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INTRODUCTION

Chronic sleep disturbance is a pervasive problem in modern 

society, and is thought to contribute to increased morbidity and 

mortality, particularly in those at elevated risk by virtue of their 

older age.1,2 Although older adults are more likely to experience 

sleep disturbances than younger adults,3 little research to date 

that has examined the differential health-related effects of sleep 

loss in older as compared to younger individuals.

One important component to maintaining good health is 

proper functioning of the immune system. Sleep may play a 

pivotal role in immunocompetence.4 Sleep promotes anti-viral 

immunity by supporting the adaptive immune response,5 with 

evidence that experimental and naturalistic sleep loss is as-

sociated with poorer immunological memory after a vaccina-

tion,6–8 whereas poor sleep quality is associated with increased 

risk for developing an upper respiratory infection.9 In contrast 

to the adaptive immune response, inadequate sleep appears to 

activate the innate immune system, with elevations in both cir-

loss.10–15

contribute to risk for age-related diseases including cardiovas-

cular disease.14,16 Whereas it is well known that older adults are 
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more vulnerable to viral infections, have an attenuated response 

to vaccination,17

markers,16 there is limited understanding of the role of sleep 

and sleep loss on age-related differences in immune responses.

Toll-like receptors serve to sense pathogens and activate in-

nate immune responses.18 Ligation of the toll-like receptor-4 

(TLR-4) with bacterial lipopolysaccharide (LPS) induces the 

-

matory response19,20 A mice model showed that LPS-mediated 

macrophage activation was reduced in aged mice,21 suggesting 

that this lowered response to bacterial stimulation with age re-

In young adult humans, experimental partial night sleep de-

privation (PSD) has been found to induce marked increases the 

following morning in LPS/TLR-4 mediated monocytic produc-

10–12 Although circulating 

cytokines are increased after repeated and total night sleep de-

privation,13,15,22,23 they typically do not show similar increases 

after 1 night of PSD.24 Whereas older adults are more likely to 

have sleep disturbances and lowered immune responses,3,17,25 

the effects of sleep loss on TLR-4 induced monocytic produc-

This study aims to evaluate differences in TLR-4 mediated 

to sleep loss and recovery sleep between young (25–39 y) and 

older adults (60–84 y). Given the existing evidence showing a 

lowered TLR-4 mediated monocyte responsiveness with age,21 

we hypothesized that there would be a blunted activation of 

LPS-stimulated, monocytic intracellular production of IL-6 and 
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An experimental model of PSD was used because it is thought 

that loss of sleep during part of the night, as opposed to total 

sleep deprivation, replicates the type of sleep loss that is ubiq-

uitous in the general population, and resembles the reduction of 

sleep duration that is often found in older adults. Measures of 

sleep continuity (e.g., total sleep time [TST], wake after sleep 

onset [WASO]) and sleep architecture (e.g., slow wave sleep 

[SWS], rapid eye movement [REM]) were obtained at base-

line, PSD, and recovery sleep to explore whether differences in 

in response to PSD were related to age differences in sleep con-

tinuity and architecture before and after PSD.

METHODS

Participants

The current analysis includes participants from several on-

going laboratory studies of the effects of sleep deprivation 

across the life span.10 All studies were conducted by the same 

research group and followed standard laboratory procedures 

as previously described.10,26–28 A full Consolidated Standards 

screening, 414 individuals were invited for additional eligibility 

evaluation. Of this sample, 135 were deemed ineligible (see 

exclusion criterion in the following 

paragraphs), 173 declined participa-

tion in the PSD, 32 did not meet the age 

criterion for the current analyses, and 

4 had missing immunologic data. The 

current analysis includes 70 subjects 

who underwent the PSD protocol, and 

is comprised of two age categories: (1) 

25–39 y (n = 21) and (2) 60 y and older 

(n = 49). A total of 62 subjects (ages 

25–39 y, n = 20; 60 y and older, n = 42) 

had PSG data. All subjects gave in-

formed consent and the University of 

California, Los Angeles (UCLA) in-

stitutional review board approved the 

protocols. Based on medical interview, 

physical examination, and screening 

laboratory tests, subjects were included 

in the study if they were deemed physi-

cally healthy including no past history 

were nonsmokers, and had a body mass 

index (BMI) < 40 (calculated as weight 

(kg) divided by the square of height 

[m]). Additional exclusion criterion 

was: current diagnosis of mental illness 

based on the Diagnostic and Statistical 

Manual of Mental Disorders (Editions 

4 (revised) or 5); sleep apnea as iden-

the sleep laboratory, chronic or acute 

(< 2 w) infection, and comorbid uncon-

trolled chronic disease. In addition, all 

subjects completed a 2-w sleep diary to verify their normal sleep 

pattern to be 7–9 h nightly between 22:30 and 07:30.

Procedures

After eligibility and medical evaluation, subjects were in-

vited to stay at the UCLA General Clinical Research Center 

(renamed the Clinical Translational Research Center) where 

they underwent experimental procedures reported previously.10 

-

rupted night of sleep (23:00–07:00) which serves as baseline. 

On a third night, sleep was deprived during the early part of 

the night (23:00–03:00) with the sleep period restricted to the 

hours between 03:00–07:00 (PSD), with awakening occurring 

regardless of sleep stage. The subsequent night serves as a re-

covery night where sleep was uninterrupted from 23:00–07:00. 

Blood samples were obtained each morning following baseline, 

PSD, and recovery nights for the assessment of LPS-stimulated 

TLR-4 activation of monocytic intracellular production of pro-

-

somnography (PSG) recordings of sleep on baseline, PSD, and 

recovery nights.

Measures

To evaluate the presence and severity of depressive symp-

toms, the Beck Depression Inventory (BDI) was administered.29 

Figure 1

• 

• 

• 

• 
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Severity of sleep disturbances prior to the experimental protocol 

was assessed by the Pittsburgh Sleep Quality Index (PSQI).30 

Sleep continuity and architecture was objectively evaluated by 

during continuous polysomnography recordings from bed-

time to waking (approximately 23:00–07:00) during each of 

the experimental nights and visually scored by trained sleep 

technicians, as previously described,27,28,31 and used to estimate 

SWS, and REM sleep. Eight participants did not have sleep 

continuity and architecture data because of acquisition errors.

CD14+ Intracellular Cytokine Production. TLR-4 stimulated 

-
10 

Heparin-treated whole blood was stimulated using 100 pg/mL 

LPS (Sigma, St. Louis, MO, USA) and incubated for 4 h at 37ºC 

in the presence of brefeldin A to retain newly produced cyto-

kines within the cell. A parallel sample was incubated without 

addition of LPS to quantify unstimulated levels, representative 

of levels of in vivo activation. Red blood cell lysis was then 

-

phyll protein (PerCP)-CD14 antibodies and stained for intracel-

lular cytokines: Phycoerythrin (PE)-IL-6 and Allophycocyanin 

-

-

tics on CellQuest Pro Software (BD Biosciences).

Analytic Strategy

IBM SPSS statistical software v. 22 was used to perform all 

statistical analyses. Independent sample T tests were performed 

to examine differences between groups in BMI, PSQI scores, 

educational attainment, and BDI scores. To test for the effect 

repeated measures mixed-model analyses of variance with a 2 

(age group: younger, older) × 3 (night: baseline, PSD, recovery) 

design, controlling for BMI and BDI scores was used. To ex-

amine differences between groups in sleep continuity and sleep 

architecture from baseline to recovery night, repeated measures 

mixed-model analyses of variance with a 2 (younger, older) × 2 

(baseline, recovery) design, controlling for BMI and BDI scores, 

was used. The mixed model allows for values to be missing as 

long as they are occurring at random (i.e., missingness is not de-

pendent on the value of unobserved variables); model estimates 

are unbiased under these conditions. Change in sleep continuity 

and architecture was computed by subtracting baseline from 

PSD and recovery night values. Change scores were used as 

an additional covariate, and missing values were replaced with 

group means in the model to retain sample size of the original 

model. Independent sample t tests were used to test differences 

between age groups within each night, and pairwise compari-

sons were used to test within-group differences between nights.

RESULTS

Demographic and clinical characteristics of the two groups 

are presented in Table 1. The younger age group (n = 21) had a 

similar distribution to the older age group (n = 49) in sex, PSQI 

global scores, and educational attainment, with no statistically 

-

pressive symptom scores (determined using the BDI) and av-

erage BMI were both elevated in the older age group compared 

to the younger age group, although not statistically different 

-

tion of depressive symptomatology and body mass on the age-

related differences, subsequent analyses included depressive 

symptom scores and BMI as covariates in the model.

Sleep Deprivation and TLR-4 Activation of Inflammation

main effect of night, such that PSD increased the percentage 

and recovery sleep, younger subjects (less than 40 y) showed 

robust increases in TLR-4 activation of monocytic production 

Exploratory analyses examined the role of sex, and found no sig-

over time nor differ between groups (data not shown).

Age Differences in Sleep Continuity

Mixed linear model analyses, adjusting for BDI and BMI, 

tested differences in sleep continuity measures between age 

groups from baseline to recovery sleep (see Table 2 for esti-

-

ferences in any of the four sleep continuity measures between 

SE, there were no main effects of age group or night, nor were 

younger adults. Whereas overall TST did not change from base-

night as compared to older adults (t = 2.6, P = 0.01). Covarying 

for change in TST from baseline to PSD or to recovery in the two 

Table 1

Demographic/clinical 
characteristic

Younger age 
(25–39 y)

Older age 
(60–84 y) P
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age groups did not alter the effects of PSD on TLR-4 activation 

% in REM among younger compared to older adults. There was 

with increases in REM from baseline to recovery in both groups. 

-

ginal means and standard errors can be found in Table 2. Change 

in REM from baseline to PSD and baseline to recovery nights of 

sleep in the two age groups did not alter the interaction effects 

of age with PSD on TLR-4 activation of monocytic production 

DISCUSSION

In the current analyses, 1 night of partial sleep loss caused 

a marked increase in TLR-4 stimulated monocytic production 

10

Table 2

PSG Sleep 
Characteristic

Younger Age (25–39 y) Older Age (60–84 y)

Baseline PSD Recovery Baseline PSD Recovery

 c

 c

 c

 c

 d

a b c 

d 
 

response to sleep loss substantially differed by age. Whereas 

young adults showed robust increases in TLR-4 induced mono-

that older adults do not show activation of this component of 

innate immunity in response to one night of sleep loss seen in 

younger individuals.

-

mation (IL-6).32 Whereas the current analyses assess intracel-

in vitro ligation 

of the TLR-4 receptor, circulating cytokines are a marker of 

This difference in source likely accounts for the difference in 

-

In addition to the lack of TLR-4 mediated immune response 

to sleep loss, older age was independently associated with 

a general decline in responsiveness to TLR-4 activation at 

related declines in immune function, such as reduced TLR pro-

duction and responsiveness in monocytes and reduced T cell 

Figure 2 Figure 3
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proliferative potential.33

-

allels animal research, in which older mice have reduced mac-

that this was the consequence of changes in mitogen-activated 

protein kinase (MAPK) expression and transcriptional regu-

lation.21 Lowered response to bacterial stimulation indicates 

impaired immunity, highlighting a potential pathway through 

which older adults may become more vulnerable to viral and 

bacterial infections.

In our sample, older adults also appear to have impairment in 

the ability to recover sleep amounts in response to PSD. Sleep 

amounts typically increase during recovery sleep following a 

night of sleep loss.34–36 In the current analyses, younger subjects 

showed increases in TST averaging around 38 min. In contrast, 

older subjects decreased TST an average of 7 min (Table 2, 

adults has been reported after total sleep deprivation or sleep 

fragmentation.34–37 Our selection criteria restricted the sample 

of older adults to healthy, normal sleepers, which may not be 

comparable to other older adult populations. Differences in TST 

in response to PSD between the two age groups did not account 

for the observed differences in TLR-4 stimulated monocytic 

time spent in REM sleep from baseline to recovery nights, with 

older adults having slightly lower overall means; however, this 

-

tory cytokine production.

A meta-analytic study of sleep continuity and architecture 

across the life span reports that older individuals typically show 

declines in SWS and REM along with increases in WASO and 

stage 1 and 2 sleep.38 However, this study also noted that the 

effect sizes were reduced when factors such as sleep apnea 

and comorbidities were considered. Given our sample of older 

adults were only included if they exhibited regular sleep dura-

tion without phase shifting and did not have sleep apnea or in-

young and older adults should be reviewed within this context.

-

-

sponse to subsequent LPS challenge.39 Stress-induced priming 

adaptive in the short term, while detrimental in the long term 
39,40 Similarly, sleep loss-

-

tive in the short term, in that disruptions in sleep might serve 

as a danger signal—there is threat to survival (e.g., predation, 

exposure. In other words, priming of the innate immune system 

an environment where imminent threat of bacterial exposure 

showing that sleep deprivation in Drosophila prior to exposure 

to bacterial infection enhanced bacterial clearance and survival 

compared to those not sleep deprived.41 The immune enhancing 

effect of sleep deprivation in this study was mediated through 

-

-

tory cytokine gene expression. This is consistent with our result 

-

pression after PSD in younger adults, which was not present in 

older adults.

term sleep loss appears to be altered with age, consistent with 

evidence that the aged immune system has a generally compro-

mised immune response to invading pathogens and elevated in-

fection risk. This aging of the immune system is caused in part 

by a greater proportion of cells having reached a senescent (end 

stage with reduced functionality and an inability to replicate) 

or near-senescent state.42–44 Another role of the TLR-mediated 

activation of innate immune system response is its ability to 

enhance the adaptive immune defense to pathogens.19,20 Indeed, 

TLR stimulation is currently being proposed as an adjuvant to 

vaccines to activate the innate immune system, which in turn 

enhances the adaptive immune system response to the invading 

viral pathogens (e.g., vaccine).19 A declining TLR–mediated ac-

tivation may put older individuals at elevated risk for poor vac-

for understanding the role of aging on both innate and adaptive 

immune responses.

Although cortisol was not measured in the current study, there 

is existing evidence that sleep deprivation reduces morning cor-

tisol levels.22,45,46 In contrast to younger adults, older adults are 

reported to have elevated nocturnal cortisol levels, which are 
32 Given the 

blunted TLR-4 activation in older adults is the consequence of 

mechanism.47,48

In considering potential limitations to the current analyses, 

depressive symptom scores were elevated in older compared to 

younger subjects, although the difference was not statistically 

-

tion49; however, our analyses control for depressive symptoms 

and major depression was an exclusion criterion. It therefore is 

doubtful that depression is contributing to the observed age dif-

in the current study is a single time-point assessment of TLR-4 

activated monocyte responsiveness, and future research should 

consider whether differences by age are present across the day-

a constant time in bed and time of blood draw were maintained, 

which did not allow for extension of sleep in the morning on the 

on average, that was far less than the available time to sleep. 

However, extension of available time in bed during recovery 

younger versus older adults at recovery.

Major strengths of the current study are our considerable 

sample size for PSD research (n = 70), which includes a 4-night 

stay at a clinical research facility where subjects are monitored 

for sleep abnormalities and observed under controlled condi-

tions, and a thorough screening for mental health and medical 
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problems that might affect the immune system. Although pop-

ulation-based studies suggest that sleep duration and continuity 

is often compromised in later life,3 our sample of older adults 

in comparable PSQI scores between younger and older adults 

and similar baseline sleep continuity. Thus, the differences ob-

-

ferences in current average sleep quality. However, this may 

limit the generalizability of our observations as the current 

sample is less representative of the older adult population in 

terms of sleep characteristics.

Sleep loss has been shown to have a detrimental effect on 

numerous system regulators beyond immunity50; however, 

the majority of evidence links sleep loss to changes in these 

parameters in young healthy subjects, with limited research 

on these biological regulatory systems in older adults. Given 

the prevalence of sleep complaints among older adults, addi-

tional research is warranted to address the question of whether 

sleep loss has differential effects in older compared to younger 

individuals.

SUMMARY

-

matory cytokines after 1 night of partial sleep deprivation in 

younger (25–39 y) but not older (60–84 y) adults. These differ-

declines in TLR-4 mediated macrophage responses with age 

and suggest that older adults exhibit a reduced immune re-

sponse that, unlike younger adults, is not activated after a night 

of partial sleep loss.
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