation to social reward (Inagaki et al., 
2015a, 2015b). The task is administered at baseline and about 1.5 h after 
endotoxin vs. placebo, and the questionnaire is administered at baseline 
and 4 h after endotoxin vs. placebo. 

Secondary outcome: social domain Because social factors contribute to 
depression in part by changes inflammatory mechanisms (Slavich and 
Irwin, 2014), this study examines several aspects related to social 
connection and loneliness, social support, and sensitivity to social 
rejection. Perceived social connection is evaluated at baseline and 
repeatedly for up to 12 h, whereas other measures are obtained at 
baseline and up to 5 h after endotoxin vs. placebo. 

Perceived social connection is evaluated with several self-report 
questionnaires including How I Feel Right Now, which includes Feel-
ings of Social Disconnection (Eisenberger et al., 2010b), and the 10-item 
Revised UCLA Loneliness Scale (Russell et al., 1980). 

Perceived social support is characterized by the Social Support 
Questionnaire Scale (Sarason et al., 1983), Two-way Social Support 
Questionnaire (Shakespeare-Finch and Obst, 2011), the Attachment 

Style Questionnaire (Bifulco et al., 2003), Social Provision Scale 
(Cutrona and Russell, 1987), and Experiences in Close Relationships 
Questionnaire (Fraley et al., 2000). There is evidence that perceived 
social support, social connection, and social reward change in response 
to endotoxin (Inagaki et al., 2015a; Moieni et al., 2015a). 

Perceived social status is evaluated the using MacArthur Scale of 
Subjective Social Status (i.e., Social Ladder) (Adler et al., 2000). 

Sensitivity to social rejection is examined by Fear of Negative Eval-
uation Scale (Collins et al., 2005; Duke et al., 2006) and the Rejection 
Sensitivity Scale (Mehrabian, 1994). During the experimental protocol, 
we also administer a behavioral task, the Cyberball Social Exclusion 
Task (Eisenberger et al., 2009). This task is administered only once at 2 h 
after endotoxin vs. placebo, because it involves deception; no other real 
participants are engaged in this task as participants are led to believe 
prior to the task. 

Secondary outcome: cognitive processing. Inflammatory challenge 
acutely alters measures of cognitive performance, including spatial 
learning and memory (Hamilton et al., 2009). We will use the virtual 
Morris Water Maze task (Hamilton et al., 2009) to assess computerized 
spatial learning and memory, followed by a Room Reconstruction Task 
(Skelton et al., 2000) to assess the ability of cognitive mapping under 
real-life conditions. In addition, we assess several measures of cognitive 
processing and executive functioning, including the Cognitive Testing 
Stress Scale, the Spatial 2-Back Test, the Color Shape Task (Sicard et al., 
2022) and the Anti-saccade Task (Hutton and Ettinger, 2006). The vir-
tual Morris Water Maze and the Room Reconstruction Task are admin-
istered 2 h following administration of endotoxin vs. placebo. Other 
cognitive measures are administered at baseline and about 4 h following 
administration of endotoxin vs. placebo. 

Secondary outcome: physical symptoms. The Brief Symptom Inventory 
(Petrowski et al., 2018) will also be used to assess a variety of somatic 
symptoms related to psychological distress up to 5 h following admin-
istration of endotoxin vs. placebo. Physical “sickness” symptoms which 
have been related to the administration of endotoxin are assessed using 
the Physical Symptom Questionnaire as described (Eisenberger et al., 
2010b; Moieni et al., 2015b). These physical or “sickness symptoms” 
include self-reported rating of severity of muscle pain, shivering, nausea, 
breathing, difficulties, and fatigue are self-rated up to 12 h. 

Secondary outcome: markers of inflammatory response. Circulating 
levels of pro- and anti-inflammatory cytokines including IL-6, TNF, IL-8, 
IL-10 and IFNγ are evaluated at baseline prior to the infusion, 30 and 60 
min post infusion, and hourly for the remainder of the experimental 
protocol. Baseline levels of inflammation as indexed by CRP, and Toll- 
like receptor (TLR)-4 stimulated monocyte production of IL-6 and 
TNF, may be related to inflammatory responsivity to challenge with 
endotoxin vs. placebo (i.e., inflammatory priming of the endotoxin 
response), and these measures will be obtained at baseline. We also 
examine upstream pathways related to activation of inflammatory cy-
tokines using whole blood samples collected at baseline and 30, 60, and 
120 min after infusion; RNA samples will be used to evaluate expression 
of genes involved in proinflammatory pathways (IL1B, IL6, IL8, CD83, 
CCL3, TNFAIP3, and NF-κB/Rel family) using quantitative real-time RT- 
PCR using established TaqMan Gene Expression Assays with transcrip-
tional profiling of the Conserved Translational Response to Adversity 
(CTRA) in circulating peripheral blood mononuclear cells (PBMCs) (Cole 
et al., 2015; Fredrickson et al., 2015). 

5.3. Safety monitoring plan 

We have extensive experience with all aspects of the endotoxin vs. 
placebo inflammatory challenge and have administered endotoxin dose 
0.8 ng/kg in over 150 adult participants (20–65 y) with no evidence of 
adverse events (AEs). Other studies have found that endotoxin dose 0.8 
ng/kg can be administered in older adult subjects with no adverse effects 
(Suffredini et al., 1999). However, a 2.5- fold increase in the endotoxin 
dose to 2.0 ng/kg results in greater increases in proinflammatory 
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cytokines, fever responses, and hypotension in older adults (61–69 
years) as compared to young adults (20–27 years, unpublished data). 

Safety monitoring is actively conducted throughout the study with 
questions about physical symptoms and monitoring of vital signs. In 
addition, participants undergo a phone interview 1 and 7 days after the 
experimental session, in which there is active querying about physical 
symptoms, and evaluation of depressive symptoms by the MADRS. 
Therefore, adverse events will be identified by continuous reporting, 
and reviewed by the Principal Investigator (MRI). 

Participants are given a 24-h telephone number for calling the 
physician should feelings of depression or suicidal thoughts emerge in 
the 7 days following the protocol. In the event that significant medical or 
psychiatric problems are encountered, the study blind will be broken so 
that appropriate medical treatment will be provided. 

The Principal Investigator has also designated appropriately quali-
fied personnel to periodically perform quality assurance checks during 
and after the study. Such monitoring provides the opportunity to eval-
uate the progress of the study and to obtain information about potential 
problems. The monitor will assure that data are accurate and in agree-
ment with any paper source documentation used, verify that subjects’ 
consent for study participation has been properly obtained and docu-
mented, confirm that research subjects entered into the study meet in-
clusion and exclusion criteria, verify that study procedures are being 
conducted according to the protocol guidelines, monitor review AEs and 
serious adverse events (SAEs), and assure that all essential documenta-
tion required by Good Clinical Practices (GCP) guidelines are appro-
priately filed. At the end of the study, the monitors will confirm that the 
site has the appropriate essential documents on file, and advise on 
storage of study records. 

An independent Data and Safety Monitoring Board (DSMB) is 
scheduled to meet every 6 months for the duration of the study. The 
DSMB is blind to subjects’ actual randomized group assignments but has 
the opportunity to request at any time that the blind be broken, if con-
cerns arise from the blinded data. Ad hoc meetings will be convened if 
SAEs occur that are considered at least possibly related to the study 
procedures. For any adverse event, the DMSB determines whether the 
event is related to experimental protocol if it occurred during the 
experimental protocol, or if it could be attributed to the protocol if it 
occurred during the 7-day follow-up. 

6. Ethics 

Institutional Review Board Review, The study is conducted under a 
protocol reviewed by the UCLA IRB; the study is conducted by scien-
tifically and medically qualified persons; the benefits of the study are in 
proportion to the risks; the rights and welfare of the subjects are 
respected; the physicians conducting the study ensure that the hazards 
do not outweigh the potential benefits; the results reported will be ac-
curate; subjects give their informed consent and are competent to do so 
and not under duress; and all study staff comply with the ethical prin-
ciples in 21 Code of Federal Regulations (CFR) Part 50 and the Belmont 
Principles. 

6.1. Ethical conduct of the study 

This study is conducted in accordance with all applicable Federal 
human research protections requirements and the Belmont Principles of 
respect for persons, beneficence, and justice. The procedures set out in 
this study are designed to ensure that all study personnel abide by the 
principles of the ICH GCP Guideline and the Code of Federal Regulations 
(CFR). The PI confirms this by signing FDA Form 1572. 

6.2. Confidentiality of data and subject records 

To maintain subject confidentiality, all laboratory specimens, eCRFs, 
reports and other records are identified by a subject number only. 

Research and clinical records are stored in a locked cabinet. Only 
research staff, and other required regulatory representatives have access 
to the records. Subject information is not released without written 
permission. 

6.3. Compensation for participation 

Subjects are compensated for travel expenses and for time contrib-
uted to this research study in the form of cash. Compensation is provided 
at each subject visit and is detailed in the informed consent form. 

6.4. Written informed consent 

The informed consent process and documents were reviewed and 
approved by the IRB and prior to initiation of the study. The IRB 
approved the screening eligibility scripts and the verbal consenting 
process for the screening interview. The IRB also approved the written 
consent document that contained a full explanation of the possible risks, 
advantages, and alternate treatment options, and availability of treat-
ment in the case of injury, in accordance with 21 CFR Part 50. The 
consent document indicates that by signature, the subject. A written 
informed consent document, in compliance with 21 CFR Part 50, 32 CFR 
Part 219, and the Belmont Principles, and HIPAA Authorization is signed 
by the subject before any study-related procedures are initiated for each 
subject. All potential subjects for the study are given a current copy of 
the Informed Consent Form to read. All aspects of the study and 
informed consent are explained in lay language to the subject by either 
the investigator, or a medically trained designee. Any subject who is 
unable to demonstrate understanding of the information contained in 
the informed consent will be excluded from study participation. 

All study subjects are given a copy of the signed informed consent. 

6.5. Data handling and record keeping 

Source documents include but are not limited to original documents, 
data and records such as interview data, questionnaire data, and labo-
ratory results. Data are transcribed from source documentation directly 
into a statistical program (i.e., SPSS). Paper copies of interview and 
questionnaire are available. The transcribed data are consistent with the 
source documents or the discrepancies are explained with a note in the 
source document. All entries, corrections, and alterations are made by 
the investigator or other authorized study personnel. 

6.6. Subject identification and confidentiality 

Subjects are identified by unique study ID numbers, and all paper 
source documents use this a unique subject number. No personal iden-
tifier will be used in any publication or communication used to support 
this research study. The subject number is used if it becomes necessary 
to identify data specific to a single subject. Regulatory bodies, such as 
the IRB, are eligible to review research records related to this study as a 
part of their responsibility to protect human subjects in clinical research. 
Personal identifiers are removed from research records. 

6.7. Retention of records 

The investigator is responsible for creating and/or maintaining all 
study documentation required by Title 21 Code of Federal Regulations 
(21CFR) Parts 50, 54, 56, and 312, ICH E6 section 8, as well as any other 
documentation defined in the protocol. Federal and local regulations 
require that the investigator retain a copy of all regulatory documents 
and records that support the data for this study for at least 5 years 
following the date on which the results of the investigation were sub-
mitted for scientific publication and/or reported on clinicaltrials.gov. 
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6.8. Data sharing plan 

The study include data from older adults with and without insomnia. 
The final dataset will include self-reported demographic and behavioral 
data from interviews, behavioral tasks, laboratory data from blood 
samples that characterize cellular and genomic markers of inflamma-
tion. The final dataset is stripped of identifiers prior to release for 
sharing, but there remains the possibility of deductive disclosure of 
subjects with unusual characteristics. Thus, we will make the data and 
associated documentation available to users only under a data-sharing 
agreement that provides for: (1) a commitment to using the data only 
for research purposes and not to identify any individual participant; (2) 
a commitment to securing the data using appropriate computer tech-
nology; (3) a commitment to destroying or returning the data after an-
alyses are completed; 4) complies with UCLA IRB protocols for protected 
health information of its members; and 5) commitment to testing of a 
priori hypotheses. The timing of sharing of data occurs no later than 
acceptance for publication of the main findings of this project. 

7. Statistical methods 

7.1. Sample size 

Data from several studies show that endotoxin induces increases in 
depressed mood as measured by the POMS with a moderate to large 
effects (d = 0.48 to 85) (Eisenberger et al., 2009, 2010b; Moieni et al., 
2015b). In addition, endotoxin induces an exaggerated increase in 
depressed mood in adults with modest sleep disturbance, as compared to 
those without sleep disturbance, with a large effect (d = .71) (Cho et al., 
2016). Using these preliminary data, Monte Carlo simulations indicate 
that sample sizes ranging from 42 to 60 yield a minimum of 85% power 
(α = 0.05, two-tailed) for main effect of condition (i.e., endotoxin vs. 
placebo), main effect of group (i.e., insomnia vs. comparison controls) 
and within time comparisons by group and by condition. Hence, a target 
sample size of n = 60 per condition (i.e., endotoxin, placebo) or n = 60 
per group (i.e., insomnia, comparison control) achieves 85% power for 
main effect of condition, main effect of group, and respective within 
time comparisons. Omnibus linear mixed models LMM analysis of 
repeated measures of depressed mood (primary outcome) yield greater 
statistical power (>90%). In addition, oversampling of the comparison 
controls, per protocol, yields even greater statistical power for between 
comparisons of group (i.e., insomnia, n = 60; comparison control, n =
100) and condition (i.e., endotoxin, n = 80; placebo, n = 80), and within 
group (i.e., control). 

7.2. Statistical analysis 

Analyses will be reported according to the CONSORT statement, and 
will use Intent-To-Treat samples (i.e., all persons who were randomized 
and received either endotoxin or placebo will be included in the anal-
ysis). Measured baseline and outcome variables will be assessed for 
distributional qualities and transformed if necessary for use in the 
selected statistical models. All pre-classification variables, including age 
(60–70 years vs. 71–80 years), sex, and body mass index (18–24.9 vs. 
25–35 kg/m2), as well as other baseline values will be compared be-
tween healthy controls and insomnia patients; those having a relation-
ship with the outcome variables will be considered for inclusion as 
covariates in the main analyses. The detailed statistical analysis plan 
will be reviewed by the independent Trial Data Monitoring and Steering 
Committees of the UCLA Clinical Translational Sciences Institute. IBM 
SPSS Version 28, SAS version 9.4 or other established statistical pack-
ages will be used for all analyses. 

The basic design is a 2 group (insomnia vs. comparison controls) by 2 
condition (endotoxin vs. placebo), analysis variance (ANOVA) with one 
or more repeated measures of outcome analyzed with linear mixed 
models (LMM). LMM provides unbiased estimates when observations 

are missing at random. The timing of repeated measures varies by 
assessment as noted above. The key results are the main effects of group 
and condition and their interaction. For those analyses with repeated 
measures, main effects of group and condition and their respective 
interaction with time will be tested. Within time comparisons between 
groups will be tested by condition. 

Primary Outcome: Depressed Mood. The primary outcome is tested 
with LMM for the depressed mood subscale of the POMS and for severity 
of depressed mood and depressive symptoms of the MADRS with a time 
frame up to 12 h. 

Secondary Outcome: Depressive Symptoms. Change in depressive 
symptoms is tested with LMM for the clinician-rated assessment of 
depressive symptom severity as measured Hamilton Rating Scale for 
Depression with a time frame up to 8 h. 

Secondary Outcome: Negative Affective Responding. Change in negative 
affective responding is tested with LMM for the following behavioral 
tasks, Emotion Recognition Task and Emotion Intensity Task with a time 
frame of about 2 h. Similar analytic strategy will be applied for other 
secondary outcomes related to negative affect responding with time 
frames ranging from 4- to 12 h. 

Secondary Outcome: Positive Affective Responding. Change in positive 
affective responding is tested with LMM for the following behavioral 
tasks, reward learning (i.e., PRT) and reward motivation and sensitivity 
to monetary reward (EEfRT) with a time frame of about 2 h. 

7.3. Other secondary outcomes 

All other outcomes as listed above including the inflammatory cy-
tokines are tested using LMM as described with a time frame up to 12 h. 

For the analyses of the inflammatory transcriptional profiles, we will 
focus upon specialized genomic analyses and utilize methods previously 
reported by us. Quantile-normalized gene expression values will be 
log2-transformed and subject to GLM analysis to provide maximum 
likelihood point estimates of differential transcript abundance between 
group (insomnia, comparsion control) and condition (endotoxin, pla-
cebo), which provide maximally replicable inputs into the higher-order 
set-based bioinformatics analyses. TELiS promoter-based bioinformatics 
analyses will test the hypothesis that PBMCs will show alterations by 
group and condition in global gene expression profiles consistent with 
decreased activity of the pro-inflammatory transcription factors NF-κB 
and AP-1. To identify the primary cellular sources of differentially 
expressed genes, we will carry out Transcript Origin Analysis. In both 
TELiS and Transcript Origin Analyses, standard errors will be estimated 
by 2000 cycles of bootstrap resampling of residual vectors from the 
linear models used to estimate differential gene expression across group 
and condition (controlling for correlated expression across genes). 

7.4. Pre-specified secondary analyses 

We will examine whether main condition effects differ as a function 
of sex, and interactions with sex for the primary and secondary out-
comes will be tested within the total sample and within the groups. 
Additional sensitivity analyses will estimate the consistency of group 
differences within the endotoxin condition across subgroups. For 
example, pre-planned sensitivity analyses within the endotoxin condi-
tion will evaluate group differences in depressed mood responses and 
negative- and positive affective responding as a function of past history 
of depression and other background characteristics. We will also 
examine the relation between changes in inflammatory outcomes and 
primary- and secondary outcomes. We and others have previously found 
that endotoxin vs. placebo induces robust activation of inflammatory 
outcomes including circulating levels of cytokines and transcriptional 
inflammatory gene profile (Cho et al., 2016, 2019; Eisenberger et al., 
2009, 2010a, 2010b, 2016). To test whether circulating levels of cyto-
kines are related to primary and secondary outcomes, circulating cyto-
kines will be used as concurrent and lagged predictors of the outcomes. 
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Additional planned exploratory analyses will test mediation. Using the 
methods of Hayes et al. and Hayes PROCESS macro (version 4.1) (Hayes, 
2015; Hayes and Preacher, 2010; Hofmann et al., 2020; Preacher and 
Hayes, 2004), the hypothesized mediation model is tested(Hayes, 2022), 
in which the effect of endotoxin on the primary outcome (i.e., POMS 
Depression) is mediated by increase in inflammation as temporally or-
dered mediational models will be adjusted for covariates included in the 
LMM analyses. 

8. Discussion 

The report describes the rationale, design and methodology of a 
placebo-controlled, randomized, double-blind study of acute systemic 
inflammation in older adults with insomnia and comparison controls. 
This study uses an inflammatory challenge (i.e., endotoxin) to probe 
acute depression responses (primary outcome) as a function of DSM-5 
insomnia, and to provide a mechanistic understanding of how 
insomnia disorder is converted to biological- and affective risk for 
depression. In addition to evaluation of depression responses, the study 
evaluates secondary outcomes related to negative and positive affective 
responding; these affective response outcomes are evaluated with self- 
report, observer-rated measures, and behavioral tasks. 

A primary study hypothesis is that the diagnosis of DMS-5 insomnia 
in older adults increases the severity of depression responses to in-
flammatory challenge, as compared to responses in older adults without 
insomnia. If this hypothesis is confirmed, older adults with two “hits”, 
insomnia and inflammation, would represent a high risk group to be 
prioritized for monitoring and for selective depression prevention efforts 
using interventions that target insomnia or inflammation. Moreover, 
this study will inform the development of mechanism-based treatments 
that target affect responses in addition to sleep behaviors, and which 
might also be coupled with efforts to reduce inflammation to optimize 
efficacy of selective depression prevention. 

The significance of this study is several fold. First, late-life depression 
is a significant public health concern, and effective interventions for 
prevention and treatment are needed. Whereas we know that the 
treatment of insomnia can substantially reduce the risk of incident and 
recurrent major depressive disorder by over 50% in older adults (Irwin 
et al., 2022), the efficacy of selective depression prevention can be 
further augmented, if selective depression prevention efforts are even 
more precise and take into consideration other modifiable risk factors 
that might be selectively identified in addition to insomnia (Cuijpers and 
Reynolds, 2022). Hence, given that insomnia is a potent modifiable risk 
factor for depression, this study is significant in providing an under-
standing how insomnia might be converted into biological risk for 
depression via activation of inflammatory pathways. Additionally, this 
study provides insight into the possible molecular mechanisms that 
might serves as potential targets for pharmacologic interventions (i.e., 
cytokine signal transduction) to mitigate the risk of depression in per-
sons with insomnia who are exposed to an infectious or other inflam-
matory challenge. Furthermore, it is significant to study older adults 
with insomnia, as this population shows evidence of chronic inflam-
mation that is thought to prime the inflammatory response to subse-
quent challenge and increase risk for depression as well as other 
morbidities (Irwin, 2015, 2019). Moreover, because acute immune 
reactivity predicts depression responses and depressive symptoms one 
year later (Aschbacher et al., 2012b), understanding the contribution of 
clinical (i.e., age, sex), behavioral (i.e., insomnia), and inflammatory (i. 
e., baseline inflammation) in moderating affective responding to in-
flammatory challenge informs the development of precision-based 
strategies to monitor high-risk populations to prevent depression when 
exposed to heightened states of inflammation (i.e., infections, inter-
personal stress). Finally, by understanding the impact of insomnia and 
inflammation, separately and together, on affective responding, 
insomnia treatments could be refined to target precisely negative- 
and/or positive affective responding, taking into account individual 

inflammatory profiles. 
No prior studies to our knowledge have employed an experimental 

model of inflammatory induced depression to develop a framework with 
potential to refine efforts to prevent late-life depression. The present 
research proposes to do so by integrating clinical characteristics, 
behavioral (i.e., insomnia, severity of sleep disturbance), and biologic (i. 
e., inflammation, inflammatory signaling responses) mechanisms to test 
a “two-hit” process, insomnia and inflammation, on affect responding in 
older adults. 

Low-dose endotoxin administration is a highly innovative experi-
mental model to understand the causal role of inflammation in the in-
duction of depressive symptoms; yet, it is a procedure that has only been 
implemented by a few laboratories in the world with only a small 
number of studies conducted to date (DellaGioia and Hannestad, 2010; 
Lasselin et al., 2020; Schedlowski et al., 2014). Furthermore, no research 
using this experimental model of depression has been conducted in older 
adults (Moieni et al., 2015b) even though this population has chronic 
inflammation and increased risk of depression. Moreover, no study has 
attempted to evaluate the clinical characteristics (i.e., age) and/or po-
tential risk factors (i.e., insomnia, baseline inflammation) which might 
explain differential increases in depressed mood and anhedonic symp-
toms following inflammatory challenge (DellaGioia and Hannestad, 
2010; Kullmann et al., 2014; Schedlowski et al., 2014). 

Sleep disturbance is associated with increases in self-reports of 
negative affect (Walker, 2010), yet almost no studies have used affective 
response tasks to evaluate the risk relationship between insomnia and 
depression (van der Helm et al., 2010), and by extension, the affective 
mechanisms by which an intervention to treat insomnia may mitigate 
risk. Furthermore, no prior experimental research on inflammation and 
depression has used innovative objective measures to assess affect 
responding as a function of insomnia. For example, this study examines 
the impact of insomnia and inflammatory challenge on accurate judg-
ment of facial emotions with implications for perceived threat (i.e., 
angry face) or reward value (i.e., happy face) (Stuhrmann et al., 2011). 
The facial emotion recognition task is used to identify negatively biased 
processing of emotional faces, which is associated with depression and 
risk of relapse in depressed patients (Bouhuys et al., 1999; Bourke et al., 
2010); a novel cognitive bias modification technique that targets such 
biases is being tested as an adjunctive treatment for sleep quality and 
depression (Adams et al., 2013). Moreover, this study is novel by eval-
uating positive affective responses, using reward based learning and 
motivation tasks (Pizzagalli et al., 2008; Vrieze et al., 2013; Whitton 
et al., 2015). 

Finally, the vast majority of research that has examined the associ-
ations between insomnia, inflammation, and depression, has assessed 
CRP and circulating levels of IL-6 and TNF (Besedovsky et al., 2012; 
Irwin et al., 2016). We have pioneered the use of cellular and genomic 
methods to evaluate the upstream molecular pathways that are regu-
lated by sleep; sleep loss induces inflammatory gene expression(Irwin 
et al., 2006), activates the inflammatory transcription factor, NF-κB 
(Irwin et al., 2008), and activates signal transducer and activator of 
transcription (STAT) family proteins (Irwin et al., 2015b) which regulate 
IL-6 and the subsequent induction of CRP (Irwin, 2019). This study will 
implement these novel methodologies to understand the impact of 
endotoxin administration, separately and in combination with insomnia, 
on genes involved in inflammation, and the extent that these genes and 
related transcriptional pathways map onto increases in inflammation 
and depressive symptoms. Integrated analyses of inflammatory- and 
affective responding will inform targets of future translational studies. 
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