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tion. First, microglia are a significant source of pro-inflammatory 
cytokines.18,19 Second, transcripts that are markers for microglial 
activation are upregulated in the brain in response to intracerebral 
administration of substances that promote sleep.20 Third, admin-
istration of minocycline, a compound known to attenuate microg-
lial function in the brain,21 inhibits slow wave activity in humans 
subjected to polysomnographic measurement of sleep.21,22 Fourth, 
S-DEP elevates some chemical signals (including adenosine, cy-
tokines, interferons, and heat shock proteins), which are known 
to trigger changes in microglial function.23-25 Fifth, long-term S-
DEP (5 days using the disk-over-water method) has been reported 
to induce morphological changes in cerebral microglia that are 
indicative of increased microglial activation.26 In view of these 
observations, we hypothesized that modulation of microglial 
function within the brain is a necessary precondition for the EEG 
changes that occur as a consequence of sleep loss. A manipula-
tion that attenuates microglial activation should be expected to 
attenuate the electroencephalographic (EEG) and biochemical 
responses to S-DEP. Microglial activation can be assessed by 
changes in microglial morphology and microglial-enriched tran-
scripts.27-29 Systemic administration of the tetracycline derivative, 
minocycline, attenuates these morphological and biochemical 
changes.21,30,31 We hypothesized that minocycline would attenuate 
both EEG measures of sleep need and pro-inflammatory cytokine 
expression in microglia. Here, we assessed the effect of systemic 
minocycline administration on the EEG at baseline and after S-
DEP and measured the effect of minocycline on the expression of 
microglial-enriched transcripts. The data are compatible with the 
concept that S-DEP induces changes in microglial function.

INTRODUCTION
Insufficient sleep and poor sleep quality are risk factors for 

inflammation-related conditions such as cardiovascular dis-
ease,1 immune dysfunction,2,3 and metabolic disorders.1,4 These 
relationships are likely to be causal rather than simply corre-
lational, as S-DEP has a well-documented pro-inflammatory 
effect.5-10 The pro-inflammatory effect of S-DEP extends to 
brain tissues, as pro-inflammatory cytokines are expressed in 
the rodent brain in association with sleep need and promote 
sleep.2,11,12 There is thus a need for further studies on inflamma-
tory mechanisms as a possible mediator of the negative health 
consequences of S-DEP.

The roles of neuronal populations in mediating effects of sleep 
loss on brain function have been studied exhaustively,13 but with 
rare exceptions,14,15 the regulation of sleep by non-neuronal cell 
populations in the brain is an unexplored possibility. Microglia, a 
cell population that drives neuroinflammatory events in the brain, 
make up 5% to 20% of glia16 and roughly 3.5% to 7% of total cells 
in the CNS.17 Converging lines of evidence provide a compelling 
rationale for studies designed to ascertain the role of cerebral 
glia, and microglia in particular, as a sleep-regulatory popula-
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EEG Data Collection and Analysis
EEG (digitization rate, 500 Hz) and EMG (digitization rate, 

500 Hz) were collected with Dataquest ART software and pro-
cessed with Neuroscore 2.01 software (Data Sciences Inc, St 
Paul, MN). Digitized EEG (bandpass, 1-30 Hz) and integrated 
EMG (high pass, 10 Hz), were processed in 10-s epochs, each 
of which was classified as wake, rapid eye movement sleep 
(REMS), or non-REMS (NREMS) by individuals expert in 
rodent sleep-state classification. EEG data were fast Fourier 
transformed in 10-s epochs by an algorithm embedded in the 
Neuroscore software. NREMS delta power (EEG power in 
the 0.75-4 Hz range) was calculated for each NREMS epochs 
and averaged over all NREMS epochs within each time inter-
val subjected to analysis. Delta power was computed only for 
those hours during which the animal spent ≥ 10% of epochs in 
NREMS, as this measure is unreliable when < 10% of time is 
spent in NREMS. This threshold resulted in missing values for 
some animals when data were assessed in 1-h bins. NREMS 
delta power values were processed in 2 ways prior to statistical 
analysis, the purpose of which was to eliminate missing data 
points from the statistical analysis. First, NREMS delta power 
values from the baseline recording session and the entire 6-h 
post-S-DEP recording session were averaged separately into 
3-h bins for analysis. In the event that one of 3 hourly delta 
power values was missing because of < 10% of epochs being 
scored as NREMS, the average of the values from the 2 remain-
ing hours was used as the value for that 3-h interval. Second, to 
assess acute S-DEP-induced changes in NREMS delta power, 
average NREMS delta power was calculated from the first 360 
epochs of sleep subsequent to termination of S-DEP and the 
analogous time of day on the baseline day.

Experiment 1- Effects of minocycline on baseline sleep and the 
EEG response to S-DEP

Eleven mice were subjected to minocycline treatment, (45 
mg/kg; Sigma-Aldrich, St Louis, MO) administered intraper-
itoneally in saline in a protocol known to attenuate the neu-
roinflammatory effects of experimental stroke.31 The protocol 
consisted of once-daily administration, at the start of S-DEP 
on S-DEP days and at lights-on on other days, over 10 days of 
experimentation (Figure 1). The control group (n = 11) received 
saline injections at the same time minocycline was administered 
to the experimental group. The 24-h baseline sleep recordings 
were performed on the first day of minocycline administration. 
On days 8 and 10 of minocycline administration, mice were 
subjected to S-DEP sessions of 1- and 3-h duration, respective-
ly. S-DEP of 3-h duration produces robust, reliable changes in 
EEG delta power and state consolidation, whereas 1-h S-DEP 
is marginally effective at increasing EEG delta power above 
baseline levels.34 Collectively, these durations provided a dose-
response curve for homeostatic sleep regulation across strains. 
On S-DEP days, injections were administered at the onset of S-
DEP rather than the onset of light. The injections were delayed 
on S-DEP days so as to avoid producing the transient decrease 
in sleep that was observed on the baseline day in minocycline-
treated mice. If minocycline had been administered at the on-
set of light on S-DEP days, minocycline-treated animals would 
have undergone an additional sleep loss during the first 3 h 
after administration, in excess of the sleep loss incurred as a 

METHODS

Experimental Subjects and Setting
Male mice of the outbred CD-1 strain were obtained from 

an in-house breeding colony. The individuals used in these ex-
periments were second generation offspring of founder mice 
obtained from Charles River (Wilmington, MA; strain code 
022) and weighed 30-35 g at the time of surgery, roughly 4-6 
weeks of age. CD-1 mice were subjected to experimenta-
tion because their rapid growth (see http://www.criver.com/
SiteCollectionDocuments/rm_rm_c_CD_1_mice.pdf) facili-
tates surgical implantation of telemetered transmitters and be-
cause, as an outbred strain, they are a useful genetic resource.32 
Mice were housed in an LD12:12 cycle with lights-on at 06:00 
and lights-off at 18:00 throughout experimentation. Ambient 
temperature was 22.6 ± 1 degrees Celsius. Relative humidity 
was maintained at 52% throughout experimentation.

Surgical Procedures
All procedures were approved by the Institutional Animal Care 

and Use Committee at Washington State University and adhered 
to the National Research Council Guide for the Care and Use of 
Laboratory Animals.33 Animals were surgically implanted with 
a telemetry device (FT-20EET, Data Sciences Inc, St Paul, MN) 
capable of collecting electroencephalographic (EEG) and electro-
myographic (EMG) potentials through stainless steel wires that 
enter the body of the device. Body temperature (Tb) and locomo-
tor activity (LMA) data were collected by sensors embedded in 
the device. FT-20EET transmitters were implanted into the peri-
toneal cavity under isoflurane anesthetic (5% induction, 1% to 
2.5% maintenance). Body temperature was maintained through-
out surgery using a circulating water blanket. After induction of 
anesthesia, the fur was shaved from the top of the head and from 
the mid-abdominal region. After iodine wash and 70% alcohol 
rinse of the shaved areas, midline incisions were made through 
the skin on both shaved areas and through the abdominal muscu-
lature. The transmitter was then inserted into the peritoneal cavity 
and sutured into the abdominal musculature with Vicryl absorb-
able suture (Ethicon, NJ). The wire leads for the EEG and EMG 
exited the peritoneal cavity via the suture site. The abdominal skin 
was closed using Ethilon non-absorbable suture (Ethicon, NJ). 
The wires were strung subcutaneously dorsal to the forelimb and 
between the ears up to the incision on the top of the head. The 
insulating sheath was removed from the end of each EEG and 
EMG lead, leaving approximately 0.3 cm of exposed wire at their 
ends. The EEG lead wires were bent into a hairpin loop for inser-
tion into the skull. Holes were drilled bilaterally through the skull 
(2.0 mm lateral and 1.0 mm anterior from lambda) with a 0.7 mm 
diameter stainless steel burr. The EEG leads were inserted into the 
holes and affixed to the skull with Scotchbond Dual-Cure (3M, St 
Paul, MN) and composite dental restorative material (Patterson 
Dental Supply, Inc, St. Paul, MN). The EMG leads were inserted 
through the neck musculature at locations roughly 0.5 cm apart 
and held in place by a suture knot on the end of the lead where it 
exited the muscle. The incision on the head and neck was closed 
with Ethilon non-absorbable suture (Ethicon, NJ). Buprenorphine 
was administered as a long-lasting analgesia (0.05 mg/kg SC) for 
3 consecutive days post-surgery. Animals were monitored closely 
following surgery until they were ambulatory.



SLEEP, Vol. 34, No. 3, 2011 263 Neuroinflammation, Microglia and Sleep—Wisor et al

range of values across all samples. The fold-change of target 
transcript relative to internal control was measured for each 
sample by the following formula: fold-change (i.e., 2-ΔΔCT) = 
(CT target gene from experimental sample –CT internal control 
from experimental sample) / (mean of all CT target gene values 
– mean of all CT internal control values). Finally, to account 
for greatly reduced levels of target transcripts relative to 18S 
(a housekeeping gene), fold-change values were normalized to 
the mean of the saline-treated time of day control group within 
each target gene assay. The fold-change value of one pbr am-
plification reaction exceeded the group mean by > 6 standard 
deviations; this sample was removed from the data set prior to 
statistical analysis.

Experiment 3- Gene expression profiling in affinity-purified 
CD11b-positive cells

CD11b is a cell surface protein that is highly enriched on the 
surface of cells of the hematopoietic monocyte lineage, includ-
ing microglia, the only population of the monocyte lineage resi-
dent in the brain parenchyma.27 The presence of CD11b on the 
cell membrane of microglia can be used to isolate them from 
CD11b-negative neuronal and astroglial populations in disso-
ciated brain samples. The tissues used for these assays were 
from surgically-naïve adult male C57BL/6 mice euthanized 
after spontaneous sleep. Subsequent to CO2 euthanasia, brains 
were subjected to a neuronal dissociation protocol (Miltenyi, 
Inc, Auburn, CA). Anti-CD11b immunoglobulins conjugated 

consequence of S-DEP. The resulting difference between the 
minocycline group and the saline group in net sleep loss would 
confound between-group comparisons of recovery measures. 
During S-DEP, wakefulness was maintained by visual inspec-
tion of the animals, sensory stimulation, and introduction of 
novel objects into the cages. S-DEP sessions ended 8 h into the 
light phase of the LD cycle (ZT8). Recovery sleep was moni-
tored for the remainder of the light portion of the LD cycle (4 h) 
and the first 2 h of the dark phase. We did not counterbalance 
the order of the 2 sleep deprivations across animals. While it is 
possible that the EEG effect of S-DEP may be modified with 
repeated exposure to S-DEP, it is common to subject animals to 
a series of S-DEP sessions without randomizing the order of the 
S-DEP sessions within experimental groups.34-37

Experiment 2- Effects of S-DEP and minocycline on gene 
expression

Subsequent to daily administration of minocycline or saline 
over 10 days, mice were subjected to a terminal S-DEP experi-
ment (3 h, ending at ZT8), after which brain tissues were col-
lected for biochemical assays. The experimental facility used 
in these experiments included only one room instrumented for 
sleep recordings. Because it was essential for time of day con-
trol mice within each pharmacological group to remain undis-
turbed in their home cages until the time of euthanasia, it was 
necessary to remove the S-DEP mice from that room. Conse-
quently, biopotential data were not collected on the day of the 
terminal S-DEP experiment. At the end of S-DEP, S-DEP (n = 
8 per pharmacological group) and time of day control animals 
(n = 8 per pharmacological group) were euthanized by CO2 as-
phyxiation and cervical dislocation. Brains were flash frozen on 
dry ice and stored at -80°C.

Brain tissue was homogenized with an automated tissue 
grinder. Total RNA was isolated using the Trizol (Invitrogen, 
Carlsbad, CA) method according to manufacturer’s specifica-
tions. First strand cDNA was prepared from RNA samples us-
ing the SuperScript First Strand Synthesis System (Invitrogen, 
Carlsbad, CA) according to manufacturer’s instructions. The 
resulting cDNA was diluted 5-fold with nuclease free water 
and stored at -20°C for further use. For each real-time poly-
merase chain reaction (PCR), the target cDNA of interest along 
with reference cDNA (18S) were simultaneously amplified in 
8-well strip tubes (Bio-Rad, Hercules, CA) using an MJ Re-
search PTC200 Peltier Real-Time Thermal Cycler coupled to 
a Bio-Rad Chromo4 continuous fluorescence detector. Taqman 
primer/probe sets purchased from Applied Biosystems were 
as follows: c-fos (Mm00487425_m1), cd11b (Mm00434455_
m1), interleukin-1β (il-1β; Mm00434228_m1), interleukin-6 
(il-6; Mm00446190_m1), peripheral benzodiazepine recep-
tor (pbr; Mm00437828_m1), tumor necrosis factor-α (tnfα; 
Mm00443258_m1), and 18S rRNA (4319413E). Levels of the 
internal control transcript, 18S rRNA (VIC fluorophore), were 
measured simultaneously with each target transcript (FAM 
fluorophore). Real-time reaction products were subjected to 
normalization by the comparative CT method, also referred to 
as the 2-ΔΔCT method.38 A threshold fluorescence value (CT) was 
chosen by visual inspection of the FAM and VIC fluorescence 
saturation curves for all reactions in a given assay run. This 
threshold was placed at a value that optimized the dynamic 

Figure 1—Experimental procedures. In experiment 1, experimental 
data were collected over a 10-day interval. Baseline data were collected 
during day 1, beginning immediately after intraperitoneal administration 
of saline (control group) or minocycline, 45 mg/kg (experimental group) 
at lights-on. Administration continued on a daily basis throughout 
experimentation. S-DEP sessions of 1-h and 3-h duration occurred on 
days 8 and 10 of experimentation, respectively. In experiment 2, half of 
the mice within each of the 2 pharmacological groups in experiment 1 
(saline vs. minocycline) were randomly assigned to an S-DEP group (3-h 
S-DEP) and the other half to a time of day control group (TOD). The 3-h 
S-DEP animals were euthanized for gene expression assays at the end 
of the 3-h S-DEP, and TOD animals were euthanized at the same time 
after sleeping spontaneously.

Lights-On Lights-Off Injection Sleep Deprivation

Experiment One

Experiment Two

Baseline

1-hr S-DEP

3-hr S-DEP

3-hr S-DEP
vs. TOD
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treatment (minocycline vs. saline) and S-DEP duration (0 h vs. 
3 h) as grouping factors. When ANOVA yielded statistically 
significant F values, t-tests with Bonferroni correction were 
performed to determine which experimental groups exhibited 
significant treatment effects on dependent variables. Error bars 
in all figures represent standard error of the mean. Statistics 
were performed with Statistica software (version 9.0).

RESULTS

Experiment 1- Effects of minocycline on baseline sleep and the 
EEG response to S-DEP

Administration of minocycline to previously pharmacolog-
ically-naïve animals resulted in an acute transient increase in 
wakefulness (Figure 2). ANOVA yielded significant time of day 
× pharmacological treatment interaction for wake (F7,140 = 6.20, 
P < 0.001), NREMS (F7,140 = 6.02, P < 0.001) and REMS as a 
percent of time (F7,140 = 2.63, P < 0.014). Post hoc contrasts in-
dicated a significant difference between the 2 pharmacological 
treatment groups in NREMS as a percentage of time and wake 
as a percentage of time only in the 3-h interval immediately af-

to magnetic beads (Miltenyi, Inc., Auburn, CA) were used to 
select CD11b-positive cells out of dissociated brain tissues per 
manufacturer instructions. mRNAs were purified from CD11b-
positive and CD11b-negative pools of cells and subjected to 
real-time PCR using the above described techniques.

Statistics
Baseline values for spontaneous sleep variables measured in 

3-h bins were subjected to 2-way analysis of variance (ANO-
VA) with pharmacological treatment (minocycline vs. saline) 
as a grouping factor and time of day as a repeating factor. Post-
S-DEP values for dependent variables measured on an hourly 
basis were subjected to 3-way ANOVA with pharmacological 
treatment (minocycline vs. saline) and S-DEP duration (0 h vs. 
1 h vs. 3 h) as grouping factors and time interval relative to 
the end of S-DEP (abbreviated as “time” hereafter) as a repeat-
ing factor. NREMS delta power during the first hour of sleep 
accumulated after S-DEP sessions was subjected to repeated-
measures ANOVA with pharmacological treatment as a group-
ing factor and S-DEP duration as a repeating factor. Real-time 
PCR data were subjected to ANOVA with pharmacological 

Figure 2—Baseline sleep parameters in 3-h bins: (A-C) Wake (A), NREMS (B) and REMS (C) as a percentage of each 3-h bin. (D) NREMS EEG delta power 
averaged across each 3-h bin. Animals were subjected to i.p. saline (gray bars) or minocycline (white bars) at light onset. The timing of the light/dark cycle is 
indicated by the white and dark bars at the top of the each graph.

A B

C D
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Experiment 2- Effects of S-DEP and minocycline on gene 
expression

Real-time PCR was used to assess changes in one positive 
control transcript known to be elevated the brain in during S-
DEP (c-fos) and 5 transcripts that are related to neuroinflam-
matory events (cd11b, il-1β, il-6, pbr, and tnfα). Expression of 
il-1β, il-6, and tnfα was unaffected by S-DEP. Two-way ANO-
VAs yielded a significant effect of S-DEP on the expression of 
c-fos (F1,28 = 123.03, P < 0.001), pbr (F1,27 = 7.37, P = 0.011), 
and cd11b (F1,28 = 4.88, P = 0.0035), in whole brain tissue 
samples (Figure 5; Table 2). The effect of S-DEP on c-fos ex-
pression was modulated by minocycline treatment (interaction 
F1,28 = 5.98, P = 0.021), and was significantly blunted in the 
minocycline-treated S-DEP group relative to the saline-treated 
S-DEP group. Whereas c-fos expression was elevated > 4-fold 
in sleep deprived saline-treated mice, it was elevated < 2.5-fold 
in sleep-deprived minocycline-treated mice relative to sponta-
neously sleeping controls (Figure 5A).

Expression of cd11b was reduced in S-DEP animals relative 
to time of day controls (F1,28 = 4.88, P = 0.035), by 24% in 
saline-treated mice and 20% in minocycline-treated mice 
(Figure 5B). This reduction was significant only in saline-
treated mice after Bonferroni correction. pbr expression was 
also reduced in S-DEP animals relative to time of day controls 
(F1,27 = 7.37, P = 0.011), by 24% in saline-treated mice and 28% 
in minocycline-treated mice (Figure 5E).

There were significant effects of minocycline on expression 
of il-1β (F1,28 = 5.89, P = 0.022), and il-6 (F1,28 = 4.81, P = 0.037). 
Both of these transcripts were elevated in minocycline-treated 
animals relative to controls (Figure 5C, D). The greater than 
80% elevation of tnfα expression in minocycline-treated mice 

ter minocycline administra-
tion at light onset (Figure 2A, 
B). When data were assessed 
across the two 12-h phases 
of the light/dark cycle (light 
vs. dark; Table 1), minocy-
cline resulted in a redistribu-
tion of the timing of wake 
(F1,20 = 39.36, P < 0.001), 
NREMS (F1,20 = 45.040, 
P < 0.001), and REMS 
(F1,20 = 7.13, P < 0.015). Time 
spent in NREMS was signifi-
cantly less in minocycline-
treated animals than saline-treated animals during 
the light phase and greater in minocycline-treated 
animals than saline-treated animals during the dark 
phase; inverse changes occurred in the timing of 
wake in response to minocycline (Figure 2A, B, and 
Table 1). The total time spent in each of the 3 sleep 
states over the entire 24-h recording session was not 
altered by minocycline (Table 1). Thus, the transient 
loss of sleep after minocycline administration at light 
onset was recovered over the day. Although average 
NREMS delta power, averaged across the entire 
24-h baseline, was 23% lower in minocycline-treat-
ed animals relative to wild type animals (Figure 2D), 
the main effect for pharmacological treatment on 
NREMS delta power was not statistically significant.

Time spent awake during S-DEP was not significantly modu-
lated by pharmacological treatment: animals of both treatment 
groups spent more than 98% of time awake during all hours of 
both 1-h and 3-h S-DEP (Figure 3A, B). Sleep timing in the 6-h 
interval subsequent to S-DEP was modulated as a consequence 
of recovery from S-DEP. ANOVAs with pharmacological treat-
ment as a grouping factor and S-DEP duration (0, 1, and 3 h, 
with 0 being data from the baseline day) and time lapsed after 
S-DEP (“time”) as repeating factors yielded significant S-DEP 
duration × time interaction for percent of time spent in wake 
(F10,200 = 3.25, P < 0.001), NREMS (F10,200 = 2.52, P = 0.007), 
and REMS (F10,200 = 6.05, P < 0.001). The absence of signifi-
cant interaction of pharmacological treatment × time × S-DEP 
duration for all 3 states indicates that the effect of S-DEP on 
timing of subsequent sleep was not modulated by minocycline 
(Figure 3).

Minocycline did, however, strongly attenuate the increase in 
NREMS delta power after S-DEP relative to baseline. ANOVA 
with pharmacological treatment as a grouping factor and S-
DEP duration and time as repeating factors yielded a significant 
interaction of pharmacological treatment × time × S-DEP du-
ration affecting NREMS delta power (F2,40 = 3.71, P = 0.033; 
Figure 4A, B). Additionally, when peak NREMS delta power 
(i.e., delta power during the first 360 accumulated epochs of 
sleep) was subjected to analysis, ANOVA yielded a signifi-
cant pharmacological treatment × S-DEP duration interaction 
(F2,40 = 3.50, P = 0.040). Both durations of S-DEP resulted in 
increased NREMS delta power in saline-treated animals but 
failed to cause an increase in NREMS delta power in minocy-
cline-treated animals (Figure 4C).

Table 1—Sleep parameters during the 12-h light and dark phases and across the entire 24-h baseline recording 
session 

 Light Phase Dark Phase 24-h Avg.
 Saline Minocycline Saline Minocycline Saline Minocycline

Wake (%) 41 ± 2 50 ± 2* 68 ± 2 57 ± 2* 54 ± 2 54 ± 2
NREMS (%) 48 ± 1 40 ± 2* 27 ± 2 35 ± 1* 37 ± 1 38 ± 1
REMS (%) 11 ± 1 9 ± 1 6 ± 1 8 ± 1 9 ± 1 9 ± 1
Delta Power (μV2/Hz) 440 ± 111 372 ± 86 518 ± 133 416 ± 90 478 ± 121 393 ± 87

ANOVAs for repeated measures yielded significant treatment × time of day interaction for wake and NREMS (P < 0.05). 
*P < 0.05, saline vs. minocycline with Bonferroni correction.

Table 2—Effects of S-DEP and minocycline on gene expression in brain tissues

Target
Gene

Main Effect, S-DEP
(df = 1,28)

Main Effect, Minocycline
(df = 1,28)

Interaction
(df = 1,28)

c-fos F = 123.0, P < 0.001 NS F = 6.0, P = 0.021
cd11b F = 4.9, P = 0.035 NS NS
il-1β NS F = 5.9, P = 0.022 NS
il-6 NS F = 4.8, P = 0.037 NS
pbr F = 7.4, P = 0.011* NS NS
tnfα NS F = 4.1, P = 0.053 NS

*df = 1,27 for pbr
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relative to the CD11b-negative pool were the S-DEP-induced 
transcript c-fos (11-fold) and the genes up-regulated in mino-
cycline-treated mice relative to saline-treated mice: il-1β (633-
fold) and il-6 (53-fold) and tnfα (696-fold).

DISCUSSION
Sleep is known to be influenced by the immune system,2,39 

but whether microglia, the innate immune cells of the brain, 
regulate sleep is an unanswered question. Here, we have dem-
onstrated an effect of sleep deprivation on the expression of 
cd11b, a molecular marker for microglia. Additionally, we have 
shown that minocycline suppresses sleep in baseline conditions 
and sleep slow waves after S-DEP. Minocycline is known to 

relative to saline-treated mice (Figure 5F) was nearly statisti-
cally significant (F1,28 = 4.06, P = 0.053).

Experiment 3- Gene expression profiling in affinity-purified 
CD11b-positive cells

Measurement of gene expression in CD11b-positive and 
CD11b-negative cell pools from minocycline-naïve mice dem-
onstrated that S-DEP- and minocycline-regulated genes were 
enriched ≥ 10-fold in the microglial (CD11b-positive) pool of 
brain cells relative to the CD11b-negative pool (Table 3). The 
2622-fold enrichment for the mRNA encoding CD11b dem-
onstrates that the sorting of cells for CD11b immunopositivity 
was successful. Also enriched in the CD11b-positive cell pool 

Figure 3—Comparison of sleep parameters during baseline, 1-h S-DEP and 3-h S-DEP. A, C, E contain data from saline-treated mice; B, D, F contain data 
from minocycline-treated mice. Repeated measures ANOVA with pharmacological treatment as a grouping factor and S-DEP duration (0, 1, 3) and time of 
day as repeating factors yielded significant main effect of S-DEP on all parameters, but no S-DEP × pharmacological treatment interactions. The timing of the 
light/dark cycle is indicated by the white and dark bars at the top of the each graph.
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act directly on microglial cells, to suppress produc-
tion of cytokines, nitric oxide and prostaglandins, and 
to attenuate cerebral neurochemical changes medi-
ated by these microglial products.21,40-42 The current 
study documents effects of minocycline on mRNAs 
encoding cytokines that promote sleep (il-1β, il-6, 
and tnfα).2,12 We measured mRNAs for these cyto-
kines with two hypotheses: (1) that cytokine mRNAs 
would increase in concentration as a consequence of 
sleep loss (as in previous reports43,44) and (2) that the 
increase resulting from sleep loss would be attenuated 
by administration of minocycline, in parallel with the 
attenuated delta power response to S-DEP. Since the 
first hypothesis was not supported by the data, it was 
not possible to test the second hypothesis. IL-1β44 and 
TNFα43 are elevated in the brain subsequent to 6-h S-

Figure 4—Effect of S-DEP on NREMS delta power. (A, B) NREMS delta power within each h of clock time from S-DEP onset through 6 h post-S-DEP. Data 
are from baseline, 1-h S-DEP and 3-h S-DEP. (A) Data from saline-treated mice. (B) Data from minocycline-treated mice. (C) Average NREMS delta power 
measured across the first 360 accumulated epochs of sleep subsequent to 1- or 3-h S-DEP, and during the analogous time of day on the baseline day in 
saline-treated mice (gray) and minocycline-treated mice (white). *P < 0.05 vs. baseline, same group, with Bonferroni correction. The timing of the light/dark 
cycle is indicated by the white and dark bars at the top of A and B.

Table 3—Enrichment of neuroinflammation-related transcripts in CD11b-positive vs. 
CD11b-negative brain tissue pools

 Target Gene CT Target Gene

Target
Gene

Mean ± SEM Fold Difference
CD11b+ CD11b- ANOVA (df = 1,42) (Positive/Negative)

c-fos 20.6 ± 0.3 23.8 ± 0.5 F = 32.1, P < 0.001 11.18
cd11b 21.1 ± 0.3 32.2 ± 0.4 F = 327.1, P < 0.001 2622.41
il-1β 23.5 ± 0.3 30.8 ± 1.5 F = 22.2, P < 0.001 633.00
il-6 27.9 ± 0.3 33.9 ± 0.5 F = 92.4, P < 0.001 52.56
pbr 30.1 ± 0.2 29 ± 0.3 F = 8.17, P = 0.007 0.56
tnfα 23.3 ± 0.2 32.5 ± 0.6 F = 183.4, P < 0.001 696.22

Fold difference values > 1 indicate enrichment in the CD11b-positive cell pool; fold 
difference values < 1 indicate enrichment in the CD11b-negative cell pool.
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rebral response to S-DEP at both molecular and electrophysi-
ological levels. Minocycline inhibits the activity of poly-ADP 
ribose polymerase (PARP).48 PARP activates the p38 kinase, 
a critical mediator of Ca2+-induced intracellular signaling.49 
PARP inhibition by minocycline consequently attenuates p38 
kinase activity.49,50 Direct inhibition of p38 activity with the 
compound SB203580 suppresses Ca2+ mediated transcriptional 
changes, including upregulation of c-fos51, so it is a reasonable 
assumption that PARP inhibition by minocycline should do the 
same. Given that wake-related transmitters elevate intracellular 
Ca2+ in microglia (see below) and neurons alike, the suppres-
sion of c-fos expression by minocycline is likely an indication 

DEP relative to time of day controls. In the current study 1- and 
3-h S-DEP failed to elevate these mRNAs. It is likely that the 
duration of S-DEP used, while sufficient to detect an effect of 
minocycline on the EEG, was not sufficient to drive changes 
in these mRNAs. Therefore, the effect of minocycline on the 
EEG is not likely to be mediated by suppression of cytokine-
encoding mRNAs.

In fact, only the positive control mRNA (c-fos), a molecule 
that is reliably upregulated by sleep loss,45-47 was elevated in 
response to S-DEP. This effect of S-DEP was attenuated by 
minocycline. The simultaneous attenuation of c-fos expression 
and EEG delta power show that minocycline suppresses the ce-

Figure 5—Effects of S-DEP and minocycline on gene expression in brain tissues from mice euthanized after 3-h S-DEP and spontaneous sleep controls. 
See Table 2 for statistical analyses. *P < 0.05 vs. time of day control, Bonferroni corrected. #P < 0.05 vs. S-DEP-saline group. +P < 0.05 for main effect of 
minocycline.
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and in response to sleep loss. Experimentally induced increases 
in the levels of these substances in the brain promote sleep, 
while genetic inactivation or antibody-induced blockade of their 
receptors suppresses sleep. The transcripts encoding IL-1β, IL-
6, and TNFα were enriched in the microglial CD11b-positive 
population of cells by 50- to 600-fold relative to the CD11b-
negative pool (Table 3). This observation alone demonstrates 
that microglia are potentially a significant source of sleep regu-
latory factors in the brain. We hypothesized that these mRNAs 
would be suppressed in minocycline-treated mice in parallel 
with the suppression of sleep and S-DEP-induced slow waves. 
In contrast to expectations, these mRNAs were elevated by mi-
nocycline. We conclude that either these cytokines do not medi-
ate the effect of minocycline on sleep, or the effect is mediated 
by changes at the protein level distinct from those at the mRNA 
level. Regarding the latter possibility, cytokine mRNAs and 
protein levels do not necessarily change in lock-step. Attenua-
tion of cytokine release is a well-documented effect of minocy-
cline.41,60 The expression of pro-inflammatory cytokines at the 
mRNA level is sensitive to negative feedback from cell signal-
ing pathways activated by cell surface receptors.61 The increase 
in il-1β and il-6 mRNAs (and near significant 80% increase in 
tnfα) in minocycline-treated mice relative to saline-treated mice 
is therefore not necessarily an indicator of increased cytokine 
protein levels, but, in fact, may be a consequence of disinhibi-
tion of transcription due to minocycline-induced reductions in 
extracellular levels of these inflammatory mediators. From a 
technical standpoint, we only measured mRNA levels. We did 
not directly measure synthesis or release of the proteins they 
encode. Additionally, mice were euthanized after 3 h of S-DEP 
because this duration matched that of the longest S-DEP dura-
tion in the EEG study. It would be useful to determine whether 
a longer duration of S-DEP would result in increased expres-
sion of genes related to neuroinflammation and microglial 
activation, and whether minocycline attenuates this response. 
However, short of such information, the biochemical data pro-
vided here do not support the hypothesis that minocycline acts 
through downregulation of cytokine mRNAs to suppress EEG 
slow wave activity. Other actions of minocycline that were not 
measured, including the effects on cerebral cytokine synthesis 
at the protein level,60 cytokine release,41,62,63 and production of 
nitric oxide42,63 and prostaglandins,42 might mediate its effects 
on sleep.

The suppression of cd11b mRNA by S-DEP demonstrates 
for the first time that microglia detect and react to short-term 
sleep loss. But what can explain the decrease in cd11b and pbr 
expression in association with sleep deprivation? This change 
may be an effect of wake-related neurotransmission on microg-
lial physiology. Acetylcholine levels in the cerebral cortex are 
elevated in wakefulness relative to slow wave sleep.64 Ace-
tylcholine acts through microglial muscarinic receptors to in-
crease intracellular Ca2+ concentration.65 Increased intracellular 
Ca2+ activates protein kinase C.66 Protein kinase C triggers an 
increase in the binding activity of the transcriptional repressor 
ZBP-89 to regulatory sequences on the cd11b promoter, result-
ing in transcriptional repression of the cd11b gene,67 an effect 
mediated by inhibition of the transcriptional activator SP1.68 
Microglia also express receptors for noradrenaline and gluta-
mate.69,70 Noradrenaline and glutamate levels are elevated in 

of a general suppression of transcriptional activation normally 
associated with wakefulness. Since c-fos is an indicator of a 
broader cellular transcriptional response to wake-related ex-
citation,52,53 the attenuation of this transcriptional response by 
minocycline may be one mechanism by which minocycline at-
tenuates the EEG response to S-DEP.

We used a chronic minocycline protocol because this pro-
tocol was previously shown to suppress neuroinflammation-
dependent processes in vivo.31,54 The neuroinflammatory event 
studied previously, stroke-induced neuronal degeneration, 
emerges over a period of several days, and thus was studied in 
the context of chronic minocycline treatment. By contrast, all 
the effects of minocycline on sleep timing and the sleep EEG 
were acute, occurring within 4 h of administration. We are un-
aware of any data on the half-life of minocycline in the CD-1 
mouse, but it seems likely that the effects on sleep timing and 
sleep EEG are dependent on a pharmacologically active con-
centration of minocycline being present, rather than a long-term 
change in cellular physiology as a consequence of transient mi-
nocycline exposure.

Long-term effects of chronic minocycline exposure have 
been documented in the context of neurotoxicity54 or neuro-
degeneration,31 conditions which, in and of themselves, cause 
long-term changes in neuronal function. Thus, a transient neu-
roprotective effect of minocycline in neurotoxicity or neuro-
degeneration has long-term manifestations in the viability of 
neurons. Since sleep is a homeostatic process subject to rela-
tively short term (i.e., ultradian) regulation, the effects of mino-
cycline on sleep state timing and EEG might only be expected 
to occur in the short-term. In vitro data also demonstrate acute 
effects of minocycline on inflammatory markers.40 Therefore, 
the chronic exposure to minocycline was probably not neces-
sary for the experimental effects that were measured after S-
DEP in the current study. Whether chronic and acute exposures 
to minocycline have distinct effects on the EEG or neurochemi-
cal markers of sleep loss remains to be determined.

The complexity of the response to minocycline makes it dif-
ficult to attribute the neuroprotective effects of minocycline to 
specific mechanisms,55 the effects on the EEG and c-fos expres-
sion are not necessarily mediated by direct actions of mino-
cycline within microglia. For instance, minocycline is toxic to 
gram negative bacteria.56 S-DEP (albeit of durations far greater 
than those used in the current study) is known to facilitate the 
translocation of bacteria from the intestinal lumen into the 
peritoneal cavity57 and to increase tissue leukocyte numbers,58 
a possible sign of increased bacterial load. These effects may 
contribute to the increased severity of sepsis caused by S-DEP 
in rodents subjected to cecal puncture and ligation.59 Minocy-
cline may, by virtue of its toxicity to bacteria, reduce the sys-
temic bacterial load, and thereby reduce systemic exposure to 
the somnogenic bacterial products. Whether the attenuation of 
S-DEP effects on EEG by minocycline is due to reduced sys-
temic concentrations of bacterial factors is a possibility that 
cannot be ruled out. Further studies will be necessary to ascer-
tain whether changes in microglial function alone are sufficient 
to modulate the EEG response to sleep loss.

A wealth of data demonstrate that IL-1β, IL-6, and TNFα pro-
mote sleep.2,12 Levels of these substances in the brain increase 
during infectious states characterized by excessive sleepiness 
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the brain during wakefulness relative to SWS and can affect 
intracellular Ca2+ signaling pathways in ways analogous to ace-
tylcholine.71,72

The transcriptional regulatory element conferring protein ki-
nase C sensitivity to cd11b (an SP1 promoter element) also ex-
ists in the pbr promoter.73 Therefore, downregulation of pbr is 
regulated by the same signaling cascade. Given that pbr expres-
sion is, in fact, enriched in non-microglial cells (most likely as-
trocytes74) despite expectations to the contrary,75 the relevance 
of S-DEP-induced suppression of pbr expression to microglial 
function is questionable.

Adenosine and its metabolic precursor, adenosine triphos-
phate, may also play a role in the context of cd11b downregu-
lation after S-DEP. Adenosine is elevated in the brain during 
S-DEP.76 Microglia are enriched for adenosine receptors and 
for purinergic receptors activated by ATP. Microglia react to 
adenosine receptor activation by reducing their scavenging ac-
tivity in the brain parenchyma.77 Reduced cd11b expression in 
microglial cells during S-DEP may be a manifestation of the 
microglial response to increased adenosine.

Cd11b downregulation may, in turn, underlie changes in 
sleep propensity that occur as a consequence of S-DEP. CD11b 
blocks the intracellular signaling pathways that promote the 
synthesis and release of pro-inflammatory cytokines.78 S-DEP-
induced downregulation of cd11b is thus expected to disinhibit 
pro-inflammatory cytokine production in microglia, thereby el-
evating the propensity for sleep. Additionally, CD11b protein, 
together with CD18, forms the integrin needed for the adhesion 
of microglia to other cells in their environment.79 Such interac-
tions at the microglial cell surface are necessary for synaptic 
elimination,80 a posited function of sleep.81 Reduced phagocy-
totic activity, as a consequence of reduced integrin signaling, 
may contribute to the putative neuroprotective effect of S-DEP 
in cerebral ischemia.82

In addition to their role in immune surveillance within the 
brain, microglia also produce growth factors and neurotrophins, 
and perform glutamate uptake.83-85 They can thus be thought of 
as critical support cells for neurotransmission. Microglia are de-
rived from the myeloid hematopoietic lineage and consequently 
are very similar, morphologically and biochemically, to macro-
phages and related inflammatory cell types.16 Given the increas-
ing certainty with which sleep insufficiency has been linked to 
disorders of inflammation in both the brain86 and elsewhere,1,58 
further studies are needed on the roles of microglia in mediating 
physiological and pathological responses to sleep loss.
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