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Abstract
Chronic sleep restriction (CSR) negatively impacts brain functions. Whether microglia, the brain’s resident immune cells, play any 
role is unknown. We studied microglia responses to CSR using a rat model featuring slowly rotating wheels (3 h on/1 h off), which 
was previously shown to induce both homeostatic and adaptive responses in sleep and attention. Adult male rats were sleep 
restricted for 27 or 99 h. Control rats were housed in locked wheels. After 27 and/or 99 h of CSR, the number of cells immunoreactive 
for the microglia marker ionized calcium-binding adaptor molecule-1 (Iba1) and the density of Iba1 immunoreactivity were 
increased in 4/10 brain regions involved in sleep/wake regulation and cognition, including the prelimbic cortex, central amygdala, 
perifornical lateral hypothalamic area, and dorsal raphe nucleus. CSR neither induced mitosis in microglia (assessed with 
bromodeoxyuridine) nor impaired blood–brain barrier permeability (assessed with Evans Blue). Microglia appeared ramified in all 
treatment groups and, when examined quantitatively in the prelimbic cortex, their morphology was not affected by CSR. After 
27 h, but not 99 h, of CSR, mRNA levels of the anti-inflammatory cytokine interleukin-10 were increased in the frontal cortex. Pro-
inflammatory cytokine mRNA levels (tumor necrosis factor-α, interleukin-1β, and interleukin-6) were unchanged. Furthermore, 
cortical microglia were not immunoreactive for several pro- and anti-inflammatory markers tested, but were immunoreactive for 
the purinergic P2Y12 receptor. These results suggest that microglia respond to CSR while remaining in a physiological state and may 
contribute to the previously reported homeostatic and adaptive responses to CSR.
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Statement of Significance

Chronic sleep restriction is common in our society and alters sleep homeostasis with serious impacts on performance and health. Using a 
rat model of chronic sleep restriction, we show that microglia (immune cells in the brain) may be involved in these consequences of chronic 
sleep loss. The microglial marker Iba1 increased in brain regions involved in sleep/wake regulation and cognition, but without signs of in-
flammatory activation. These non-inflammatory responses of microglia may be part of the mechanisms leading to altered sleep regulation 
and cognitive impairments following insufficient sleep. Understanding the processes by which chronic sleep restriction impacts microglia 
and determining whether chronic sleep loss alters how microglia react to subsequent immunological challenges remain topics for future 
research.
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Introduction

Chronic sleep restriction (CSR), characterized by habitual sleep 
insufficiency, is common in today’s “24/7” society and nega-
tively impacts cognition, mood, and health [1–3]. Rodent models 
of CSR have shown that CSR affects brain function at both cel-
lular and molecular levels, impairing neuronal functions, and 
even causing neuronal loss [4]. Microglia play an important role 
in brain function in both health and disease [5], and it is pos-
sible that these innate immune cells, in addition to neurons and 
other glial cells, are involved in the physiological and cognitive 
responses to CSR.

Microglia are the resident macrophages of the central ner-
vous system and play an essential role in mediating inflam-
mation and promoting tissue repair [6] as well as in synaptic 
plasticity [7, 8]. There is growing evidence that microglia are 
involved in sleep regulation [3, 9]. Microglia activation after 
sleep loss has been reported in brain areas associated with 
cognitive functions [10–16]. For example, microglia increased 
in number and displayed larger cell bodies with thickened 
processes in the rat hippocampus after 5  days of sleep 
fragmentation [11]. In addition, following 4.5  days of CSR, 
microglia adopted a less ramified morphology suggestive of 
immunological activation and were detected phagocytosing 
presynaptic terminals in the adolescent mouse cortex [10]. 
Whether CSR activates microglia in brain regions that regu-
late sleep/wake cycles is unknown.

We previously developed and validated a rat model of CSR 
that takes into account the polyphasic sleep patterns of this 
species. In this model, alternating cycles of 3 h of sleep de-
privation and 1 h of sleep opportunity, using programmable 
activity wheels that rotate slowly, are imposed over 4 or 
6 days, to keep rats intermittently awake [17, 18]. This “3/1” 
protocol was effective in reducing both non-rapid eye move-
ment (NREM) and rapid eye movement (REM) sleep amounts 
by approximately 60% from baseline levels. It induced homeo-
static responses (rebound increases in NREM and REM sleep 
amounts and NREM sleep intensity during the sleep oppor-
tunities over the 4-day period) in conjunction with adaptive 
changes (gradual decline in NREM sleep intensity rebound 
during the sleep opportunities over 4 days, and limited sleep 
recovery after the 4-day CSR protocol [17]). These sleep re-
sponses to CSR were paralleled by impairment followed by 
a partial recovery in the performance on a sustained atten-
tion task during the same CSR protocol [18]. At the cellular 
level, the 3/1 protocol resulted in increased levels of brain-
derived neurotrophic factor (BDNF) [19], which is involved 
in neuroprotection and synaptic plasticity [20, 21] as well as 
sleep intensity and sleep need [22, 23], and FosB family pro-
teins [24], which are transcription factors indicating chronic 
neuronal activation [25], in a number of brain areas involved 
in sleep/wake regulation and cognitive functions.

In the present study, we investigated microglia responses to 
4 days of the 3/1 CSR protocol in sleep/wake, limbic, and auto-
nomic regions in the rat brain. We used immunohistochemistry 
for the well-established microglia/macrophage-specific marker 
ionized calcium-binding adaptor molecule-1 (Iba1), pro- and 
anti-inflammatory molecular markers of microglia activation 
[26], and the purinergic P2Y12 receptor marker of physiological 
or “homeostatic” microglia [27, 28], as well as assays for inflam-
matory cytokine expression.

Methods

Animals

Adult male Wistar rats (n = 90; Charles River Canada, St. Constant, 
QC), 300–350 g on arrival, were initially housed in pairs in a colony 
room under a 12 h:12 h light:dark cycle (lights on at 07:00 am) at 
23 ± 1°C, with food and water available ad libitum. Our previous 
studies using the same 3/1 CSR protocol used only male rats, 
due to the requirement of stable background in sleep patterns 
(without reproductive hormone-dependent fluctuations) over at 
least 1 or 2 weeks [17–19, 24]. Due to similar requirements, we 
limited the present study to male rats. All animals were handled 
in accordance with the guidelines of the Canadian Council on 
Animal Care, and the animal handling protocols were approved 
by the Dalhousie University Committee on Laboratory Animals.

Six experiments were conducted. In Experiments 1−6 (see 
below), rats were randomly assigned to two to four experimental 
groups and run in multiple cohorts of six rats at a time (excep-
tions: four or six rats per cohort in Experiment 2; three or six rats 
per cohort in Experiment 6).

The 3/1 CSR protocol

The sleep restriction (SR) protocol involved housing rats indi-
vidually in programmable, motorized activity wheels, as de-
scribed previously [17]. Briefly, sleep was restricted by continuous 
cycles of 3 h of sleep deprivation, imposed by the slow rotation 
of the activity wheel (~2.5 m/min), followed by 1 h of sleep op-
portunity when the wheel remained stationary; the protocol 
(the first sleep deprivation period) began at the onset of the 
light phase, i.e. 07:00 am. Control rats were housed in the same 
wheel-chambers, but their activity wheels were always locked to 
allow undisturbed sleep (locked wheel or LW condition).

All rats underwent 4 or 5 days of habituation in LWs prior to 
their respective experimental protocols (Experiments 1–6). The 
rats in the CSR condition were additionally habituated to the 
rotation of the wheels at a speed of approximately 2.5 m/min 
for 5–20 min once a day during the light phase; the wheels were 
otherwise locked.

Rats had ad libitum access to food and water throughout the 
experiment. Their body weights were recorded on the last day 
of habituation and immediately after their respective protocols 
(Experiments 1–6).

Experiment 1: Iba1 immunohistochemistry

Treatment groups
Rats were assigned to four groups: two SR groups underwent the 
3/1 CSR protocol for either 27 h (SR2, n = 9) or 99 h (SR5, n = 8), 
and two LW control groups (LW2, n = 8; LW5, n = 4) were housed, 
and left undisturbed, in locked activity wheels for time intervals 
matched to those of the SR2 and SR5 groups, respectively.

Perfusion and brain sectioning
At the end of their respective experimental protocols (i.e. 
10:00 am), rats were given an overdose of an anesthetic mix-
ture (208  mg/kg ketamine, 9.6  mg/kg xylazine, and 1.8  mg/kg 
acepromazine, IP). Animals were perfused intracardially with 
100 mL of phosphate-buffered saline (pH 7.4), followed by 400 mL 
of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). 
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Brains were post-fixed in the same fixative solution for 4–5 h, 
followed by cryoprotection in 30% sucrose in 0.01 M phosphate 
buffer at 4°C for 2–4 days. A freezing microtome was used to cut 
each brain into five series of 40 µm thick coronal sections, which 
were collected in 0.05 M Tris-buffered saline (TBS; pH 7.2–7.4).

Immunohistochemistry
Single-label immunohistochemistry for Iba1 was performed 
on one series of sections using a standard avidin–biotin–
horseradish peroxidase complex (ABC) method as previously 
described [29], with a polyclonal rabbit anti-Iba1 antibody 
(1:2,000; Supplementary Table 1), a biotinylated donkey anti-
rabbit IgG antibody (1:1,000; Jackson Laboratories), ABC (1:200, 
ABC Elite PK-6100; Vector Laboratories, Burlingame, CA), and 
diaminobenzidine in the presence of nickel ammonium sulfate 
and hydrogen peroxide.

Image acquisition
Image capture and analysis were conducted by an examiner 
(S.H.) who was blind to the treatment conditions. Two adja-
cent sections within the series (i.e. 200 µm apart) per rat were 
selected for quantitative analyses of Iba1 immunoreactivity in 
each of the following 10 brain regions known to be involved in 
sleep/wake, limbic, and autonomic functions [30]: the prelimbic 
cortex, anterior cingulate cortex, paraventricular hypothal-
amic nucleus, central amygdala, dentate gyrus of the hippo-
campus, perifornical lateral hypothalamic area, dorsal raphe 
nucleus, parabrachial nucleus, locus coeruleus, and the nucleus 
of the solitary tract (for respective anteroposterior levels, see 
Supplementary Table 2). Unilateral images (1,300 × 1,030 pixels) 
of each region were captured using a 10× (cell counts) or 20× 
(densitometry and morphology) objective lens on a bright-field 
microscope (Zeiss AxioPlan MOT II) equipped with an AxioCam 
camera, with identical exposure and illumination settings for 
all images.

Densitometry and cell counts
The density of Iba1 immunoreactivity and counts of Iba1-
immunoreactive (ir) cells were obtained for each brain region 
unilaterally in two adjacent sections and averaged for each rat 
(see Supplementary Table 2 for analysis box sizes and locations).

ImageJ (NIH, Bethesda, MD; RRID: SCR_003070; www.imagej.
net) was used to set two thresholds for Iba1 in each image, 
one for density of Iba1 immunoreactivity and the other for cell 
counts, as follows. For density, the pixel distribution from each 
image across a gray-scale spectrum ranging from 0 (black) to 255 
(white) was first examined to determine the peak background 
gray value and the highest gray value (i.e. lightest) in the image. 
The difference between these two values was then subtracted 
from the peak background gray value to obtain a threshold to 
define positive Iba1 staining. All gray values below this threshold 
(i.e. darker) were considered immunopositive. A  pilot analysis 
showed that this procedure adequately highlighted both pro-
cesses and cell bodies that were visually judged to be stained for 
Iba1 and also normalized background staining intensity across 
sections and animals. The density of Iba1 immunoreactivity 
in each brain region was then calculated as the percentage of 
Iba1-ir area, by dividing the number of pixels that were below 
the threshold gray value by the total number of pixels within the 
analysis box. Pixels corresponding to blood vessels within the 
analysis box were excluded from the total pixel count.

For Iba1 cell counts, the threshold was set at 50% of the 
threshold for density described above, to highlight only Iba1-ir 
cell bodies, which were typically darkly stained. This setting 
eliminated processes as they were generally less darkly stained 
than cell bodies. The total number of Iba1-ir cells within re-
spective analysis boxes was automatically counted in ImageJ, 
after excluding elements smaller than 20 µm2.

Experiment 2: Microglia proliferation

Treatment groups
Rats were assigned to SR5 (n = 8) and LW5 (n = 8) groups.

CSR and bromodeoxyuridine injections
All rats received IP injections twice daily of 50  mg/kg 
bromodeoxyuridine (BrdU; Sigma-Aldrich, Oakville, ON) dis-
solved in saline [31], at 07:00 am and 03:00 pm (corresponding 
to the beginning of respective 3  h sleep deprivation periods), 
throughout the CSR or LW condition, with the final injection at 
07:00 am on the last day of CSR/LW, for a total of nine injec-
tions. Immediately following the completion of their respective 
experimental protocols at 10:00 am, rats were anesthetized and 
perfused as described above under Experiment 1.

Tissue pretreatment and immunohistochemistry
Sections were incubated in 2N HCl for 30 min at 37°C to denature 
DNA, neutralized in sodium borate buffer (pH 8.5) for 10 min, and 
rinsed for 2 × 10 min in 0.05 M TBS, according to Junek et al. [32] with 
modification. Dual-label immunohistochemistry was conducted as 
previously described [32], using a polyclonal sheep anti-BrdU anti-
body (1:2,000; Supplementary Table 1), a polyclonal rabbit anti-Iba1 
antibody (see Experiment 1 above), a Cy2-conjugated donkey anti-
sheep IgG antibody (1:100; Jackson), and a Cy3-conjugated donkey 
anti-rabbit IgG antibody (1:400; Jackson). No BrdU immunolabeling 
was observed in an animal that did not receive BrdU injections. 
Visual inspection of brain sections confirmed that the tissue pre-
treatment did not appear to affect Iba1 immunostaining.

Image acquisition and analysis
For unilateral counts of double-labeled Iba1/BrdU-ir cells, two 
adjacent sections (200 µm apart) per rat were selected in each 
of the four brain regions that showed significant changes in 
Iba1 immunoreactivity following CSR (see Experiment 1: Iba1 
immunohistochemistry in Results): the prelimbic cortex, central 
amygdala, perifornical lateral hypothalamic area, and dorsal 
raphe nucleus. Fluorescent images (2 µm z-stack; 1,024 × 1,024 
pixels) were captured using a laser scanning confocal micro-
scope (Zeiss LSM 510 Meta) and a 10× objective lens. The number 
of double-labeled Iba1/BrdU-ir cells was counted manually in 
each brain region using the same analysis boxes as described 
above under Experiment 1.

Experiment 3: Blood–brain barrier permeability

Treatment groups
Rats were assigned to SR5 (n = 6) and LW5 (n = 6) groups.

Evans Blue injection
Immediately following the SR5 or LW5 protocol (i.e. at 10:00 am), 
rats were anesthetized with an IP injection of ketamine (104 mg/

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://www.imagej.net
http://www.imagej.net
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
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kg), xylazine (4.8 mg/kg), acepromazine (0.9 mg/kg) mixture, fol-
lowed by an intracardiac injection of 2 mL/kg of 2% Evans Blue 
(EB) (Sigma-Aldrich) in saline. EB is a commonly used fluores-
cent tracer to assess blood–brain barrier permeability [33, 34]. 
The rats were then placed on a heating pad at 37°C to allow EB 
to circulate for 10 min under anesthesia [33]; the skin of the rats 
turned dark blue. Rats were then perfused as described above 
under Experiment 1. Brains were cut into 40 µm thick coronal 
sections using a freezing microtome and every fifth section was 
stored for the examination of perivascular leakage of EB.

Two additional rats served as controls. One LW5 rat was not 
injected with EB to serve as an EB-negative control. Another rat 
was perfused with a mixture of 4% paraformaldehyde and 1% EB 
following acute cryoinjury to the right frontoparietal cortex [35] 
to serve as a positive control for EB extravasation.

Histology
 To visualize blood vessels, brain sections were incubated in 
fluorescein isothiocyanate (FITC)-conjugated tomato lectin 
(Sigma-Aldrich, Product #L0401, 20 µg/mL) in 1% bovine serum 
albumin in 0.05 M TBS for 2  h on a shaker at room tempera-
ture. Sections were then rinsed (3 × 10 min), mounted on gelatin-
coated slides, and cover-slipped.

Image acquisition and analysis
Two adjacent sections (200  µm apart) per region per rat were 
selected for quantitative analyses in the prelimbic cortex and 
perifornical lateral hypothalamic area (see Supplementary Table 
2 for analysis box sizes and locations). Unilateral images were 
captured using a 10× (prelimbic cortex) or 20× (perifornical 
lateral hypothalamic area) objective lens with an epifluores-
cence microscope (Zeiss Axiovert 200M) for EB (red) and FITC-
conjugated tomato lectin (green).

Perivascular leakage of EB was assessed by subtracting the 
tomato lectin-positive blood vessels from the EB image, using 
Photoshop (Adobe; RRID: SCR_014199; www.adobe.com/prod-
ucts/photoshop.html). Specifically, each pixel gray value in the 
tomato lectin image was subtracted from the corresponding 
pixel gray value in the EB image to create a differential image. 
Next, using ImageJ, a histogram of the number of pixels at each 
gray-scale value between 0 (black) and 255 (white) was displayed 
for each differential image. The threshold value for positive EB 
fluorescence was defined as the highest gray value measured in 
the histogram for an EB-negative control image, corresponding 
to autofluorescence. Next, for each rat, the number of pixels with 
gray values greater (i.e. lighter) than the threshold was divided 
by the corrected total number of pixels (i.e. the total number of 
pixels minus the number of pixels occupied by blood vessels) in 
the image to obtain the percentage of EB-positive pixels (i.e. a 
measure of extravasation) for each differential image.

Experiment 4: Cytokine mRNA expression

Treatment groups
Rats were assigned to SR2 (n = 4), SR5 (n = 7), LW2 (n = 2), and LW5 
(n = 5) groups.

At the end of their respective experimental protocols (i.e. 
10:00 am), rats were deeply anesthetized with 5% isoflurane (in 
oxygen) and decapitated. Brains were immediately removed, 
and frontal cortex blocks were collected from both hemispheres 

by isolating the most anterior 5 mm portion of the frontal cortex, 
as described previously [19], and immediately frozen on dry ice 
and stored at −80°C.

RNA extraction and quantitative reverse transcriptase-
polymerase chain reaction
Frontal cortex tissues were homogenized in TRIzol reagent 
(Ambion by Life Technologies, Carlsbad, CA). Total RNA was 
extracted using an Aurum Total RNA Fatty and Fibrous Tissue 
Pack (Bio-Rad, Catalog #732-6870, Hercules, CA) using the 
spin protocol according to the manufacturer’s instructions. 
RNA quality and quantity were assessed using an Experion 
Bioanalyzer (Bio-Rad) and an Epoch microplate spectrophotom-
eter (BioTek Instruments, Winooski, VT), respectively. Rats with 
poor RNA quality (Experion values below 6.5) were excluded 
from the experiment (n = 5 out of 18 rats). Total RNA samples 
were stored at −20°C prior to analysis.

Rat primers (Thermo Fisher Scientific, Waltham, MA) were 
used to detect the gene products for the inflammatory cytokines 
IL1β, TNFα, IL6, and IL10, as well as the three reference genes beta-
2-microglobulin (β2M), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), and hypoxanthine phosphoribosyltransferase 
(HPRT) (for primer sequences, see Supplementary Table 3). The 
expression stability of the three reference genes has previously 
been shown to be unaffected in rat brains by either 6 h of total 
sleep deprivation or 4 days of REM sleep deprivation [36]. Reverse 
transcriptase reactions were conducted using the iScript cDNA 
synthesis kit (Bio-Rad) using 1 µg of total RNA from each sample. 
qPCR was performed using SsoFast EvaGreen Supermix kit (Bio-
Rad) with the CFX 96 Real-Time System C1000 Touch thermal 
cycler (Bio-Rad): 1 cycle of 30 s at 95°C followed by 40 cycles of 
5 s at 95°C, 5 s at 55°C plus plate reading [37]. The melting curve 
consisted of 2  s stops at intervals of 0.5°C between 65°C and 
95°C. All quantitative reverse transcriptase-polymerase chain 
reaction (qRT-PCR) analysis was performed according to MIQE 
guidelines [38]. Each sample was tested in triplicate and values 
were normalized to the three reference genes. Data analysis was 
performed with CFX Manager 3.1 software (Bio-Rad) using the 
∆∆Cq method.

Experiment 5: Microglia morphology

Treatment groups 
Morphology analyses were conducted on Iba1-ir microglia in 
layers I and II/III of the prelimbic cortex, using sections that had 
been Iba1-immunostained for cell counts and densitometry in 
Experiment 1 (see above), for the SR2 (n  = 9), SR5 (n  = 8), LW2 
(n = 5), and LW5 (n = 4) groups.

Cell selection and Sholl analysis 
Layer I and layer II/III were delineated based on additional Iba1-
immunostained sections that were counterstained for Nissl in 
a control rat. A grid of 50 × 50 µm2 was placed over layer I and 
layer II/III, and 8–10 Iba1-ir cells in each layer were randomly 
selected unilaterally in two adjacent sections (200 µm apart) per 
rat. Only Iba1-ir cells with apparently intact processes that were 
not obscured by background labeling or other Iba1-ir cells were 
included in the analyses.

For Sholl analysis, the “concentric circles” plug-in in ImageJ 
was used to create a series of concentric circles centered at the 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://www.adobe.com/products/photoshop.html
http://www.adobe.com/products/photoshop.html
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
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cell soma and radiating at 5 µm intervals [39]. The “cell counter” 
plug-in was used to mark each point where an Iba1-ir branch 
intersected a given circle. The following six parameters were 
calculated [40]: total number of intersections (between cellular 
processes and concentric circles), process maximum (max-
imum number of intersections at one radius), number of pri-
mary branches (number of branches that originate from the 
soma), ramification index (the process maximum divided by the 
number of primary branches), longest branch length, and cell 
soma size. The area of the cell soma was calculated using the 
threshold setting in ImageJ.

Experiment 6: Immunohistochemical 
characterization of microglia phenotype

Treatment groups
Rats were assigned to SR2 (n = 3), SR5 (n = 3), LW2 (n = 1), and LW5 
(n = 2) groups.

Immunohistochemistry 
To further characterize the molecular phenotype of microglia 
following CSR, sections through the frontal cortex were double 
labeled with a guinea pig anti-Iba1 antibody (1:1,000) and one 
of the following antibodies (see Supplementary Table 1): a poly-
clonal rabbit anti-P2Y12 receptor antibody (1:500) to label the 
purinergic P2Y12 receptor as a specific microglial marker ex-
pressed only under physiological conditions [27]; monoclonal 
mouse anti-CD68 (1:100) and anti-OX6/MHCII (1:500) antibodies 
for pro-inflammatory (often referred to as “M1”) markers; and 
polyclonal rabbit anti-Arginase-1 (1:100), anti-cyclooxygenase-2 
(1:200), or anti-mannose receptor/CD206 (1:100) antibodies for 
anti-inflammatory (often referred to as “M2”) markers [26]. 
Cy2-conjugated donkey anti-guinea pig IgG (1:100; Jackson), 
Cy3-conjugated donkey anti-rabbit IgG (1:200; Jackson), and Cy3-
conjugated donkey anti-mouse IgG (1:400; Jackson) were used 
as secondary antibodies. Double-label immunofluorescence 
using the guinea pig anti-Iba1 antibody (1:1,000; used in this 
experiment) with the rabbit anti-Iba1 antibody (1:2,000; used in 
Experiment 1, see above) showed a virtually complete overlap 
of microglia staining for both cell bodies and processes in the 
cortex (data not shown). A z-stack of 0.5 µm optical sections was 
collected through the prelimbic cortex for each animal using 
a 40× objective lens on a laser scanning confocal microscope 
(Zeiss LSM510).

Statistics

Statistical analyses were conducted using GraphPad Prism 6 
(GraphPad Software, Inc., La Jolla, CA; RRID: SCR_002798; www.
graphpad.com). In Experiments 1, 4, and 6, one- or two-way ana-
lyses of variance (ANOVA) were performed to compare treat-
ment groups, followed, when applicable, by Fisher’s LSD post 
hoc tests. When the data did not meet the assumptions of the 
ANOVA, Kruskal–Wallis tests were used, followed, when applic-
able, by Dunn’s multiple comparison tests. In Experiments 2 
and 3, two-tailed, unpaired Student’s t-tests or, when the data 
showed heterogeneity of variance, Mann–Whitney U-tests were 
used. Probability values of <0.05 were considered statistically 
significant. Data values are expressed as means ± standard error 
of the mean (SEM).

Results

Experiment 1: Iba1 immunohistochemistry

The SR2 (n = 9) and SR5 (n = 8) groups underwent 27 and 99 h, 
respectively, of the 3/1 CSR protocol. The non-sleep-deprived 
control groups LW2 (n  =  8) and LW5 (n  =  4) were kept in LWs 
for corresponding intervals. The LW2 and LW5 groups did not 
significantly differ between each other in either the number of 
Iba1-ir cells or the density of Iba1 immunoreactivity in any of 
the brain regions examined (p = 0.20–0.84); therefore, they were 
combined into a single control group (LW).

Iba1 immunoreactivity
 Iba1 immunoreactivity was analyzed in 10 brain regions 
with sleep/wake, limbic, and autonomic functions. In 4/10 re-
gions examined, including the prelimbic cortex, central amyg-
dala, perifornical lateral hypothalamic area, and dorsal raphe 
nucleus, the number of Iba1-ir cells and/or the density of 
Iba1 immunoreactivity changed in response to CSR. Figure  1 
shows examples of Iba1 immunoreactivity in these four “CSR-
responsive” regions. Most microglia in all treatment groups ap-
peared ramified rather than ameboid, with relatively small cell 
bodies and many fairly long and branching processes (Figure 1).

In the prelimbic cortex, Iba1 immunoreactivity was increased 
after both 27 (SR2) and 99 h (SR5) of CSR. Specifically, the number 
of Iba1-ir cells (Figure 2, A) was higher in the SR2 than LW group 
(+137%, p = 0.017) and remained elevated in the SR5 group (+99% 
vs LW, p  =  0.045; main effect of group: F2,25  =  3.55, p  =  0.044). 
Similarly, the density of Iba1 immunoreactivity (Figure  2, B) 
was increased in the SR2 (+57% vs LW, p = 0.011) and SR5 groups 
(+61% vs LW, p = 0.009; F2,25 = 5.43, p = 0.011).

In the other three CSR-responsive brain regions, Iba1 
immunoreactivity was increased only after 99 h of CSR (SR5). In 
the central amygdala, Iba1-ir cell counts (Figure 2, D) tended to 
increase in the SR5 group (+197% vs LW; +191% vs SR2), although 
there was no significant group difference (H = 3.74, p = 0.15). The 
density of Iba1 immunoreactivity (Figure 2, E) was significantly 
increased in the SR5 group (+71% vs LW, p = 0.028; +85% vs SR2, 
p = 0.017; F2,25 = 4.15, p = 0.028).

In the perifornical lateral hypothalamic area, the number of 
Iba1-ir cells (Figure 2, G) was significantly increased in the SR5 
group (+227% vs LW, p = 0.015; +175% vs SR2, p = 0.039; F2,26 = 3.76, 
p = 0.037). The density of Iba1 immunoreactivity (Figure 2, H) was 
not significantly changed by CSR (F2,26 = 1.62, p = 0.22), although it 
tended to be increased in the SR5 group (+49% vs LW).

In the dorsal raphe nucleus, Iba1-ir cell counts tended to be in-
creased in the SR5 group (+103% vs LW; +179% vs SR2; F2,26 = 3.23, 
p  =  0.056; Figure  2, J). The density of Iba1 immunoreactivity 
(Figure 2, K) was significantly higher in the SR5 than LW group 
(+67%, p = 0.0072; F2,26 = 4.27, p = 0.025).

Positive correlations were found between the number of 
Iba1-ir cells and the density of Iba1 immunoreactivity in all of 
the four CSR-responsive brain regions (Figure  2, C, F, I, and L; 
r = 0.68–0.88, all p < 0.0001, n = 28 or 29/region).

In the other six brain regions examined, there was no sig-
nificant effect of CSR (Supplementary Table 4). Nonetheless, 
the highest number of Iba1-ir cells and/or density of Iba1 
immunoreactivity was observed in the SR2 or SR5 group in all 
these regions, with a trend for an increase in Iba1 density in the 
SR2 group in the locus coeruleus (p = 0.0503 for the main effect 
of treatment).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://www.graphpad.com
http://www.graphpad.com
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
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Figure 1.  Examples of Iba-1 immunoreactive (-ir) microglial cells in the four brain regions that showed significant increases in Iba1 immunoreactivity during and 

following chronic sleep restriction (CSR), including the prelimbic cortex (PrL; A and B including an inset), central amygdala (CeA; C and D), perifornical lateral hypo-

thalamic area (PeF/LH; E), and dorsal raphe nucleus (DR; F). The sections shown in A and C are from rats in the locked wheel control groups LW2 and LW5, respectively. 

The section shown in B is from a rat in the SR2 group that underwent 27 h of the 3/1 CSR protocol, and the sections shown in D–F are from rats in the SR5 group that 

underwent 99 h of the same protocol. The size and placement of analysis boxes or circles used for quantification of Iba1 immunoreactivity are shown for each region 

(in E, the entire image was used for analyses). Aq, cerebral aqueduct; cc, corpus callosum; cst, commissural stria terminalis; fx, fornix. Scale bars = 100 µm (A–F) and 

20 µm (inset in B).
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Figure 2.  The number of Iba1-ir cells (left), density of Iba1 immunoreactivity (middle), and scatterplots of the density versus cell counts (right), in the four brain re-

gions that showed significant increases in Iba1 immunoreactivity during and/or following CSR, including the prelimbic cortex (PrL; A–C), central amygdala (CeA; D–F), 

perifornical lateral hypothalamic area (PeF/LH; G–I), and dorsal raphe nucleus (DR; J–L). Data are shown as means ± SEM for the LW (n = 4), SR2 (n = 8 or 9), and SR5 (n 

= 8) groups. The LW2 and LW5 control groups were combined into a single LW group (n = 11 or 12). Cell counts are obtained from respective analysis boxes and are ex-

pressed per section per side of the brain. Regression lines are shown as solid lines. *p < 0.05, **p < 0.01 (Fischer’s LSD post hoc tests).
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Body weight
The average percent change in body weight from pre-protocol 
levels varied among the LW2, LW5, SR2, and SR5 groups 
(F3,22 = 14.35, p < 0.0001; Supplementary Table 5). Specifically, the 
LW2 and LW5 groups progressively gained body weight (+3.3% 
and +9.5%, respectively), while the SR2 and SR5 groups increas-
ingly lost weight (−3.3% and −7.7%, respectively).

Experiment 2: Microglia proliferation

To evaluate the possibility that the proliferation of resident 
microglia contributed to the observed increase in the number 
of Iba1-ir cells following CSR (see Experiment 1 above), we as-
sessed for the incorporation of the cell division marker BrdU in 
Iba1-ir cells using double immunofluorescence, in the prelimbic 
cortex, central amygdala, perifornical lateral hypothalamic area, 
and dorsal raphe nucleus in an additional cohort of SR5 (n = 7 
or 8) and LW5 (n = 8) animals that received BrdU injections (see 

Experiment 2 in Methods for injection paradigm). There were 
only a few Iba1/BrdU-ir cells in each of these four brain regions 
in both groups, with no significant group difference (p = 0.16–
0.85; Figure 3). As a positive control, BrdU-ir cells were present in 
the dentate gyrus of the hippocampus and subventricular zone 
of the lateral ventricle in both groups (data not shown) [32].

Similar to Experiment 1, the SR5 group lost weight from 
pre-protocol levels (−5.4%) while the LW5 group gained weight 
(+10.5%; SR5 vs LW5, p < 0.0001; Supplementary Table 6).

Experiment 3: Blood–brain barrier permeability

Next, to determine whether or not peripheral macrophage re-
cruitment through the blood–brain barrier contributed to the 
increases in the number of Iba1-ir cells observed following 
CSR (see Experiment 1 above), we examined blood–brain bar-
rier permeability by assessing the leakage of the fluorescent 
dye EB into the brain parenchyma following intracardiac 

Figure 3.  Number of double-labeled Iba1 (red)/BrdU (green) -ir cells in the prelimbic cortex (PrL; A), central amygdala (CeA; B), perifornical lateral hypothalamic area 

(PeF/LH; C), and dorsal raphe nucleus (DR; D), that is, the four brain regions that showed an increase in Iba1 immunoreactivity in response to CSR (see Figure 2). An 

example of double-labeled microglia (green nucleus for BrdU, and red cytoplasm for Iba1) in the PrL is shown in A, right. Scale bar = 20 µm. Mean values (±SEM) are 

shown for the LW5 (n = 7 or 8) and SR5 (n = 7 or 8) groups. Each symbol represents a rat. CSR did not significantly affect the number of double-labeled Iba1/BrdU-ir cells 

in any of these regions (unpaired t-tests).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
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injection in an additional cohort of SR5 (n = 6) and LW5 (n = 6) 
animals. Two additional animals served as EB-positive and 
negative controls (see Experiment 3 in Methods for specific 
treatment procedures).

As shown in Figure 4, A, in the EB-positive control rat, clear 
extravasation of EB was observed in various brain regions (e.g. 
cortex, striatum, and hippocampus), while in the EB-negative 
control rat, no EB fluorescence was visible as expected (not 
shown). In the LW5 and SR5 groups, no EB fluorescence was 
seen outside of blood vessels defined by tomato lectin binding 
in any brain region examined, although some residual EB in-
side blood vessels was occasionally observed (Figure 4, B; white 
arrowheads).

Consistent with these observations, the quantification of EB 
extravasation indicated that the percentage of pixels with posi-
tive EB fluorescence was 12.6% in the striatum of the EB-positive 
control but very low (<0.02%) in the LW5 and SR5 groups, with 
no significant group difference, in the prelimbic cortex (t10 = 0.67, 
p = 0.51; Figure 4, C) and perifornical lateral hypothalamic area 
(U = 6.5, p = 0.074; Figure 4, D).

As in Experiments 1 and 2, the SR5 group lost body weight 
from pre-protocol levels (−10.5%) while the LW5 group gained 
weight (+5.1%; SR5 vs LW5, p = 0.0003; Supplementary Table 7).

Experiment 4: Cytokine mRNA expression

Next, to determine whether the increase in Iba1 
immunoreactivity following CSR is accompanied by changes 
in the expression of inflammatory cytokines, we examined 

the mRNA levels of TNFα, IL1β, IL6, and IL10 in the frontal 
cortex (including the prelimbic cortex) following CSR. The 
frontal cortex was selected because it is known to be sensi-
tive to sleep loss [41] and has been shown to respond to the 
3/1 CSR protocol with increased BDNF protein levels [19] and 
to a different CSR protocol with increased IL1β and TNFα 
mRNA levels [42]. After the exclusion of five rats due to poor 
RNA quality (see Experiment 4 in Methods), the final animal 
numbers in each group for qRT-PCR analysis were SR2 (n = 4), 
SR5 (n  =  5), LW2 (n  =  2), and LW5 (n  =  2). There was no ob-
vious group difference between the LW2 and LW5 groups for 
any cytokine mRNA levels, and thus these two control groups 
were combined into a single LW group.

The LW, SR2, and SR5 groups did not significantly differ in 
the normalized mRNA levels of TNFα (H = 1.53, p = 0.49; Figure 5, 
A), IL1β (H = 0.74, p = 0.72; Figure 5, B), and IL6 (H = 0.17, p = 0.92; 
Figure  5, C). In contrast, normalized IL10 mRNA levels were 
significantly different between the three  treatment groups 
(H = 7.14, p = 0.017; Figure 5, D): IL10 mRNA levels were higher 
in the SR2 group than the LW group (p = 0.041) and were at the 
control levels in the SR5 group (p > 0.99 vs LW).

As in Experiment 1, the LW2 and LW5 groups gained body 
weight from pre-protocol levels (+5.5% and +12.5%, respect-
ively; Supplementary Table 8), while the SR2 group lost weight 
(−4.3%). The SR5 group, however, did not lose weight as in the 
previous experiments but maintained pre-protocol levels 
(+0.7%). Nonetheless, this was in contrast to the significant 
body weight gain observed in the LW5 group (p = 0.0062 vs SR5; 
Supplementary Table 8).

Figure 4.  Quantification of Evans Blue (EB) dye fluorescence in brain tissue following CSR. (A) Example of a fluorescent microscope image showing EB extravasation 

(red) in the striatum of a positive control rat with cryoinjury. Scale bar = 150 µm. (B) Example of a fluorescent microscope image in the prelimbic cortex (PrL) of an SR5 

rat showing blood vessels identified with tomato lectin-FITC (green) and EB (red). White arrowheads indicate EB remaining inside blood vessels; no EB fluorescence was 

observed outside of blood vessels. Scale bars = 100 µm and 25 µm (inset). EB fluorescence was quantified in the PrL (C) and perifornical lateral hypothalamic area (PeF/

LH; D) for the SR5 (n = 6) and LW5 (n = 6) groups. Each symbol represents a rat. See Experiment 3 in Methods for calculation of percent positive EB fluorescence area. CSR 

did not have a significant effect on the percent positive EB fluorescence area in either the PrL or PeF/LH (unpaired t-tests).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
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Experiment 5: Microglia morphology

Since the morphology of microglia changes according to their func-
tional state [43], we quantitatively examined whether CSR induces 
changes in microglia morphology in the prelimbic cortex, the only 
region that showed an increase in Iba1 immunoreactivity after both 
27 and 99 h of CSR (see Experiment 1 above). Previous studies re-
ported changes in the density and morphology of Iba1-ir microglia 
in the prelimbic cortex following chronic stress exposure [44, 45]. 
Sholl analyses were conducted on randomly selected Iba1-ir cells in 
layer I and layer II/III in the SR2 (n = 9), SR5 (n = 8), LW2 (n = 5), and 
LW5 (n = 4) groups used in Experiment 1. As there was no significant 
difference between the LW2 and LW5 groups in any of the six mor-
phological parameters analyzed (p = 0.14 to >0.99), these two control 
groups were combined into a single control group (LW).

The LW, SR2, and SR5 groups did not significantly differ in any 
morphological parameters in either of the two cortical layers 
(F2,44 = 0.24–1.63, p = 0.21–0.79), including soma size (Figure 6, A), 
total number of intersections (Figure  6, B), ramification index 
(Figure  6, C), process maximum (Supplementary Figure 1, A), 
number of primary branches (Supplementary Figure 1, B), and 
longest branch length (Supplementary Figure 1, C). When calcu-
lated as a function of distance from the cell soma, the number 
of intersections of microglia in layer I and layer II/III was also 
similar across groups (Supplementary Figure 1, D and E).

Irrespective of treatment groups, however, microglia were 
more ramified in layer I  than in layer II/III of the prelimbic 
cortex. There was a main effect of layer for the total number of 
intersections (Figure  6, B), process maximum (Supplementary 
Figure 1, A), number of primary branches (Supplementary Figure 
1, B), and longest branch length (Supplementary Figure 1, C; 

F1,44  =  16.75–30.55, p <0.0001–0.0002). The main effect of layer 
did not reach statistical significance for soma size (F1,44  =  3.25, 
p = 0.078; Figure 6, A) and ramification index (F1,44 = 2.97, p = 0.092; 
Figure 6, C).

As another way to assess for differences in the degree of ram-
ification between the treatment groups, all microglia from all the 
treatment groups were pooled together, ranked based on their ram-
ification index value, and divided into quartiles (from less ramified 
to more ramified), separately for layer I  (Figure 6, D) and layer II/
III (Figure 6, E) of the prelimbic cortex. Next, in each layer, the pro-
portion (percentage) of microglia within each quartile was calcu-
lated to obtain a population profile for each rat. These profiles were 
then statistically compared between the three treatment groups. 
A  repeated-measures two-way ANOVA showed no main effect of 
group or quartile for either layer (p = 0.63–0.85), indicating that there 
was no significant group difference in the population profile for ram-
ification in response to CSR in either layer of the prelimbic cortex.

Experiment 6: Immunohistochemical 
characterization of microglia molecular phenotype

Finally, we examined the molecular phenotype of microglia in the 
prelimbic cortex, where microglia morphology was quantified (see 
Experiment 5 above), in additional SR2 (n = 3), SR5 (n = 3), LW2 (n = 1), 
and LW5 (n = 2) animals. As shown in Figure 7, virtually all Iba1-ir 
microglia were strongly co-immunolabeled with P2Y12 receptors, 
and vice versa, in the prelimbic cortex of all treatment groups. 
However, within each microglial cell, Iba1 and P2Y12 staining did 
not completely overlap, consistent with the cytoplasmic and cell 
membrane localization, respectively, of Iba1 and P2Y12 receptors 

Figure 5.  Cytokine expression in the frontal cortex under CSR and control conditions. Normalized mRNA levels (mean ± SEM) of tumor necrosis factor-α (TNFα; A), 

interleukin-1β (IL1β; B), IL6 (C), and IL10 (D) are shown for the LW (n = 4), SR2 (n = 4), and SR5 (n = 5) groups. Each symbol represents a rat. The LW2 and LW5 control 

groups were combined into a single LW control group. While TNFα, IL1β, and IL6 mRNA levels were not affected by CSR, IL10 mRNA levels were significantly increased 

in the SR2 group compared to the LW group and were at control levels in the SR5 group. *p < 0.05 (Dunn’s multiple comparison test).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
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[27, 46]. Thus, P2Y12 did not stain microglial cell bodies as dis-
tinctly as Iba1 did, while it revealed more complex secondary and 
tertiary branches than did Iba1. Exclusive presence of P2Y12 re-
ceptor immunoreactivity in Iba1-ir microglia and absence of P2Y12 
labeling in Iba1-ir meningeal macrophages (Figure 7) are consistent 
with previous reports [27, 28].

Iba1-ir microglia in the prelimbic cortex were not 
immunoreactive for any of the pro- (CD68 and OX6) or anti- 
(arginase-1, cyclooxygenase-2, and mannose receptor) in-
flammatory markers examined in all treatment groups 
(Supplementary Figure 2). Iba1-ir meningeal macrophages, 
however, were co-labeled with all these inflammatory markers 
(Supplementary Figure 2), as has been previously reported 
[47–49], except arginase-1. Additionally, as reported previously 
[50–54], immunolabeling of arginase-1, cyclooxygenase-2, and 
mannose receptor, but not CD68 and OX6, was found in frontal 
cortex neurons (Supplementary Figure 2).

Compared to pre-protocol levels, the LW2 and LW5 groups 
gained body weight (+3.7% and +7.3%, respectively), the SR2 
group did not gain weight (+0.1%), and the SR5 group lost weight 
(−10.4%; Supplementary Table 9).

Discussion
We show here that 27 and 99  h of the 3/1 CSR protocol in-
creased the number of Iba1-ir microglia and the density of 
Iba1 immunoreactivity in selected sleep/wake and limbic 

brain regions in adult rats. Despite the observed increases in 
Iba1 immunoreactivity, microglia morphology examined in 
the prelimbic cortex was unaffected by CSR, with no change 
in cell body size or degree of ramification. Consistent with the 
lack of morphological changes, cortical microglia were also 
immunoreactive for P2Y12 receptors but not for several pro- or 
anti-inflammatory markers examined, suggesting a physio-
logical or homeostatic microglial phenotype. Furthermore, cor-
tical mRNA levels of several pro-inflammatory cytokines were 
not affected by CSR, while mRNA levels of the anti-inflamma-
tory cytokine IL10 were transiently increased after 27 h of CSR.

CSR caused a gradual loss of body weight compared to pre-
protocol levels. This modest weight loss is consistent with pre-
vious reports using the same [17, 19, 24] or different [55, 56] CSR 
protocols in rats. As reported previously in another CSR study 
[56], the weight loss in SR rats may reflect a negative energy 
balance associated with hyperphagia, although food intake was 
not measured in the present study.

Methodological considerations and limitations

A control group experiencing the same number of wheel rota-
tions as those in the sleep-restricted groups but with minimal 
or no sleep deprivation was not included in the present study. 
Therefore, we cannot rule out that the increased locomotor ac-
tivity inherent to the CSR protocol contributed, at least in part, 
to the observed changes in Iba1 immunoreactivity in response 

Figure 6.  Morphological parameters of microglial cells in layers I and II/III of the prelimbic cortex (PrL), which showed a significant increase in Iba1 immunoreactivity 

after both 27 and 99 h of CSR (see Figure 2, A–C). Mean (+SEM) soma size (A), total number of intersections (B), and ramification index (C) are shown for the LW (n = 9), 

SR2 (n = 9), and SR5 (n = 8) groups. Microglia (n = 8–10/layer/rat) were randomly selected for Sholl analyses in each animal (see Experiment 1 in Methods for further 

details). The LW2 and LW5 control groups were combined into a single LW control group. (A–C) There was no significant effect of CSR on soma size (A), total number 

of intersections (B), or ramification index (C). However, the total number of intersections (B) was significantly greater in layer I (left) than in layer II/III (right) across all 

treatment groups. (D and E) All microglia across animals were pooled, ranked, and divided into quartiles from low to high ramification index, and the proportion of cells 

in each quartile was calculated for each animal in each treatment group for layer I (D) and layer II/III (E). No significant group difference was found in the proportions 

of microglia in each quartile in either layer. See Supplementary Figure 1 for additional morphological parameters analyzed. ****p < 0.0001 (main effect of layer, two-way 

repeated ANOVA).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa108#supplementary-data
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to CSR. However, we suspect that this is unlikely for the fol-
lowing reasons: First, 27 h of CSR did not significantly increase 
Iba1 immunoreactivity above control levels in any of the regions 
examined except the prelimbic cortex, suggesting no general 
acute effect of locomotor activity on Iba1 immunoreactivity. 
Second, forced locomotion for 20  min daily over 2 weeks re-
duced ischemia-induced increases in Iba1 immunoreactivity 
in the rat hippocampus [57], and voluntary wheel running for 
10 days did not alter the number or the morphology of Iba1-ir 
cells in the mouse hippocampus [58]. In addition, there is 
little evidence to support that increased locomotion associ-
ated with wheel rotations contributed to the lack of changes 
in pro-inflammatory cytokine expression in the frontal cortex 
following CSR. Specifically, a previous study [59] reported that 7 
weeks of forced treadmill running for 1–2 h/day reduced sleep 
deprivation-induced IL1β mRNA levels in the hippocampus but 
not in the frontal cortex in rats; neither treadmill running nor 
sleep deprivation affected TNFα and IL6 mRNA levels in either 
region [59].

Another issue to consider is the possibility that stress in-
herent to the 3/1 CSR protocol contributed to the observed in-
creases in Iba1 immunoreactivity. Previous studies using a 20/4 
CSR protocol in rats reported that plasma corticosterone levels 
were mildly increased at the end of daily 20 h sleep deprivation 
(using slowly rotating wheels) followed by a return to control 
levels at the end of the subsequent 4 h sleep opportunity [55, 
60, 61]. However, we are inclined to believe that, between the 
two types of protocol, the 3 h sleep deprivation/1 h sleep oppor-
tunity cycle is less stressful and, therefore, would have less of 
an effect on corticosterone levels, although corticosterone levels 
were not measured in the present study. Highly stressful experi-
ences such as repeated psychosocial stress for 6 days in mice 

[62] or 14 days in rats [45] did produce distinct morphological 
changes in microglia with hypertrophy combined with shorter, 
thickened processes consistent with pro-inflammatory activa-
tion [62]. Thus, we suppose that the stress associated with the 
3/1 CSR protocol was likely mild, although we cannot exclude 
its possible contribution to the increased Iba1 immunoreactivity 
following CSR. More plausibly, however, the increases in Iba1 
immunoreactivity and the lack of morphological change in 
microglia suggest a homeostatic or “adaptive” response to CSR.

Finally, although the changes in Iba1 immunoreactivity 
observed in response to CSR in the present study were clear 
and fairly robust, the use of additional immunohistochemical 
markers that recognize microglia in all functional phenotypes, 
such as TMEM119 [63] and CD11b [64], would have strengthened 
our results. In addition, further validation of the changes in Iba1 
immunoreactivity using Western blot would be useful.

Region-specific increases in Iba1 immunoreactivity 
in response to CSR: lack of proliferation, recruitment, 
or morphological changes

The 3/1 CSR protocol increased Iba1 immunoreactivity with 
different time courses in 4 out of the 10 examined brain re-
gions with sleep/wake regulatory and limbic functions. In the 
prelimbic cortex, the number of Iba1-ir cells and/or the density 
of Iba1 immunoreactivity increased after 27  h of CSR and re-
mained elevated after 99 h of CSR, while in the central amygdala, 
perifornical lateral hypothalamic area, and dorsal raphe nucleus, 
increases were observed only after 99 h of CSR. The increase in 
Iba1 immunoreactivity, however, was not universal; in fact, 6 out 
of the 10 brain regions examined in the present study showed 
no significant changes. These included the lateral parabrachial 

Figure 7.  Representative confocal images of double-labeled immunofluorescence for Iba1 (green) and P2Y12 receptors (red) in the prelimbic cortex of LW5 (A) and SR5 

(B) rats. White arrowheads indicate individual microglia co-labeled with Iba1 and P2Y12 receptors in both rats. Scale bar = 20 µm.
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nucleus and locus coeruleus, which are involved in sleep/wake 
regulation [30], as well as the anterior cingulate cortex, para-
ventricular hypothalamic nucleus, nucleus of the solitary tract, 
and dentate gyrus of the hippocampus. We did not examine 
microglia morphology in these regions and cannot rule out the 
possibility that these microglia responded to CSR with morpho-
logical changes without changing their Iba1 immunoreactivity. 
Nonetheless, the lack of change in Iba1 immunoreactivity in the 
hippocampus in response to CSR is consistent with the previ-
ously reported lack of change in the density of Iba1-ir cells in 
the mouse hippocampus after 72  h of REM sleep deprivation 
[12]. However, this result contrasts with previously reported in-
creases in the number of cells immunopositive for Iba1 or an-
other microglial marker OX-42 in the hippocampus after 5 days 
of sleep fragmentation in rats [11] and after either 1  day or 1 
week after 24  h of sleep disruption in mice [15]. Collectively, 
we believe that the regionally different levels or time courses 
of microglia response likely reflect different functions of these 
brain areas and different roles microglia play in them.

Although microglia are known to proliferate rapidly in response 
to a variety of stimuli [65], proliferation (examined using BrdU) did 
not appear to contribute to the observed increase in the number of 
Iba1-ir microglia in any of the four CSR-responsive brain regions. 
Similarly, a previous study reported no evidence of microglia pro-
liferation in response to approximately 2 weeks of chronic stress in 
stress-related brain regions in rats [66]. Additionally, we found no 
evidence for blood–brain barrier disruption (using EB) in response 
to CSR, suggesting that macrophage recruitment is an unlikely 
explanation for the increased number of Iba1-ir cells, despite re-
ports of increased blood–brain barrier permeability to EB and other 
fluorescent tracers following sleep disruption for 6 days in mice 
[67] and 10 days in rats [33, 68]. The absence of infiltrating macro-
phages is further supported by our result that virtually all micro-
glia contained P2Y12 receptors, a selective marker for homeostatic 
microglia [27, 28] (but see Ref. [69]), which is not expressed by 
macrophages recruited from the periphery [70]. Thus, the observed 
increases in Iba1-ir cell numbers in response to CSR are most likely 
due to an upregulation of Iba1 levels in existing microglia, rather 
than an actual increase in the number of microglial cells. Given 
the high mobility of microglia [71, 72], however, we cannot exclude 
the possibility that the migration of microglia from adjacent brain 
regions contributed to the increased numbers of Iba1-ir microglia 
in the CSR-responsive brain regions.

Despite the increases in Iba1 immunoreactivity in response 
to CSR, microglia in all CSR-responsive regions retained a rami-
fied phenotype and a relatively small cell body size, indicative of a 
homeostatic or physiological state. When quantitatively analyzed 
in the prelimbic cortex, microglia morphometric measures showed 
no differences between the treatment groups. Additionally, the 
values of the morphological parameters analyzed in the current 
study for the prelimbic cortex are comparable to those reported 
in rats under control (no CSR) conditions [39, 40]. These results are 
in contrast to the previously reported increased proportion of less 
ramified microglia in response to 4.5 days of CSR in the frontal 
cortex of adolescent mice [10]. Differences in species, age, and/or 
protocols may account for this discrepancy.

Cytokine expression during CSR

In the frontal cortex, in parallel with the initial increase in Iba1 
immunoreactivity, the mRNA level of the anti-inflammatory 

cytokine IL10 was transiently increased after 27 h of CSR, while 
mRNA levels of the pro-inflammatory cytokines TNFα, IL1β, and 
IL6 remained unchanged at 27 and 99 h of CSR. The latter finding 
may be explained by previous reports that IL10 can inhibit 
microglial production of TNFα, IL1β, and IL6 [73, 74]. Our find-
ings, however, are in contrast to previously reported increases 
in TNFα and IL1β mRNA levels in the frontal cortex and hippo-
campus after 5 days of CSR [42], and in the piriform cortex and 
hippocampus after 21 days of CSR [75] in adult rats, as well as in-
creases in TNFα and IL6 mRNA levels in the hippocampus after 
72 h of REM sleep deprivation in adult mice [12, 76]. Nonetheless, 
mRNA levels do not necessarily predict protein levels, and sev-
eral cytokine mRNAs are known to be post-transcriptionally 
modified [77]. Another study in adolescent mice found a de-
crease in TNFα protein levels, no change in IL1β protein levels, 
and undetectable IL6 and IL10 protein levels in the cerebrospinal 
fluid after 4.5 days of CSR [10]. The discrepancies among these 
studies are likely due to differences in species, duration of CSR, 
and/or protocol used, as well as samples (brain regions or cere-
brospinal fluid), or mRNA or protein, that were analyzed. Finally, 
although microglia are one of the best characterized cellular 
sources of IL10 in the brain [78], in situ hybridization is neces-
sary to confirm the cellular localization of IL10 mRNA.

The function of increased IL10 mRNA and possibly protein 
levels requires further investigation. We previously found that 
BDNF protein levels were increased in the frontal cortex fol-
lowing 27 h, with a slight decline in this increase after 99 h, of 
the 3/1 CSR protocol [19]. BDNF has been shown to increase the 
expression of IL10 in a rat model of ischemia [79]. Binding of 
IL10 at its receptor, present on both glial and neuronal cell types, 
promotes the survival of both glia and neurons [78]. Therefore, 
neuroprotective molecules such as IL10 and BDNF may interact 
to initiate processes that help animals adapt to CSR.

Homeostatic state of CSR-responsive microglia

Iba1 is involved in cytoskeletal reorganization and phagocyt-
osis [80, 81], and Iba1 protein levels are upregulated in micro-
glia in response to pathophysiological stimuli, in parallel with 
a withdrawal of processes and cell body enlargement plus an 
increased expression of inflammatory markers [82–85]. Thus, 
the increased Iba1 immunoreactivity observed in response to 
CSR could suggest an inflammatory response. However, several 
aspects of the microglia response to the 3/1 CSR protocol are 
not congruent with inflammatory activation [86]. First, microglia 
morphology was not affected by CSR and microglia remained 
ramified as confirmed quantitatively in the prefrontal cortex. 
Second, microglia in the frontal cortex did not contain pro-
inflammatory (CD68 and OX6) or anti-inflammatory (arginase-1, 
cyclooxygenase-2, and mannose receptor) markers. Third, 
mRNA levels of several pro-inflammatory cytokines were not af-
fected, although mRNA levels of the anti-inflammatory cytokine 
IL10 were transiently increased, in the frontal cortex by CSR. 
Fourth, despite the increased Iba1 density and/or numbers of 
Iba1-ir cells, there was no evidence of microglial proliferation or 
peripheral macrophage recruitment. Collectively, these results 
indicate that microglia do not respond to the 3/1 CSR protocol 
with inflammatory activation.

Consistent with the lack of inflammatory responses to the 
3/1 protocol, we found that microglia in the frontal cortex con-
tain the purinergic P2Y12 receptor. This Gi/o protein-coupled 
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receptor is expressed in microglia under physiological condi-
tions and is down-regulated during inflammatory responses 
[27, 69]. Increasing evidence suggests that the P2Y12 receptor in 
microglia is involved in detecting extracellular signals such as 
nucleotides to induce chemotaxis, and its expression is thought 
to indicate the physiological or homeostatic state of microglia 
[27, 46, 87]. Homeostatic microglia respond to neuronal activity 
[46, 88, 89] and glutamatergic and GABAergic transmission, via 
nucleotides and other mediators [90–92]. Thus, microglia may 
respond to the sustained activity of wake-active neurons and 
their synaptic activities during sleep deprivation periods of the 
3/1 CSR protocol. We found increased Iba1 immunoreactivity in 
the perifornical lateral hypothalamic area and the dorsal raphe 
nucleus, both of which contain wake-active neurons [93, 94], 
and we previously found evidence for increased neuronal ac-
tivation (indicated by increased ΔFosB/FosB immunoreactivity) 
in the perifornical lateral hypothalamic area using the same 
3/1 CSR protocol [24]. In the present study, increased Iba1 
immunoreactivity also occurred in the prelimbic cortex, which 
plays a role in sustained attention and working memory [95] 
and is thought to be particularly sensitive to sleep loss [41]. 
Homeostatic microglia can initiate synaptic plasticity by con-
tacting spines [96] and phagocytosing pre-synaptic elements 
[97] through P2Y12 receptor activation [98]. Microglia phagocyt-
osis of presynaptic terminals was reported in the adolescent 
mouse cortex after 4.5 h of CSR [10] (but see Ref. [99]), while im-
paired microglia phagocytosis of post-synaptic elements was 
associated with a reduction of P2Y12 receptor mRNA levels in 
the adolescent mouse hippocampus after 72 h of selective REM 
sleep deprivation [12]. These forms of synaptic plasticity, if they 
occur in the perifornical lateral hypothalamic area, dorsal raphe 
nucleus, and prelimbic cortex in response to CSR, might be in-
volved in the adaptive changes in sleep/wake patterns and sus-
tained attention observed during the 3/1 CSR protocol [17, 18].

Conclusions
Our data indicate that sleep-restricting rats for 1–4 days using the 
3/1 CSR protocol resulted in time-dependent and region-specific in-
creases in microglial Iba1 immunoreactivity in the brain. Microglia 
remained in a physiological state without inflammatory activation. 
The CSR-induced microglial responses in a subset of sleep/wake 
and limbic brain regions may be involved in adaptive changes in 
sleep homeostasis and sustained attention in response to chronic 
sleep loss. In addition, the microglial response to CSR could alter 
the way microglia react to subsequent challenges, thereby modi-
fying brain vulnerability to damage by further insults. Whether 
the microglial response persists during recovery following CSR re-
mains to be investigated.
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