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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 associated with poorer immunological memory after a vaccination,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 cirFXODWLQJ DQG LQWUDFHOOXODU LQÀDPPDWRU\ UHVSRQVHV DIWHU VOHHS
loss.10–157KLVSDWWHUQRILQÀDPPDWLRQLIFKURQLFLVWKRXJKWWR
contribute to risk for age-related diseases including cardiovascular disease.14,16 Whereas it is well known that older adults are

more vulnerable to viral infections, have an attenuated response
to vaccination,17 DQG VKRZ V\VWHPLF ULVHV LQ LQÀDPPDWRU\
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 innate immune responses.18 Ligation of the toll-like receptor-4
(TLR-4) with bacterial lipopolysaccharide (LPS) induces the
SURGXFWLRQ RI SURLQÀDPPDWRU\ F\WRNLQHV E\ PRQRF\WHV DQG
VHUYHV DV DQ LQGLFDWRU RI WKH LQQDWH LPPXQH V\VWHP¶V LQÀDPmatory 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 reÀHFWVDQLPSDLUHGLPPXQHV\VWHP
In young adult humans, experimental partial night sleep deprivation (PSD) has been found to induce marked increases the
following morning in LPS/TLR-4 mediated monocytic producWLRQRISURLQÀDPPDWRU\F\WRNLQHVVXFKDVLQWHUOHXNLQ ,/ 
DQGWXPRUQHFURVLVIDFWRUĮ 71)Į 10–12 Although circulating
cytokines are increased after repeated and total night sleep deprivation,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 producWLRQRILQÀDPPDWRU\F\WRNLQHVLQROGHUDGXOWVLVQRWNQRZQ
This study aims to evaluate differences in TLR-4 mediated
PRQRF\WHSURGXFWLRQRISURLQÀDPPDWRU\F\WRNLQHVLQUHVSRQVH
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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exclusion criterion in the following
paragraphs), 173 declined participaScreened
tion in the PSD, 32 did not meet the age
criterion for the current analyses, and
4 had missing immunologic data. The
5HFUXLWHGWKURXJKFRPPXQLW\DGYHUWLVHPHQW
current analysis includes 70 subjects
DQGWHOHSKRQHVFUHHQLQJ Q 
who underwent the PSD protocol, and
is comprised of two age categories: (1)
25–39
y (n = 21) and (2) 60 y and older
([FOXGHG Q 
(n = 49). A total of 62 subjects (ages
• ,QHOLJLEOH Q 
25–39 y, n = 20; 60 y and older, n = 42)
• 5HIXVHG Q 
• $JH Q 
had PSG data. All subjects gave in• ,PPXQRORJLFGDWDPLVVLQJ Q 
formed consent and the University of
California, Los Angeles (UCLA) institutional review board approved the
(OLJLEOH Q 
protocols. Based on medical interview,
physical examination, and screening
laboratory tests, subjects were included
Allocation
in the study if they were deemed physically healthy including no past history
RI FDQFHU RU LQÀDPPDWRU\ GLVRUGHUV
$OORFDWHGWR±DJHJURXS Q 
$OORFDWHGWRDJHJURXS Q 
were nonsmokers, and had a body mass
5HFHLYHG36'
5HFHLYHG36'
index (BMI) < 40 (calculated as weight
(kg) divided by the square of height
[m]). Additional exclusion criterion
Analysis
was: current diagnosis of mental illness
based on the Diagnostic and Statistical
Manual
of Mental Disorders (Editions
$QDO\]HG±DJHJURXS Q 
$QDO\]HGDJHJURXS Q  
4 (revised) or 5); sleep apnea as idenWL¿HGGXULQJWKHQLJKWRIDGDSWDWLRQWR
the sleep laboratory, chronic or acute
Figure 1²&RQVROLGDWHG6WDQGDUGVRI5HSRUWLQJ7ULDOV &216257 )ORZ'LDJUDP
(< 2 w) infection, and comorbid uncontrolled chronic disease. In addition, all
71)ĮIROORZLQJ36'LQROGHUDVFRPSDUHGWR\RXQJHUDGXOWV subjects completed a 2-w sleep diary to verify their normal sleep
An experimental model of PSD was used because it is thought
pattern to be 7–9 h nightly between 22:30 and 07:30.
that loss of sleep during part of the night, as opposed to total
sleep deprivation, replicates the type of sleep loss that is ubiqProcedures
uitous in the general population, and resembles the reduction of
After eligibility and medical evaluation, subjects were insleep duration that is often found in older adults. Measures of
vited to stay at the UCLA General Clinical Research Center
sleep continuity (e.g., total sleep time [TST], wake after sleep
(renamed the Clinical Translational Research Center) where
onset [WASO]) and sleep architecture (e.g., slow wave sleep
they underwent experimental procedures reported previously.10
[SWS], rapid eye movement [REM]) were obtained at base%ULHÀ\IROORZLQJWKHDGDSWDWLRQQLJKWVXEMHFWVKDGDQXQLQWHUline, PSD, and recovery sleep to explore whether differences in
rupted night of sleep (23:00–07:00) which serves as baseline.
VWLPXODWHGPRQRF\WLFSURGXFWLRQRISURLQÀDPPDWRU\F\WRNLQHV
On a third night, sleep was deprived during the early part of
in response to PSD were related to age differences in sleep conthe night (23:00–03:00) with the sleep period restricted to the
tinuity and architecture before and after PSD.
hours between 03:00–07:00 (PSD), with awakening occurring
regardless of sleep stage. The subsequent night serves as a reMETHODS
covery night where sleep was uninterrupted from 23:00–07:00.
Blood samples were obtained each morning following baseline,
Participants
PSD, and recovery nights for the assessment of LPS-stimulated
The current analysis includes participants from several onTLR-4 activation of monocytic intracellular production of progoing laboratory studies of the effects of sleep deprivation
LQÀDPPDWRU\F\WRNLQHVSULRUWRDQ\GD\WLPHDFWLYLWLHVDQGRU
across the life span.10 All studies were conducted by the same
PHDOV 1LJKWWLPH VOHHS SDWWHUQV ZHUH PRQLWRUHG XVLQJ SRO\research group and followed standard laboratory procedures
somnography (PSG) recordings of sleep on baseline, PSD, and
as previously described.10,26–28 A full Consolidated Standards
recovery nights.
RI 5HSRUWLQJ 7ULDOV &216257  ÀRZ GLDJUDP RI WKH VDPSOH
VHOHFWLRQFDQEHVHHQLQ)LJXUH$IWHUSUHOLPLQDU\WHOHSKRQH
Measures
screening, 414 individuals were invited for additional eligibility
To evaluate the presence and severity of depressive sympevaluation. Of this sample, 135 were deemed ineligible (see
toms, the Beck Depression Inventory (BDI) was administered.29
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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
36* %ULHÀ\ HOHFWURHQFHSKDORJUDSK\ UHDGLQJV ZHUH REWDLQHG
during continuous polysomnography recordings from bedtime 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
:$62VOHHSHI¿FLHQF\ 6( 767VOHHSRQVHWODWHQF\ 62/ 
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
PRQRF\WH LQWUDFHOOXODU SURGXFWLRQ RI ,/ DQG 71)Į ZDV DVVHVVHGXVLQJDÀRZF\WRPHWULFDSSURDFKUHSRUWHGSUHYLRXVO\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 cytokines 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
SHUIRUPHG 0RQRF\WHV ZHUH LGHQWL¿HG XVLQJ 3HULGLQLQ FKORURphyll protein (PerCP)-CD14 antibodies and stained for intracellular cytokines: Phycoerythrin (PE)-IL-6 and Allophycocyanin
$3& 71) %' %LRVFLHQFHV 6DQ -RVH &$ $SSUR[LPDWHO\
 WRWDO HYHQWV ZHUH DFTXLUHG WKURXJK WKH ÀRZ F\WRPHWHU
)$&6FDQ%'%LRVFLHQFHV DQGSHUFHQWDJHRIPRQRF\WHVSRVLWLYHIRU71)ĮDQGRU,/ZDVFRPSXWHGXVLQJTXDGUDQWVWDWLVtics 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
RI 36' RQ PRQRF\WH SURGXFWLRQ RI LQÀDPPDWRU\ F\WRNLQHV
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 examine 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 dependent 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 comparisons 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
SLEEP, Vol. 38, No. 2, 2015
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Table 1²'HPRJUDSKLFDQGFOLQLFDOFKDUDFWHULVWLFVRISDUWLFLSDQWVE\DJH
JURXS
Demographic/clinical
Younger age
characteristic
(25–39 y)
$JH \
 
6H[ PDOH


 
%RG\PDVVLQGH[ NJP
(GXFDWLRQ \
 
364,*OREDO6FRUH
 
%HFN'HSUHVVLRQ
 
,QYHQWRU\6FRUH

Older age
(60–84 y)
 

 
 
 
 

P







9DOXHV SUHVHQWHG DV PHDQ VWDQGDUG GHYLDWLRQ  RU SHUFHQWDJHV ZKHUH
DSSOLFDEOH364,3LWWVEXUJK6OHHS4XDOLW\,QGH[

VLJQL¿FDQW PHDQ GLIIHUHQFHV DW WKH 3   OHYHO 0HDQ GHpressive symptom scores (determined using the BDI) and average BMI were both elevated in the older age group compared
to the younger age group, although not statistically different
3 !   1HYHUWKHOHVV WR DGMXVW IRU WKH SRVVLEOH FRQWULEXtion of depressive symptomatology and body mass on the agerelated differences, subsequent analyses included depressive
symptom scores and BMI as covariates in the model.
Sleep Deprivation and TLR-4 Activation of Inflammation
&RQVLVWHQWZLWKRXUSUHYLRXV¿QGLQJVWKHUHZDVDVLJQL¿FDQW
main effect of night, such that PSD increased the percentage
RIPRQRF\WHVSURGXFLQJ71)ĮDQGRU,/ )   
3   $GGLWLRQDOO\ WKHUH ZDV D VLJQL¿FDQW PDLQ HIIHFW RI
DJH JURXS RQ PRQRF\WLF SURGXFWLRQ RI 71) Į DQGRU ,/
)   3 DQGDVLJQL¿FDQWLQWHUDFWLRQRIDJH
JURXSîQLJKW )   3 $IWHUDQLJKWRI36'
and recovery sleep, younger subjects (less than 40 y) showed
robust increases in TLR-4 activation of monocytic production
RI71)ĮDQGRU,/FRPSDUHGWREDVHOLQH 3 ZLWKQR
FKDQJHLQWKHROGHUVXEMHFWV \RUROGHU  3!  )LJXUH 
Exploratory analyses examined the role of sex, and found no sigQL¿FDQWHIIHFWRIJHQGHURQWKHDJHîQLJKWLQWHUDFWLRQ 3! 
8QVWLPXODWHGSURGXFWLRQRI71)ĮDQGRU,/GLGQRWFKDQJH
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 estiPDWHGPDUJLQDOPHDQV 7KHUHZHUHQRVLJQL¿FDQWEDVHOLQHGLIferences in any of the four sleep continuity measures between
\RXQJHUDQGROGHUDGXOWV DOO3! )RU:$6262/DQG
SE, there were no main effects of age group or night, nor were
WKHUHDQ\VLJQL¿FDQWLQWHUDFWLRQVRIDJHE\QLJKW DOO3! 
)RU 767 RYHUDOO WKHUH ZDV D VLJQL¿FDQW PDLQ HIIHFW RI DJH
)   3  ZLWKOHVV767LQROGHUFRPSDUHGWR
younger adults. Whereas overall TST did not change from baseOLQHWRUHFRYHU\VOHHS )   3  WKHUHZDVD
VLJQL¿FDQWLQWHUDFWLRQRIDJHîQLJKW )   3 
)LJXUH LQZKLFK\RXQJHUDGXOWVKDGORQJHU767DWUHFRYHU\
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
6OHHS'HSULYDWLRQDQG,QÀDPPDWLRQ²&DUUROOHWDO

Table 2²(VWLPDWHGPDUJLQDOPHDQV VWDQGDUGHUURU RISRO\VRPQRJUDSK\UHFRUGLQJVRIVOHHSFRQWLQXLW\GXULQJEDVHOLQHDQGUHFRYHU\VOHHSDGMXVWHGIRU
ERG\PDVVLQGH[DQG%HFN'HSUHVVLRQ,QYHQWRU\
PSG Sleep
Characteristic
767PLQDE
6( c
62/PLQ c
:$62PLQ c
6:6RI767 c
5(0RI767 d

Baseline
 
 
 
 
 
 

Younger Age (25–39 y)
PSD
Recovery
 
 
 
 
 
 
 
 
 
 
 
 

Baseline
 
 
 
 
 
 

Older Age (60–84 y)
PSD
 
 
 
 
 
 

Recovery
 
 
 
 
 
 

3 IRUGLIIHUHQFHLQRYHUDOO767LQ\RXQJYVROGb 3 IRUGLIIHUHQFHLQ767DWUHFRYHU\LQ\RXQJYVROGc 1RVLJQL¿FDQWGLIIHUHQFHVLQEDVHOLQH
WRUHFRYHU\RUEHWZHHQ\RXQJYVROGd 3 IRUGLIIHUHQFHLQRYHUDOO5(0LQ\RXQJ YVROG3 LQRYHUDOOGLIIHUHQFHLQ5(0EDVHOLQHWRUHFRYHU\
,QWHUDFWLRQRIDJH \RXQJROGHU îWLPH EDVHOLQHUHFRYHU\ 3 QV36'SDUWLDOVOHHSGHSULYDWLRQ36*SRO\VRPQRJUDSK\5(0UDSLGH\HPRYHPHQW6(
VOHHSHI¿FLHQF\62/VOHHSRQVHWODWHQF\6:6VORZZDYHVOHHS767WRWDOVOHHSWLPH:$62ZDNHDIWHUVOHHSRQVHW
a

Figure 2²(VWLPDWHG PHDQ VWDQGDUG HUURU  SHUFHQWDJH RI PRQRF\WHV
H[SUHVVLQJ71)ĮDQGRU,/WKHPRUQLQJDIWHUDQRUPDOQLJKWRIVOHHS
EDVHOLQH  SDUWLDO VOHHS GHSULYDWLRQ 36'  DQG D VXEVHTXHQW QRUPDO
QLJKW RI VOHHS UHFRYHU\  E\ DJH JURXS $VWHULVN LQGLFDWHV VLJQL¿FDQW
GLIIHUHQFHEHWZHHQJURXSV371)ĮWXPRUQHFURVLVIDFWRUĮ

Figure 3²(VWLPDWHGPHDQ VWDQGDUGHUURU WRWDOVOHHSWLPHDWEDVHOLQH
DQG UHFRYHU\ E\ DJH JURXS $VWHULVN LQGLFDWHV VLJQL¿FDQW GLIIHUHQFH
EHWZHHQJURXSV3

age groups did not alter the effects of PSD on TLR-4 activation
RI PRQRF\WLF SURGXFWLRQ RI ,/ DQGRU71)Į:H REVHUYHG
QRVLJQL¿FDQWWLPHDJHJURXSRUWLPHE\DJHJURXSLQWHUDFWLRQ
HIIHFWVLQ6:67KHUHZDVDVLJQL¿FDQWDJHJURXSPDLQHIIHFW
LQ5(0VOHHS )   3  ZLWKVOLJKWO\KLJKHU
% in REM among younger compared to older adults. There was
DOVRDPDLQHIIHFWRIWLPHRQ5(0 )   3  
with increases in REM from baseline to recovery in both groups.
7KH LQWHUDFWLRQ ZDV QRW VLJQL¿FDQW 3    (VWLPDWHG PDUginal 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
RI,/DQGRU71)Į
DISCUSSION
In the current analyses, 1 night of partial sleep loss caused
a marked increase in TLR-4 stimulated monocytic production
RI SURLQÀDPPDWRU\ F\WRNLQHV FRQVLVWHQW ZLWK RXU SUHYLRXV
¿QGLQJV10 +RZHYHU DFWLYDWLRQ RI FHOOXODU LQÀDPPDWLRQ LQ
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response to sleep loss substantially differed by age. Whereas
young adults showed robust increases in TLR-4 induced monoF\WLF SURGXFWLRQ RI LQÀDPPDWRU\ F\WRNLQHV DIWHU D QLJKW RI
36'ROGHUDGXOWVGLGQRW7KHVHGDWDSURYLGHWKH¿UVWHYLGHQFH
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.
2XU UHVXOWV DUH FRQWUDVWHG WR ¿QGLQJV WKDW D QLJKW RI SRRU
VOHHS LQ ROGHU DGXOWV LQFUHDVHV D FLUFXODWLQJ PDUNHU RI LQÀDPmation (IL-6).32 Whereas the current analyses assess intracelOXODU LQÀDPPDWRU\ F\WRNLQH SURGXFWLRQ DIWHU in vitro ligation
of the TLR-4 receptor, circulating cytokines are a marker of
V\VWHPLFLQÀDPPDWLRQGHULYHGIURPQXPHURXVFHOOXODUVRXUFHV
This difference in source likely accounts for the difference in
¿QGLQJV DQG IXWXUH UHVHDUFK VKRXOG DOVR FRQVLGHU DJH GLIIHUHQFHVLQV\VWHPLFLQÀDPPDWRU\F\WRNLQHVDIWHUVOHHSORVV
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
EDVHOLQH7KLVLVFRQVLVWHQWZLWKRWKHU¿QGLQJVWKDWVKRZDJH
related declines in immune function, such as reduced TLR production and responsiveness in monocytes and reduced T cell
6OHHS'HSULYDWLRQDQG,QÀDPPDWLRQ²&DUUROOHWDO

proliferative potential.33 2XU ¿QGLQJV VKRZLQJ ORZHU EDVHOLQH
LQÀDPPDWRU\UHVSRQVHWR7/5DFWLYDWLRQLQROGHUDGXOWVSDUallels animal research, in which older mice have reduced macURSKDJHSURGXFWLRQRISURLQÀDPPDWRU\F\WRNLQHV71)ĮDQG
,/DIWHU/36H[SRVXUH7KLVPRXVHPRGHOIXUWKHUFRQ¿UPHG
that this was the consequence of changes in mitogen-activated
protein kinase (MAPK) expression and transcriptional regulation.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,
)LJXUH   ([WHQVLRQ RI 767 GXULQJ UHFRYHU\ VOHHS LQ ROGHU
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
SURGXFWLRQ RI SURLQÀDPPDWRU\ F\WRNLQHV %RWK \RXQJHU DQG
ROGHULQGLYLGXDOVVKRZHGVLJQL¿FDQWLQFUHDVHVLQSHUFHQWDJHRI
time spent in REM sleep from baseline to recovery nights, with
older adults having slightly lower overall means; however, this
GLG QRW DFFRXQW IRU WKH REVHUYHG GLIIHUHQFHV LQ SURLQÀDPPDtory 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 duration without phase shifting and did not have sleep apnea or inÀDPPDWRU\GLVHDVHVWKHVLPLODUVOHHSSDWWHUQVZHREVHUYHGLQ
young and older adults should be reviewed within this context.
2XU¿QGLQJVKRZLQJWKDWLQ\RXQJHUDGXOWVVOHHSGHSULYDWLRQ DIIHFWV LQÀDPPDWRU\ UHVSRQVHV WR D VXEVHTXHQW LPPXQH
FKDOOHQJH LV VLPLODU WR WKH ¿QGLQJV VKRZLQJ WKDW VWUHVV FDQ
SULPHLQQDWHLPPXQHFHOOVWRPRXQWDJUHDWHULQÀDPPDWRU\UHsponse to subsequent LPS challenge.39 Stress-induced priming
RI DQ LQÀDPPDWRU\ UHVSRQVH LV WKRXJKW WR EH HYROXWLRQDULO\
adaptive in the short term, while detrimental in the long term
HJLQÀDPPDWRU\GLVHDVHVRIDJLQJ 39,40 Similarly, sleep lossLQGXFHGSULPLQJRILQÀDPPDWRU\UHVSRQVHVPD\DOVREHDGDStive in the short term, in that disruptions in sleep might serve
as a danger signal—there is threat to survival (e.g., predation,
KRVWLOHFRQVSHFL¿F DQGRUDQHHGIRUSURWHFWLRQIURPSDWKRJHQ
exposure. In other words, priming of the innate immune system
IRUVXEVHTXHQWSDWKRJHQHQFRXQWHUVZRXOGPD[LPL]H¿WQHVVLQ
an environment where imminent threat of bacterial exposure
LV RI KLJK SUREDELOLW\ ,QGHHG WKLV LV FRQVLVWHQW ZLWK ¿QGLQJV
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
SLEEP, Vol. 38, No. 2, 2015

effect of sleep deprivation in this study was mediated through
LQFUHDVHGQXFOHDUIDFWRUNDSSD% 1)N% VLJQDOLQJDWUDQVFULSWLRQIDFWRUDFWLYDWHGE\7/5DQGDNH\UHJXODWRURILQÀDPPDtory cytokine gene expression. This is consistent with our result
VKRZLQJHQKDQFHG7/5PHGLDWHGLQÀDPPDWRU\F\WRNLQHH[pression after PSD in younger adults, which was not present in
older adults.
7KH LQWUDFHOOXODU LQÀDPPDWRU\ UHVSRQVH SDWWHUQ WR VKRUW
term sleep loss appears to be altered with age, consistent with
evidence that the aged immune system has a generally compromised immune response to invading pathogens and elevated infection 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 activation may put older individuals at elevated risk for poor vacFLQDWLRQ UHVSRQVHV 2XU ¿QGLQJV KDYH LPSRUWDQW LPSOLFDWLRQV
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 cortisol levels.22,45,46 In contrast to younger adults, older adults are
reported to have elevated nocturnal cortisol levels, which are
DVVRFLDWHGZLWKDODFNRIQRFWXUQDOULVHLQ71)Į32 Given the
DQWLLQÀDPPDWRU\SURSHUWLHVRIFRUWLVROLWLVIHDVLEOHWKDWWKH
blunted TLR-4 activation in older adults is the consequence of
HOHYDWHGFRUWLVRO)XWXUHUHVHDUFKVKRXOGFRQVLGHUWKLVSRVVLEOH
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
VLJQL¿FDQW 'HSUHVVLRQ LV DVVRFLDWHG ZLWK HOHYDWHG LQÀDPPDtion49; 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 difIHUHQFHVLQ7/5VWLPXODWHGLQÀDPPDWLRQ$QRWKHUOLPLWDWLRQ
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 dayWLPHDQGQLJKWWLPHKRXUV/LNHZLVHWRPLQLPL]HWKHLQÀXHQFH
RIFLUFDGLDQIDFWRUVRQ7/5DFWLYDWLRQRIFHOOXODULQÀDPPDWLRQ
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
UHFRYHU\QLJKW1HYHUWKHOHVVVXEMHFWVLQERWKJURXSVKDG767
on average, that was far less than the available time to sleep.
However, extension of available time in bed during recovery
PLJKWKDYHIXUWKHUPDJQL¿HGWKH767GLIIHUHQFHHYLGHQWLQWKH
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 conditions, and a thorough screening for mental health and medical
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problems that might affect the immune system. Although population-based studies suggest that sleep duration and continuity
is often compromised in later life,3 our sample of older adults
ZDVVHOHFWHGEDVHGRQKHDOWK\VOHHSSDWWHUQVZKLFKLVUHÀHFWHG
in comparable PSQI scores between younger and older adults
and similar baseline sleep continuity. Thus, the differences obVHUYHGLQLQÀDPPDWRU\UHVSRQVHVDUHQRWOLNHO\FDXVHGE\GLIferences 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, additional research is warranted to address the question of whether
sleep loss has differential effects in older compared to younger
individuals.
SUMMARY
,QVXPPDU\RXU¿QGLQJVGRFXPHQWVLJQL¿FDQWLQFUHDVHVLQ
7/5 DFWLYDWHG PRQRF\WH LQWUDFHOOXODU SURGXFWLRQ RI LQÀDPmatory cytokines after 1 night of partial sleep deprivation in
younger (25–39 y) but not older (60–84 y) adults. These differHQFHVE\DJHDUHVLPLODUWR¿QGLQJVLQDQLPDOPRGHOVVKRZLQJ
declines in TLR-4 mediated macrophage responses with age
and suggest that older adults exhibit a reduced immune response that, unlike younger adults, is not activated after a night
of partial sleep loss.
ACKNOWLEDGMENTS
The authors thank the other investigators, the staff, and the
participants for their valuable contributions.
DISCLOSURE STATEMENT
This was not an industry supported study. This work was
VXSSRUWHGLQSDUWE\WKH1DWLRQDO,QVWLWXWHRI+HDOWKJUDQWVVXSported by R01-AG034588; R01-AG026364; R01 CA16024501; R01-CA119159; R01 HL095799; R01 DA032922-01;
P30-AG028748 to MRI; and UCLA CTSI UL1TR000124, and
the Cousins Center for Psychoneuroimmunology. The manuscript preparation was supported by grant T32-MH19925, the
$PHULFDQ 6OHHS 0HGLFLQH )RXQGDWLRQ %ULGJH WR . $ZDUG
and the Cousins Center for Psychoneuroimmunology, UCLA
-(&  'U 6HHPDQ VHUYHG RQ DQ DGYLVRU\ ERDUG IRU D 1,+
IXQGHG1DWLRQDO+HDOWKDQG$JLQJ7UHQGVVWXG\DQGUHFHLYHG
honoraria. She also received honoraria for giving a keynote
speech at the University of Alabama, Birmingham Health
Disparities conference. The other authors have indicated no
¿QDQFLDOFRQÀLFWVRILQWHUHVW7KHZRUNZDVSHUIRUPHGDWWKH
University of California, Los Angeles.
REFERENCES

1. *DQJZLVFK -( +H\PV¿HOG 6% %RGHQ$OEDOD % HW DO 6OHHS GXUDWLRQ
associated with mortality in elderly, but not middle-aged, adults in a large
US sample. Sleep 2008;31:1087–96.

SLEEP, Vol. 38, No. 2, 2015

210

2. &DSSXFFLR )3 &RRSHU ' '¶(OLD / 6WUD]]XOOR 3 0LOOHU 0$ 6OHHS
duration predicts cardiovascular outcomes: a systematic review and metaDQDO\VLVRISURVSHFWLYHVWXGLHV(XU+HDUW-±
3. 9D] )UDJRVR &$ *LOO 70 6OHHS FRPSODLQWV LQ FRPPXQLW\OLYLQJ
ROGHU SHUVRQV D PXOWLIDFWRULDO JHULDWULF V\QGURPH - $P *HULDWU 6RF
2007;55:1853–66.
4. 'LQJHV ') 'RXJODV 6' +DPDUPDQ 6 =DXJJ / .DSRRU 6 6OHHS
GHSULYDWLRQDQGKXPDQLPPXQHIXQFWLRQ$GY1HXURLPPXQRO±
110.
5. %HVHGRYVN\ / /DQJH 7 %RUQ - 6OHHS DQG LPPXQH IXQFWLRQ (XU -
Physiol 2012;463:121–37.
6. /DQJH7'LPLWURY6%RUQ-(IIHFWVRIVOHHSDQGFLUFDGLDQUK\WKPRQWKH
KXPDQLPPXQHV\VWHP$QQ1<$FDG6FL±
7. 3UDWKHU $$ +DOO 0 )XU\ -0 HW DO 6OHHS DQG DQWLERG\ UHVSRQVH WR
hepatitis B vaccination. Sleep 2012;35:1063–9.
8. /DQJH73HUUDV%)HKP+/%RUQ-6OHHSHQKDQFHVWKHKXPDQDQWLERG\
response to hepatitis A vaccination. Psychosom Med 2003;65:831–5.
9. &RKHQ 6 'R\OH :-$OSHU &0 -DQLFNL'HYHUWV ' 7XUQHU 5% 6OHHS
habits and susceptibility to the common cold. Arch Intern Med
2009;169:62–7.
10. Irwin MR, Wang M, Campomayor CO, Collado-Hidalgo A, Cole S. Sleep
deprivation and activation of morning levels of cellular and genomic
PDUNHUVRILQÀDPPDWLRQ$UFK,QWHUQ0HG±
11. Irwin MR, Carrillo C, Olmstead R. Sleep loss activates cellular markers
RILQÀDPPDWLRQVH[GLIIHUHQFHV%UDLQ%HKDY,PPXQ±
12. Irwin MR, Wang M, Ribeiro D, et al. Sleep loss activates cellular
LQÀDPPDWRU\VLJQDOLQJ%LRO3V\FKLDWU\±
13. +DDFN06DQFKH](0XOOLQJWRQ-0(OHYDWHGLQÀDPPDWRU\PDUNHUVLQ
response to prolonged sleep restriction are associated with increased pain
experience in healthy volunteers. Sleep 2007;30:1145–52.
14. 0XOOLQJWRQ-06LPSVRQ160HLHU(ZHUW+.+DDFN06OHHSORVVDQG
LQÀDPPDWLRQ%HVW3U5HV&OLQ(QGRFULQRO0HWDE±
15. 0HLHU(ZHUW +. 5LGNHU 30 5LIDL 1 HW DO (IIHFW RI VOHHS ORVV RQ
&UHDFWLYHSURWHLQDQLQÀDPPDWRU\PDUNHURIFDUGLRYDVFXODUULVN-$P
Coll Cardiol 2004;43:678–83.
16. &KXQJ +< &HVDUL 0 $QWRQ 6 HW DO 0ROHFXODU LQÀDPPDWLRQ
underpinnings of aging and age-related diseases. Ageing Res Rev
2009;8:18–30.
17. Weinberger B, Herndler-Brandstetter D, Schwanninger A, Weiskopf D,
Grubeck-Loebenstein B. Biology of immune responses to vaccines in
elderly persons. Clin Infect Dis 2008;46:1078–84.
18. $NLUD 6 7DNHGD . 7ROOOLNH UHFHSWRU VLJQDOOLQJ 1DW 5HY ,PPXQRO
2004;4:499–511.
19. Coffman RL, Sher A, Seder RA. Vaccine adjuvants: putting innate
immunity to work. Immunity 2010;33:492–503.
20. +RHEH.-DQVVHQ(%HXWOHU%7KHLQWHUIDFHEHWZHHQLQQDWHDQGDGDSWLYH
LPPXQLW\1DW,PPXQRO±
21. %RHKPHU('*RUDO-)DXQFH'(.RYDFV(-$JHGHSHQGHQWGHFUHDVH
LQ 7ROOOLNH UHFHSWRU PHGLDWHG SURLQÀDPPDWRU\ F\WRNLQH SURGXFWLRQ
DQG PLWRJHQDFWLYDWHG SURWHLQ NLQDVH H[SUHVVLRQ - /HXNRF %LRO
2004;75:342–9.
22. 9JRQW]DV$1$GYHUVHHIIHFWVRIPRGHVWVOHHSUHVWULFWLRQRQVOHHSLQHVV
SHUIRUPDQFH DQG LQÀDPPDWRU\ F\WRNLQHV - &OLQ (QGRFULQRO 0HWDE
2004;89:2119–26.
23. )UH\'-)OHVKQHU0:ULJKW.37KHHIIHFWVRIKRXUVRIWRWDOVOHHS
GHSULYDWLRQ RQ LQÀDPPDWRU\ PDUNHUV LQ KHDOWK\ \RXQJ DGXOWV %UDLQ
Behav Immun 2007;21:1050–7.
24. 6KHDUHU :7 5HXEHQ -0 0XOOLQJWRQ -0 HW DO 6ROXEOH 71)DOSKD
receptor 1 and IL-6 plasma levels in humans subjected to the sleep
GHSULYDWLRQPRGHORIVSDFHÀLJKW-$OOHUJ\&OLQ,PPXQRO±
70.
25. ,UZLQ 05 /HYLQ 0- &DUULOOR & HW DO 0DMRU GHSUHVVLYH GLVRUGHU DQG
immunity to varicella-zoster virus in the elderly. Brain Behav Immun
2011;25:759–66.
26. ,UZLQ05LQHWWL*5HGZLQH/0RWLYDOD6'DQJ-(KOHUV&1RFWXUQDO
SURLQÀDPPDWRU\ F\WRNLQHDVVRFLDWHG VOHHS GLVWXUEDQFHV LQ DEVWLQHQW
African American alcoholics. Brain Behav Immun 2004;18:349–60.
27. Redwine L. Disordered sleep, nocturnal cytokines, and immunity in
alcoholics. Psychosom Med 2003;65:75–85.
28. Redwine L. Effects of sleep and sleep deprivation on interleukin-6, growth
KRUPRQH FRUWLVRO DQG PHODWRQLQ OHYHOV LQ KXPDQV - &OLQ (QGRFULQRO
Metab 2000;85:3597–603.

6OHHS'HSULYDWLRQDQG,QÀDPPDWLRQ²&DUUROOHWDO

41. .XR7+:LOOLDPV-$$FXWHVOHHSGHSULYDWLRQHQKDQFHVSRVWLQIHFWLRQ
sleep and promotes survival during bacterial infection in Drosophila.
Sleep 2014;37:859–69.
42. 0XULOOR2UWL]%$OEDUUiQ7DPD\R)/ySH]%ULRQHV60DUWtQH]*DU]D
6%HQtWH]%ULELHVFD/$UHQDV$UDQGD',QFUHDVHGWHORPHUHOHQJWKDQG
proliferative potential in peripheral blood mononuclear cells of adults of
different ages stimulated with concanavalin A. BMC Geriatr 2013;13:99.
43. Effros RB. The role of CD8 T cell replicative senescence in human aging.
Discov Med 2005;5:293–7.
44. &KRX-3(IIURV5%7FHOOUHSOLFDWLYHVHQHVFHQFHLQKXPDQDJLQJ&XUU
Pharm Des 2013;19:1680–98.
45. Omisade A, Buxton OM, Rusak B. Impact of acute sleep restriction on
cortisol and leptin levels in young women. Physiol Behav 2010;99:651–6.
46. 3HMRYLF6%DVWD09JRQW]DV$1HWDO(IIHFWVRIUHFRYHU\VOHHSDIWHURQH
work week of mild sleep restriction on interleukin-6 and cortisol secretion
DQGGD\WLPHVOHHSLQHVVDQGSHUIRUPDQFH$P-3K\VLRO(QGRFULQRO0HWDE
2013;305:E890–6.
47. Khapre RV, Samsa WE, Kondratov RV. Circadian regulation of cell cycle:
molecular connections between aging and the circadian clock. Ann Med
2010;42:404–15.
48. <X($:HDYHU'5'LVUXSWLQJWKHFLUFDGLDQFORFNJHQHVSHFL¿FHIIHFWV
RQDJLQJFDQFHUDQGRWKHUSKHQRW\SHV$JLQJ $OEDQ\1< ±
93.
49. +RZUHQ 0% /DPNLQ '0 6XOV - $VVRFLDWLRQV RI GHSUHVVLRQ ZLWK
C-reactive protein, IL-1, and IL-6: a meta-analysis. Psychosom Med
2009;71:171–86.
50. 0XOOLQJWRQ -0 +DDFN 0 7RWK 0 6HUUDGRU -0 0HLHU(ZHUW +.
&DUGLRYDVFXODU LQÀDPPDWRU\ DQG PHWDEROLF FRQVHTXHQFHV RI VOHHS
deprivation. Prog Cardiovasc Dis 2009;51:294–302.

29. Beck AT, Steer RA, Carbin MG. Psychometric properties of the Beck
'HSUHVVLRQ,QYHQWRU\WZHQW\¿YH\HDUVRIHYDOXDWLRQ&OLQ3V\FKRO5HY
1988;8:77–100.
30. %X\VVH '- 5H\QROGV &) 0RQN 7+ %HUPDQ 65 .XSIHU '- 7KH
Pittsburgh Sleep Quality Index: a new instrument for psychiatric practice
and research. Psychiatry Res 1989;28:193–213.
31. Rechtschaffen A, Kales A. A manual of standardized terminology,
techniques and scoring system for sleep stages of human subjects. Los
Angeles, CA: UCLA Brain Information Services, 1968.
32. 9JRQW]DV$1=RXPDNLV0%L[OHU(2HWDO,PSDLUHGQLJKWWLPHVOHHS
in healthy old versus young adults is associated with elevated plasma
interleukin-6 and cortisol levels: physiologic and therapeutic implications.
-&OLQ(QGRFULQRO0HWDE±
33. /LQWRQ3-'RUVKNLQG.$JHUHODWHGFKDQJHVLQO\PSKRF\WHGHYHORSPHQW
DQGIXQFWLRQ1DW,PPXQRO±
34. 5H\QROGV &) .XSIHU '- +RFK && 6WDFN -$ +RXFN 35 %HUPDQ 65
Sleep deprivation in healthy elderly men and women: effects on mood
and on sleep during recovery. Sleep 1986;9:492–501.
35. Bonnet MH, Rosa RR. Sleep and performance in young adults and older.
Biol Psychol 1987;25:153–72.
36. ,UZLQ 0 *LOOLQ -& 'DQJ - :HLVVPDQ - 3KLOOLSV ( (KOHUV &/ 6OHHS
deprivation as a probe of homeostatic sleep regulation in primary
alcoholics. Biol Psychiatry 2002;51:632–41.
37. Bonnet MH. The effect of sleep fragmentation on sleep and performance
LQ\RXQJHUDQGROGHUVXEMHFWV1HXURELRO$JLQJ±
38. Ohayon MM, Carskadon MA, Guilleminault C, Vitiello M V. Metaanalysis of quantitative sleep parameters from childhood to old age in
healthy individuals: developing normative sleep values across the human
lifespan. Sleep 2004;27:1255–73.
39. )UDQN 0*:DWNLQV /5 0DLHU 6) 6WUHVVLQGXFHG JOXFRFRUWLFRLGV DV D
neuroendocrine alarm signal of danger. Brain Behav Immun 2013;33:1–6.
40. &KXQJ +< &HVDUL 0 $QWRQ 6 HW DO 0ROHFXODU LQÀDPPDWLRQ
underpinnings of aging and age-related diseases. Ageing Res Rev
2009;8:18–30.

SLEEP, Vol. 38, No. 2, 2015

211

6OHHS'HSULYDWLRQDQG,QÀDPPDWLRQ²&DUUROOHWDO

