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 Introduction 

 Sleep and sleep pathologies are important for our 
quality of life. In addition to its effects on cognitive func-
tion, a lack of sleep can act as a risk factor for the devel-
opment of chronic disease, notably cardiovascular and 
metabolic chronic diseases  [1] . A number of studies by 
several groups have shown an intimate interrelationship 
between alterations in inflammatory-type cytokine lev-
els and sleep  [2] . Interleukin-1β (IL-1β) was first impli-
cated in sleep regulation approximately 30 years ago 
based on the finding that it has the capacity to enhance 
non-rapid-eye-movement sleep  [3] . Since this study was 
conducted, the list of these cytokines, including IL-1, IL-
6, and tumor necrosis factor (TNF), is quite impressive 
 [4–6] .

  Studies have suggested that sleep loss promotes exag-
gerated inflammatory responses in the brain and pe-
riphery  [7–9] . Rapid-eye-movement sleep deprivation 
elevated levels of proinflammatory cytokines (IL-1α, IL-
1β, IL-6, IL-12, IL-17A, and TNF-α), while the plasma 
level of the anti-inflammatory cytokine IL-10 did not 
change, and the level of interferon (IFN)-γ decreased 
significantly  [6, 10] . Human studies have indicated that 
the effects of sleep loss on proinflammatory gene expres-
sion occur via the activation of nuclear factor (NF)-κB, 
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 Abstract 

  Objective:  Cytokines play an integral role in sleep/wake reg-
ulation. The objective of this study was to identify how total 
sleep deprivation affects cytokine levels.  Methods:  Male 
C57BL/6 mice were subjected to 48 h of total sleep depriva-
tion produced by brief rotation of activity wheels or 3 differ-
ent controls: home cage, a sedentary wheel, or forced activ-
ity. In addition, the serum levels of cytokines were analyzed 
using a mouse magnetic bead-based multiplex immunoas-
say.  Results:  The concentrations of some cytokines (fibro-
blast growth factor-basic [FGF-basic], leukemia inhibitory 
factor [LIF], and monokine induced by interferon-γ [MIG])
decreased significantly after total sleep deprivation. How-
ever, other cytokines (macrophage colony-stimulating fac-
tor, macrophage inflammatory protein-2, platelet-derived 
growth factor-bb, vascular endothelial growth factor) did 
not show any significant difference. Serum corticosterone 
levels did not differ significantly among the groups.  Conclu-

sion:  The biochemical mechanisms responsible for sleep 
regulation are very complex. These results suggest the in-
volvement of 3 cytokines (FGF-basic, LIF, and MIG) in sleep/
wake regulation.  © 2016 S. Karger AG, Basel 
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the key transcription control pathway in the inflamma-
tory signaling cascade. Additionally, Toll-like receptors 
(TLRs), particularly TLR-4, play a role in the activation 
of NF-κB  [11–13] . These cytokines not only participate 
in functions related to the immune system, but also in 
complex functions of the central nervous system such as 
cognition  [14] . Esumi et al.  [15]  demonstrated the in-
volvement of inflammatory mediators in the modula-
tion of memory deficits after sleep deprivation. How-
ever, physical exercise before acute total sleep depriva-
tion (TSD) prevents proinflammatory responses in the 
rat hippocampus  [13] .

  The inflammatory response is driven by a complex 
network of mediators and signaling pathways. In the 
present study, TSD was induced in mice using the rotat-
ing drum method to evaluate whether the cytokine pro-
file would be affected by TSD. The following cytokines 
were examined: fibroblast growth factor-basic (FGF-ba-
sic), leukemia inhibitory factor (LIF), macrophage colo-
ny-stimulating factor (M-CSF), monokine induced by 
IFN-γ (MIG), macrophage inflammatory protein-2 
(MIP-2), platelet-derived growth factor-bb (PDGF-bb), 
and vascular endothelial growth factor (VEGF). The
aim of the study was to investigate the involvement of 
new inflammatory markers in modulating sleep-wake 
behavior.

  Methods 

 Mice 
 Male C57BL/6 mice were purchased from Vital River Labora-

tories (Beijing, China). The animals arrived in the laboratory at 
least 2 weeks before the experiments. The mice were singly housed 
and allowed food and water ad libitum. All mice were used at 8–10 
weeks of age, and all were trained to a 12-h light/dark cycle (from 
07:   00 to 19:   00). All experiments were performed using mice held 
at an ambient temperature of 21   °   C, with animals sacrificed be-
tween 9:   00 and 10:   00 to control for circadian rhythms in cytokine 
levels. All animal use procedures were reviewed and approved by 
the Institutional Animal Care and Use Committee of the Institute 
of Zoology, Chinese Academy of Sciences (Permit No. IOZ11012). 
All measures were taken to minimize the number of animals used 
and to minimize suffering.

  Total Sleep Deprivation 
 The in-house-built sleep deprivation device consisted of a ro-

tating drum. The drums were large, motorized, stainless-steel ac-
tivity wheels with 22-cm diameters and internal wheel widths of 
18 cm. The large size of the wheels allowed the mice to move 
freely. The running wheels were driven by a computer-controlled 
motor mediated by a drive belt. The front and rear panels con-
sisted of Plexiglas. At the front panel, a water bottle and a feeding 
rack were mounted. The mice remained singly housed and had 

free access to food and water while in the wheel. The lens of an 
infrared sensitive video camera was placed 20 cm ahead of the 
wheel. Video monitoring continued throughout the deprivation 
period.

  Forty-eight-hour TSD (from 09:   00 to 09:   00) was achieved by 
slowly rotating the wheels at a constant speed (0.3 m/min)  [16–18] . 
Three controls were used in the experiment. The first control (sed-
entary control) was mice that rested on the sedentary wheels. To 
control for the nonspecific effects of the activity wheel (e.g., mild 
forced locomotion), a forced activity control group was used. An-
imals of the forced activity group were placed in the same drums 
as the ones that were used for TSD. However, these wheels rotated 
at double speed (0.6 m/min) during the night (12 h), which is their 
circadian activity phase. With this protocol, the mice had to walk 
at a higher intensity and had more time to sleep (12 h of rest per 
day). The third control group (home cage control) remained in 
their home cages in the same room where the TSD procedure took 
place.

  Before starting the experiments, the mice were habituated to 
the experimental apparatus by placing them in the wheel. The mice 
remained singly housed throughout the sleep deprivation experi-
ments in the wheels.

  Serum Multiplex Cytokine Array 
 The serum levels of 7 cytokines were evaluated in serum sam-

ples using magnetic bead-based multiplex immunoassays (Bio-
Plex; Bio-Rad Laboratories, USA) following the manufacturer’s 
instructions. The blood was prepared according to the manufac-
turer’s instructions. Briefly, whole blood was collected and allowed 
to clot by leaving it undisturbed at room temperature for 30 min. 
The clot was then removed by centrifuging at 1,000  g  for 10 min at 
4   °   C and transferred into a clean tube. The sample was then sub-
jected to centrifugation at 10,000  g  for 10 min at 4   °   C. The resulting 
supernatant was designated serum. The samples were maintained 
at 2–8    °    C while handling and immediately analyzed, avoiding 
freeze-thaw cycles because this is detrimental to many serum com-
ponents.

  The assay was performed according to the manufacturer’s in-
structions and data were acquired using a Bio-Plex 200 reader 
(Bio-Rad Laboratories, USA). The analysis was performed using 
Bio-Plex array software, which allows the calculation of cytokine 
concentrations in unknown samples.

  Serum Corticosterone Array 
 To assess the potential influence of stress caused by the sleep 

deprivation treatment, serum was delivered to the YAD Biotech-
nology Company (Beijing, China) for the determination of corti-
costerone (CORT) levels via an enzyme-linked immunosorbent 
assay.

  Statistical Analyses 
 The results for each variable were compared using GraphPad 

Prism 5.0 (GraphPad Software, La Jolla, CA, USA). The standard 
error of the mean was calculated and expressed. Data from the sed-
entary controls, the forced activity controls, and TSD mice were 
analyzed using one-way analysis of variance followed by Tukey’s 
post hoc test for statistical significance. An unpaired  t  test was used 
to test for differences between the sedentary controls and the home 
cage controls. Statistical significance was achieved when  p  < 0.05. 
Samples sizes in each group were 8 animals.
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  Results 

 Serum Level of Cytokines 
 Using a multiplexed cytokine array, we assayed 7 an-

alytes in each sample from the 4 groups. TSD led to 
changes in the levels of 7 cytokines ( Fig. 1 ). Overall, the 
serum levels of 3 cytokines (FGF-basic, LIF, and MIG) in 
mice deprived of sleep for 48 h were significantly de-
pressed compared with those of the sedentary controls 
( p <  0.05). Other cytokines (M-CSF, MIP-2, PDGF-bb, 
and VEGF) showed no significant difference between 
the 2 groups. However, a decreasing trend was found for 

M-CSF, MIP-2, and PDGF-bb. In contrast, VEGF 
showed an increasing trend. No significant cytokine 
concentration changes were found between the forced 
activity controls and the sedentary controls. Unlike the 
TSD group, the forced activity control mice displayed a 
decreasing trend in VEGF concentration and an increas-
ing trend in the FGF-basic, LIF, MIG, and MIP-2 con-
centrations. Forced activity was found to significantly 
alter FGF-basic, LIF, MIG, and VEGF levels when com-
pared with the TSD group. The serum levels of 7 cyto-
kines did not differ significantly between the home cage 
controls and the sedentary controls.
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  Fig. 1.  Serum levels of cytokines in the mice of the home cage control group, the sedentary control group, the 
forced activity control group, or 48 h of the TSD group. All values are shown as means ± SEM.  *  Significantly 
different between the sedentary controls and TSD mice ( p <  0.05);  #  significantly different between the forced 
activity controls and TSD mice ( p <  0.05). 
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  Serum Level of CORT 
 To assess stress levels, we measured the serum CORT 

levels immediately after the termination of TSD. Levels of 
CORT were not statistically different among the 4 groups 
of mice ( Fig. 2 ). In contrast, increased serum CORT was 
seen in the mice subjected to forced locomotion, but the 
difference was not significant.

  Discussion 

 In this study, mice were deprived of sleep for 48 h us-
ing the rotating drum method and a significant decreas-
ing trend was found for 3 inflammatory mediators (FGF-
basic, LIF, and MIG).

  There is general consensus that sleep benefits neuro-
nal plasticity, which ultimately supports brain function 
and cognition  [19] . Sleep deprivation impairs hippocam-
pal-dependent learning and memory, which is associated 
with hippocampal neurogenesis  [20] . It has been shown 
that prolonged sleep deprivation inhibits hippocampal 
neurogenesis in adult rats  [21–23] . FGF-basic is abun-
dantly expressed in the nervous system and was pre-
viously shown to support the survival and growth of
neurons and neural stem cells in vitro  [24] . Intranasal ad-
ministration of FGF-basic has been shown to promote 
cerebral neurogenesis  [25] . Thus, the decreased level of 
FGF-basic could represent the negative effects of TSD on 
hippocampal neurogenesis. FGF-basic regulates the 
growth and function of vascular cells such as endothelial 
and smooth muscle cells  [26] , which might be one of the 
cellular mechanisms of sleep deprivation-related adverse 
effects on the cardiovascular system and muscle atrophy 
 [27, 28] .

  LIF is the most pleiotropic member of the IL-6 family 
of cytokines. LIF exerts a developmental-dependent ef-
fect on a variety of tissues. LIF induces the activation of 
signaling pathways associated with neuroprotection and 
regeneration, including the phosphorylation of protein 
kinase B (Akt)  [29, 30] . It has been shown that sleep de-
privation induces the preferential atrophy of skeletal 
muscle tissue through the activities of the Akt/mechanis-
tic target of rapamycin-complex 1 pathway. In the study, 
sleep deprivation decreased both total Akt and phosphor-
ylated Akt levels  [31] . This finding supports our hypoth-
esis that during sleep deprivation, LIF is a modulator of 
fiber tropism.

  The chemokine CXCL9/MIG is a small molecule pro-
duced by IFN-γ-stimulated mononuclear cells that acts 
through its interaction with the CXCR3 receptor, which 
is found on a variety of cell types. The presence of a de-
creased level of CXCL9/MIG may be because sleep depri-
vation decreases the level of IFN-γ  [6] . Natural killer cells 
are one of the major producers of IFN-γ  [32] , and their 
activity has been reported to be depressed by sleep distur-
bances  [33, 34] .

  The stressfulness of sleep deprivation, as implied by in-
creased CORT levels, has been studied before with mixed 
intervening variables, including exposure to forced loco-
motion and novel environments. We used forced activity 
control mice to test whether the effects of TSD might be 
due to forced activity rather than sleep deprivation per se. 
In our study, CORT levels were elevated in the forced ac-
tivity control group, both compared with the sedentary 
controls and TSD animals, though there were no signifi-
cant differences. Also, the changes in serum cytokine con-
centrations of the forced activity controls were different 
from that of TSD animals. These findings separate the ef-
fects of TSD from that of forced activity. To attenuate the 
effect of novel environments, we established a large rotat-
ing drum where mice could move without any hindrance, 
similar to the home cage. Before the experiment, the mice 
were given approximately 1 week to acclimatize to the 
drum  [9] . Sedentary control mice exposed to rotating 
drums exhibited similar serum CORT concentrations rel-
ative to mice remaining in their home cage. Our data sug-
gest that highly standardized sleep deprivation methods 
could possibly overcome such obstacles  [35, 36] .

  Additionally, the emotional stress induced at this 
speed (0.3 m/min) is benign. Plodding along in a slowly 
rotating drum appears to be no more emotionally stress-
ful to an animal than an array of varied sensory stimuli 
such as ‘‘gentle handling,’’ all of which frustrate the im-
pulse to sleep  [37] .
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  Fig. 2.  Serum corticosterone levels immediately after the termina-
tion of the sleep deprivation experiment. The bars are plotted as 
means ± SEM. 
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  The inflammatory response is driven by a complex 
network of mediators and signaling pathways. Evaluation 
of the significance of systemic cytokine modulation is im-
portant for understanding the complete mechanism of 
the immunological changes observed during sleep depri-
vation. Our current study indicates the possible involve-
ment of 3 cytokines (FGF-basic, LIF, and MIG) in the 
inflammatory response to TSD. The present study opens 
up new avenues to evaluate the sleep deprivation-associ-
ated modulation of serum protein(s). Due to the interac-
tion between the immune system and the CNS, and par-
ticularly the role that cytokines play in that communica-
tion, characterization of the impact of cytokines on the 
electrophysiological properties of neurons will provide a 
better understanding of sleep-wake behavior. Additional 

studies could be conducted to determine the effect of cy-
tokine networks on the neuronal circuits associated with 
the regulation of sleep.
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