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Abstract: Chronic sleep disturbances (CSDs) including insomnia, insufficient sleep time, and poor
sleep quality are major public health concerns around the world, especially in developed countries.
CSDs are major health risk factors linked to multiple neurodegenerative and neuropsychological
diseases. It has been suggested that CSDs could activate microglia (Mg) leading to increased neuroin-
flammation levels, which ultimately lead to neuronal dysfunction. However, the detailed mechanisms
underlying CSD-mediated microglial activation remain mostly unexplored. In this study, we used
mice with three-weeks of sleep fragmentation (SF) to explore the underlying pathways responsible
for Mg activation. Our results revealed that SF activates Mg in the hippocampus (HP) but not in
the striatum and prefrontal cortex (PFc). SF increased the levels of corticotropin-releasing hormone
(CRH) in the HP. In vitro mechanism studies revealed that CRH activation of Mg involves galectin
3 (Gal3) upregulation and autophagy dysregulation. CRH could disrupt lysosome membrane in-
tegrity resulting in lysosomal cathepsins leakage. CRHR2 blockage mitigated CRH-mediated effects
on microglia in vitro. SF mice also show increased Gal3 levels and autophagy dysregulation in
the HP compared to controls. Taken together, our results show that SF-mediated hippocampal Mg
activation involves CRH mediated galectin 3 and autophagy dysregulation. These findings suggest
that targeting the hippocampal CRH system might be a novel therapeutic approach to ameliorate
CSD-mediated neuroinflammation and neurodegenerative diseases.
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1. Introduction

Sufficient good quality sleep is crucial for maintaining human physical and psycho-
logical health. However, in modern society, chronic sleep disturbances (CSDs) including
insomnia, insufficient sleep time, and poor sleep quality are highly prevalent due to social
factors including competition, sustained stress, and economic pressure, etc. [1] as well as a
variety of health problems [2,3]. It has been estimated that nearly 25% of adults in USA
have sleep problems [4]. CSDs have also been identified as major risk factors contributing
to neurological impairments such as memory and cognitive loss evident in neurodegen-
erative diseases [5,6] and accelerating the pathogenesis of neuropsychiatric diseases such
as anxiety and depression [7,8]. The underlying mechanisms responsible for how CSDs
contribute to brain dysfunctions are complex and remain mostly unknown.

Microglia, the brain immunocompetent cells, constitute the first line of defense in
response to a variety of external or internal insults including viral invasion, abused drugs,
and brain injuries [9–11]. Upon stimulation, microglia quickly increase the production of
pro-inflammatory mediators and cytokines such as il1β, tnfα, il6, and ccl2 and secret them
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into the surrounding microenvironment where they interact with neurons and astrocytes.
Transient and controlled inflammation is beneficial for neuron and brain repair while
uncontrolled and prolonged neuroinflammation can exacerbate existing neuronal and brain
damage. Indeed, abnormal microglial activation has been implicated in neurogenerative
diseases such as Parkinson’s disease, Alzheimer’s disease, and multiple sclerosis [12–14]
whereas microglial inhibition has been shown to be a promising therapeutic approach for
mitigating these diseases [15,16].

Accumulating evidence demonstrates that CSDs can increase neuroinflammation. In
multiple rodent models, microglia were activated by various sleep deprivation regimens
and abnormal microglial activation was implicated in CSD-mediated synaptic loss and
neuronal dysfunction [17,18]. For example, sleep deprivation for 48 h in rats increased
IL1β, TNFα, IL6 levels and decreased the anti-inflammatory factors, IL4 and IL10, in
the hippocampus (HP), and led to spatial memory impairment [19] whereas microglia
inhibition mitigated spatial memory loss [20]. Sleep restriction (20 h for 10 consecutive
days) increased microglial Iba1 levels in the HP in C57BL/6 mice [21]. Chronically sleep-
restricted mice and rats show similar changes in neuroimmune signaling and neuronal
dysfunction [22,23]. Interestingly, administration of minocycline, an inhibitor of microglial
activation, blocked some effects of sleep deprivation [24].

Several neuroimmune pathways have been implicated in CSD-mediated microglial
activation. Increased levels of reactive oxygen species (ROS), well-known inducers of
microglial activation [25], were reported to be responsible for learning and memory im-
pairment in sleep deprived rats [26,27]. Enhanced activity of the NOD-, LRR- and pyrin
domain-containing protein 3 (NLRP3) inflammasome has been identified in CSD-mediated
microglial activation and NLRP3 inhibition has beneficial effects on rats with CSDs [28].
However, the endogenous and upstream signal(s) directly activating microglia in the
context of CSDs remain unidentified.

Corticotrophin-releasing hormone (CRH) is a neuronal hormone regulated by a variety
stress types including sleep disturbances [29,30]. CRH and its cognate receptors 1 and
2 (CRHR1/2) are expressed in both hypothalamus and extra-hypothalamic regions includ-
ing the striatum, HP, cortex, and amygdala [31–33]. Extra-hypothalamic CRH, especially in
the HP, is also sensitive to stress and sleep disturbances [34]. Chronic combined stressors
increase CRH and neuroinflammation in the HP [35]. Long-term exposure to noise for
30 consecutive days significantly increased the expression of CRH and CRHR1 levels in
the HP [36]. One week of running wheel (12 h/day) increased CRHR1 mRNA levels in
the HP which is related to depression- and anxiety-related behaviors [37]. Interestingly,
CRH has been shown to activate microglia in vitro [38,39] but the underlying mechanisms
remain unknown.

To unravel the mechanisms underlying microglial activation induced by CSDs, we
exposed mice to three weeks of sleep fragmentation (SF), a common sleep problem [40–42],
and investigated the status of microglial activation, galectin 3 (Gal3) level, and autophagy
in various brain regions including the HP, striatum, and prefrontal cortex (PFc). Our
results demonstrated that SF could activate microglia, increase CRH levels, and dysregulate
autophagy processes specifically in the HP. In vitro, CRH activates microglia involves Gal3
upregulation and autophagy dysregulation. Taken together, our data revealed a novel
mechanism underlying CSD-mediated microglial activation which suggests that targeting
CRH-mediated signaling could mitigate CSD-mediated neuroinflammation and related
neurological symptoms.

2. Materials and Methods
2.1. Animal and Reagents

We purchased wild type C57BL/6 mice (male, 10-week-old, 25–30 g on arrival) from
Charles River Laboratories (Wilmington, MA). The mice were housed and kept in a colony
room with food and water available ad libitum. The colony room was maintained on a
12:12 light to dark cycle and ambient temperature at 23.0 ◦C ± 1.5 ◦C. All procedures were
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conducted in accordance with the National Institutes of Health’s Guide for the Care and
Use of Experimental Animals and were approved by Eastern Virginia Medical School’s
Institutional Animal Care and Use Committee (protocol number: 20-010). The CRHR2
specific antagonist, As-2B, was purchased from Tocris (catalog# 2391).

2.2. SF Procedure

We performed SF by using commercial, validated devices (Lafayette Instruments,
Sleep Fragmentation Chamber, model 80391) that employ an automated sweeper arm
moving across animal cages. In brief, the mice were randomly divided into two groups
receiving sham/SF (n = 18 ± SF). All mice were placed into the devices one day prior
to the start of SF to let them become familiar with the environment of device. For SF,
sleep was interrupted at 2 min intervals during the 12 h light period (7 AM–7 PM). This
SF protocol in mice has been shown to produce moderate to severe SF [40–42] without
significantly reducing overall sleep or impacting sleep macro- or micro-architecture [41,42].
During the 12 h dark period, the motorized sweeper was stopped letting the mice be free
to behave normally. The mice were observed daily to assess their health. Sham animals
were maintained in their home cages without any interruption. The mice were subjected to
three-weeks of SF and sacrificed one day after the last SF session. The mice were randomly
assigned into three subgroups (sub1-3, n = 6): the brains of sub1 mice were subjected to
protein/RNA extractions, the brains of sub2 mice were used for slide preparation, and
the brains of sub3 mice were used for adult Mg isolation (in striatum, HP, and PFc). Liver,
spleen, and gut were collected for total RNA extractions (n = 6).

2.3. Adult Microglia Isolation

Mice were anesthetized with 4% isoflurane and transcardially perfused with 1X PBS
followed by brain removal. The brains were then y dissected into different regions including
the striatum, HP, and PFc. The brain parts were pooled for adult microglia isolation
(MACS dissociation kits, Miltenyi Biotech Company, Bergisch Gladbach, Germany). Briefly,
around 300–500 mg of brain tissue were homogenized in 2 mL enzyme mixture by using a
gentleMACS™ Octo Dissociator (Miltenyi Biotech Company, Bergisch Gladbach, Germany)
at 37 ◦C for 30 min. The homogenates were then transferred to MACS® Smart Strainer
with centrifuging at 300× g for 10 min at 4 ◦C. The pellets were then processed for debris
and red blood cell removal and dissolved in 500 µL labelling solution. Subsequently, the
acquired cells were incubated with 15 µL CD11b beads for 15 min at 4 ◦C. The labeled
cells were sent through a column in a magnetic field. The purified microglia were then
suspended in 1 mL 1X PBS with 0.5% BSA and quantified by Countess 3 (Thermo Fisher,
Waltham, MA, USA). The CD11b positive cells were seeded into 24-well plates for Ib1
immunostaining. The remaining purified microglia were stored in a freezer at −80 ◦C for
later biochemical analysis.

2.4. Primary Microglia and BV2 Cell Culture

Primary microglia (PM) were obtained from 1- to 3-d-old C57BL/6 newborn pups. The
brains were removed and cut into small pieces in Hank’s buffered salt solution (Invitrogen,
14025076). Then, the brain tissues were incubated in 0.25% trypsin (Invitrogen, 25300-054)
for 15 min. After filtration with 70 µM strain, the mixed glial cultures were resuspended in
DMEM (Invitrogen, 11995-065) with 10% heat-inactivated FBS (Invitrogen, 16000-044) with
100 U/mL penicillin, and 0.1 mg/mL streptomycin. We placed PM at 20 × 106 cells/flask
density onto 75 cm2 cell culture flasks. The cell medium was replaced every 3 d, and after
the first medium change, macrophage colony-stimulating factor (Invitrogen, PHC9504)
0.25 ng/mL was added. When confluent (7 to 10 d), mixed glial cultures were shaken
gently by hand to promote microglia detachment from the bottom. We then collected the
floating PM from each flask and centrifuged them at 1000× g for 5 min. PM were plated
on 6-well plates for all subsequent experiments. The purity of microglial cultures was
evaluated by Iba 1 immunostaining (Wako Pure Chemical Industries, 019-19741).
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The BV2 cell line was obtained from Dr. Sanjay Maggirwar (University of Rochester
Medical Center, Rochester, NY, USA) and was grown and routinely maintained in DMEM
with 10% FBS at 37 ◦C and 5% CO2 and used up to passage 30.

2.5. Microglia Treatment

PM and BV2 cells were cultured in vitro with DMEM (10% FBS). Microglia were
seeded into 6-well plates with 80% confluence and cultured overnight. The next day,
microglia were replaced with fresh DMEM (FBS free) and exposed to CRH with varying
doses (25–200 nM) for 6 or 24 h. For pre-treatment, microglial cells were exposed to As-2B
at 100 nM for 45 min followed with CRH exposure. At indicated time points, microglial
cells were collected either for RNA or protein extractions.

2.6. RNA Extraction, Reverse Transcription, and Quantitative (Q) Polymerase Chain Reaction

Around 100–200 mg of brain tissue or 1 × 106 microglia were directly added to 1 mL
Trizol (Invitrogen). Brain or microglial lysates were briefly sonicated (3–5 s) with 70% power
amplitude on ice and incubated for 20 min on ice. The lysates were centrifuged at 10,000× g
for 10 min and the supernatants were transferred into new 1.5 mL microcentrifuge tubes
with 0.2 mL of chloroform added. After vigorous vertexing, the lysates were centrifuged
at 10,000× g for 15 min at 4 ◦C. The upper aqueous phase was transferred to a new tube
following with 500 µL isopropyl alcohol add. Samples were incubated at room temperature
for 10 min and centrifuged at 10,000× g for 10 min to precipitate total RNA. The RNA was
washed with 75% ethanol. After 15 min drying at room temperature, the total RNA was
dissolved in DEPC-treated H2O and quantified by Nanodrop. Reverse transcription (RT)
reactions were performed using a Verso cDNA kit (Invitrogen). The reaction system (20 µL)
contained 4 µL 5X cDNA synthesis buffer, 2 µL dNTP mix, 1 µL RNA primer, 1 µL RT
enhancer, 1 µL Verso enzyme Mix (Invitrogen), total RNA template 1500 ng, and a variable
volume of water. Reaction conditions were set at 42 ◦C for 30 min following with 85 ◦C for
5 min. QPCRs were performed using One-Step advanced qRT-PCR Kits (Invitrogen). Reac-
tion systems were set up as follows: 10 µL Master mix, 1.0 µL primers, and 1 µL cDNA and
8 µL distilled H2O. A QS3 qPCR machine (Invitrogen) was employed for qRT-PCR Mouse
primers for tnfα il6, il1β, ccl2, and CRH were purchased from Invitrogen (Mm00443258,
Mm00446190, Mm00434200, Mm00441242, and Mm01288386, respectively). Mouse GADPH
(Invitrogen, Mm99999915) was used as internal control for RNA quantification.

2.7. Western Blots

Around 50–100 mg brain tissue or one 6-well plate microglia were dissolved in
200 µL RIPA buffers with proteinase and phosphatase inhibitors (Thermo Fisher Scien-
tific, Waltham, USA) followed with sonication for 5 s on ice with 70% amplitude (Thermo
Scientific). The brain or cell homogenates were incubated at 4 ◦C for 30 min and then cen-
trifuged at 12,000× g for 10 min. The protein supernatants were taken out and quantified
through the BCA method. Equal amounts of the proteins (40 µg) were electrophoresed
in a sodium dodecyl sulfate-polyacrylamide gel for one hour at 160 V and transferred
to immobile PVDF membranes at 180 mA for 90 min. The blots were blocked with 3%
nonfat dry milk in Phosphor-buffered saline (PBST). The Western blots were then incubated
with indicated antibodies at 3% non-fat milk overnight at 4 ◦C. The next day, the PVDF
membranes were washed three times with PBST and incubated with IRDye fluorescent
mouse or rabbit second antibody for 60 min at room temperature. After three washes with
PBST, the membranes were put into the Odyssey® Imaging System (Li-Cor Company, USA)
for image development and the intensity of target fluorescent band was quantified using
Image Studio™ Software (Li-Cor Company, Lincoln, USA). After imaging, the membranes
were washed and blocked and re-probed with β-actin for normalization. The following
antibodies were used: microglial marker CD11b (1:2000, NBP2-19019), astrocyte marker
GFAP (1:5000; Abcam, ab7260), NLRP3 (1:2000, adipogen, AG-20B-0014-C100), Iba1 (1:2000,
NBP2-19019), beclin1 (1:2000, NB500-249), LC3B (1:2000; NB100-2220), SQSTM1 (1:2000;
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Novus Biological, H00008878-M01); LAMP2 (1:2000; NB300-591); TFEB (1:2000; cell signal-
ing technology, #4240), LAMP1 (1:2000; NB120-19294); CRH (1:2000, Abcam, ab184238);
CRFR1 (1:1000; Sigma, SAB4500465); CRFR2 (1:1000, Sigma, SAB4500467); galectin 3 (1:2000,
Abcam, AB2785), cathepsin B (Abcam, AB214428). Second antibodies were bought from Li-
COR including IRDye® 680RD Donkey anti-Mouse (1:5000) or rabbit IgG; IRDye® 800CW
Donkey anti-Mouse or rabbit IgG (1:5000). β-actin was purchased from Santa Cruz (1:2000,
sc-8432) or from Sigma (1:2000, A2066).

2.8. Immunofluorescence Staining

SF/Sham experienced mice were anesthetized with 4% isoflurane and transcardially
perfused with 1X PBS followed fixed with 4% PFA. The brains were taken out and put
into 4% PFA solution overnight at 4 ◦C. The brains were then washed with 1X PBS three
times. The brains were embedded and sectioned (5 µM) by the EVMS histology core
facility. Brain sections were co-incubated with primary anti-Iba1 antibody (1:500, Wako Pure
Chemical Industries, Osaka, Japan, 019-19741) or anti-GFAP antibody (1:500, ab7260, abcam)
overnight at 4 ◦C. Secondary AlexaFluor 488 goat anti-rabbit IgG (A-11008) or AlexaFluor
594 goat anti-mouse (A-11032) (Thermo Fisher Scientific Waltham, MA, USA) was added
for two hours to detect Iba1 and GFAP, followed by mounting of sections with prolong gold
antifade reagent with 4,6-diamidino-2-phenylindole (Thermo Fisher Scientific, Waltham,
MA, USA, P36935). Fluorescent images were acquired on a Zeiss fluorescent microscopy.
ZEN pro software (Carl Zeiss, Thornwood, NY, USA) was employed to process and analyze
the intensity of Iba1 and GFAP signals. For the fluorescence intensity quantification of Iba1
or GFAP, two slices picked from per mouse were imaged and quantified for three mice in
each group. Images were obtained under identical exposure conditions (20 X magnitude).
All Iba1+ or GFAP+ cells were detected based on the threshold fluorescence intensity of each
cell, soma diameter and manual counting tool within the counting frame of the interested
regions. Then, by automated measurement, the mean intensity of each soma was measured
and data were compared between sham and SF groups and shown in fold changes.

2.9. Immunocytochemistry

PM or BV2 cells were plated on 24-well plates with coverslips. The next day cells
were fixed with 4% PFA for 15 min at room temperature. Then, cells were treated with
1X PBS with 0.3% Triton X-100 (Fisher scientific, BP151-1). Cells were then incubated with
a blocking buffer containing 10% normal goat serum in PBS for 1 h at room temperature
followed by addition of rabbit anti-LC3B (1:300) or galectin 3 (1:500) or cathepsin B (1:250)
antibody and incubated overnight at 4 ◦C. The next day, secondary Alexa Fluor 488 goat
anti-rabbit IgG or anti-mouse IgG (Invitrogen, A11008) were added at a 1:500 dilution for
two hours at room temperature. Cells were then washed 3 times in buffer and mounted
with prolong gold antifade reagent with 4,6-diamidino-2-phenylindole (Invitrogen, 36935).
Fluorescent images were acquired on a Zeiss fluorescent microscopy under the same
exposure conditions and analyzed by ZEN lite software. For Gal3, LC3B, and Cat B puncta
analysis, the average numbers of puncta per cells were calculated by the total puncta
numbers divided by the total cell numbers in each field. The puncta numbers were counted
manually in six randomly selected fields for each sample and at least 50 cells were selected
for each treatment.

2.10. Statistical Analysis

All data are expressed as means ± the standard error of the mean (SEM). Data were
statistically evaluated by unpaired student-t tests or one-way ANOVAs using Graph-
Pad Prism 9 (La Jolla, CA, USA). Tests with probability levels of <0.05 were considered
statistically significant.
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3. Results
3.1. Three-Weeks of SF Activates Microglia in the HP and Increases Peripheral Inflammation Levels

Previous studies revealed that chronic SF (two months) increases neuroinflammation
in HP and PFc, implying Mg activation [43]. In this study, we aimed to explore the effects
of three-weeks of SF directly on Mg in different brain regions. WT mice with three weeks of
SF (12 h/per day) were employed for isolating Mg from various brain regions including the
striatum, HP, and PFc and the expression of four pro-inflammatory factors (il1β, il6, tnfα,
and ccl2) were monitored in purified adult Mg. We also collected liver, spleen, and gut
to investigate the effects of SF on peripheral-inflammation levels. Our research schematic
is illustrated in Figure 1A and the purity of microglia was confirmed by Iba1 staining
(Figure 1B). Significant enrichment of these four pro-inflammatory mediators in purified
adult Mg (several hundred to several thousand folds) was observed (n = 6, * p < 0.05;
Figure 1C,D) confirming that Mg are the main resource for neuroinflammation in vivo. We
then investigated the activation status of purified microglia with/without SF. In the stria-
tum, SF-experienced Mg increased il6 levels (n = 6, * p < 0.05; 1.35 ± 0.06-fold) compared
to sham Mg; however, no significant changes were observed for other pro-inflammatory
mediators (Figure 1E). By comparison, in the HP, SF significantly activated Mg (il1β,
3.18 ± 0.21-fold; il6, 3.47 ± 0.35-fold; tnfα, 1.92 ± 0.14 fold; and ccl2, 2.40 ± 0.27 fold; n = 6,
* p < 0.05, Figure 1F). In the PFc, we did not observe significant differences between SF and
sham Mg in the levels of these mediators (Figure 1G). These findings strongly suggest that
three weeks of SF directly activates in vivo microglia in a region-specific manner. We also
investigated the levels of pro-inflammatory mediators in the homogenates of the striatum,
HP, and PFc of SF and sham mice. Overall, we did not find significant changes in neuroin-
flammation levels across brain regions with three exceptions: tnfα (1.24 ± 0.11-fold) and
ccl2 (1.17 ± 0.08-fold) in the striatum and il6 (1.29 ± 0.05 fold) in the HP (n = 6, * p < 0.05,
Figure 1H–J). These results suggested that other types of brain cells could mask the acti-
vation status of Mg in the context of relatively short-term SF. We also checked peripheral
inflammation levels in the liver, spleen, and gut. SF significantly elevated the expression of
all four examined pro-inflammatory mediators in the liver and spleen; however, only ccl2
was significantly upregulated in the gut (n = 6, * p < 0.05, Supplementary Figure S1A–C).
In summary, our results show that three weeks of SF activates microglia in a brain region-
specific manner and significantly elevates peripheral inflammation levels.

3.2. The Effects of Three Weeks of SF on Microglia, Astrocytes, and CRH Signaling in the HP

Astrocytes have been implicated as a contributor to sleep deprivation mediated neu-
roinflammation [44,45]. Here, we investigated whether three-weeks of SF could also activate
astrocytes. We monitored GFAP and CD11b in the striatum, HP, and PFc of SF and sham
brains. SF significantly increased CD11b levels but not GFAP in the HP (n = 6, * p < 0.05,
Figure 2A). Immunofluorescent results also showed increased Iba1 but not GFAP intensity
in the HP of SF mice (n = 6, * p < 0.05, Figure 2B). These results indicate that three-weeks
of SF has specific effects on Mg but not on astrocytes in the HP. In the striatum and PFc,
we did not observe significant changes in CD11b or GFAP levels (n = 6, Figure 2C,D) and
signal intensity of Iba1 and GFAP (n = 6, Supplementary Figure S2A,B). Taken together,
three-weeks of SF activates Mg only in the HP and had no effects on astrocytes, suggesting
that hippocampal Mg activation is an early event induced by SF.

We next identified mechanisms responsible for SF-mediated Mg activation in the HP.
The CRH system is sensitive to CSDs and CRH has been implicated in activating microglia
in vitro [38,39]. Therefore, we examined the levels of CRH and its cognate receptors CRHR1
and CRHR2 in the brains of SF and sham mice. CRH, CRHR1, and CRHR2 levels were
significantly increased in the HP (n = 6, * p < 0.05, Figure 3A) but not in the striatum
(Figure 3B). Interestingly, it appeared that the CRH system was downregulated in the PFc
of SF mice with significantly lower expression of CRHR1 (n = 6, * p < 0.05, Figure 3C).
Significant upregulation of CRH mRNA levels was found in the HP of SF mice indicating
that upregulation of CRH is probably due to enhanced transcription levels (n = 6, * p < 0.05,
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Supplementary Figure S3). The concurrent upregulation of the CRH system and Mg
activation in the HP of SF mice suggests that the CRH system is involved in SF-mediated
Mg activation in vivo.
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Figure 2. Three-weeks of SF activates microglia but not astrocytes in the brain. (A): three-weeks
of SF increases CD11 levels but not GFAP levels in the HP (n = 6, * p < 0.05); (B): three-weeks of
SF increases Iba1 signal intensity but not GFAP levels in the HP (n = 6, * p < 0.05, scale bar = 20 µ);
(C,D): three-weeks of SF does not increase CD11 and GFAP levels in the striatum or PFc (n = 6).
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Figure 3. Three-weeks of SF selectively increases CRH system activity in the brain. (A): three-
weeks of SF increases the levels of CRH, CRHR1, and CRHR2 levels in the HP (n = 6, * p < 0.05);
(B,C): three-weeks of SF has no effects on CRH system in the striatum and PFc.

3.3. CRH Activates Mg and Upregulates Gal3 Levels In Vitro

Previous studies indicated that CRH could activate BV2 microglia in vitro [46]. In
this study, we employed both BV2 cells and PM to identify signaling underlying CRH-
mediated Mg activation. CRH increased il1β and tnfα levels in both BV2 cells and PM
(n = 3, * p < 0.05, Supplementary Figure S4A,B) consistent with previous results. CRH
significantly increased CD11b levels in both BV2 cells and PM (Supplementary Figure
S4C,D). At the protein level, CRH increased the levels of mIL1β in both BV2 cells and PM
(* p < 0.05, Supplementary Figure S4C,D). All these results demonstrated that CRH has the
ability to activate Mg in vitro.

Gal3 is highly induced in activated microglia and serves as a neuroinflammation
marker in multiple neurodegenerative diseases [47,48]. Since CRH can activate Mg, we
explored whether Gal3 is involved in CRH-mediated Mg activation. BV2 cells and PM
were cultured and exposed to CRH at varying doses (25–200 nM) for 6 or 24 h followed
with protein extraction. In BV2 cells, CRH significantly increased Gal3 levels at all tested
dosages at both 6 and 24 h after treatment (* p < 0.5, Figure 4A). CRH exerted similar
upregulation effects on Gal3 in PM at both time points after treatment (* p < 0.05, Figure 4B).
These results demonstrated that CRH could upregulate Gal3 levels implying that Gal3 is
involved in CRH-mediated Mg. Increased Gal3 could have two different functions based
on their different destiny: (1) Gal3 could be secreted and bind to Toll-like receptor (TLR) to
activate neighboring Mg; (2) Gal3 could stay inside the cells and form dot-like puncta as
an early marker for damaged lysosomes (disrupted lysosomal membrane integrity) [49].
We performed Gal3 immunostaining to explore whether CRH promotes Gal3 dot-like
puncta in Mg. The results showed that CRH significantly increased the puncta number
of Gal3 after 24 h treatment in all three tested doses in PM (* p < 0.05, Figure 4C). CRH
induced Gal3 puncta formation as early as 2 h post-treatment and this effect persisted 24 h
(* p < 0.05, Figure 4D). These results suggest that CRH could induce lysosomal damage
through increased lysosomal membrane permeability (LMP).
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Figure 4. CRH increases Gal3 expression in vitro. (A): CRH increases Gal3 levels in BV2 cells
(* p < 0.05); (B): CRH increases Gal3 levels in PM (* p < 0.05); (C,D): CRH increases the num-
bers of Gal3 puncta in Mg and increase the percentage of Gal3 puncta positive in Mg (* p < 0.05,
scale bar = 10 µ). For Western blots, all experiments were independently repeated at least three times
for statistical analysis.

3.4. CRH Dysregulates Autophagy Processes and Induces Lysosome Damage In Vitro

Normal lysosomal function is critical for the completion of autophagy processes and
lysosomal damage may lead to the accumulation of autophagosomes. CRH can induce
autophagy in neurons which is involved in synapse loss in vitro [50]. Since CRH can
induce lysosomal damage in Mg, we explored the effects of CRH on autophagy processes
by examining the levels of the autophagosome marker, LC3BII. CRH increased LC3BII
levels at both 6- and 24-h after treatment in BV2 cells (* p < 0.05, Figure 5A). In PM,
CRH similarly upregulated the levels of LC3BII at all tested doses (* p < 0.05, Figure 5B).
LC3B immunostaining results showed that CRH significantly increased autophagosome
formation in PM (* p < 0.05, Figure 5C). Additionally, CRH significantly increased the
levels of beclin1 and SQSTM1 in PM after 24 h of treatment (* p < 0.05, Supplementary
Figure S5A). These results showed that that CRH could increase autophagy induction.
Cathepsins (Cat) are primarily located within lysosomes and their subcellular location
and levels are crucial for lysosomal degradation. Cat can be released from lysosomes into
cytoplasm due to increased LMP. Therefore, we monitored Cat B expression in PM with
CRH exposure. Immunostaining results showed that at basal conditions, Cat B restricts its
location in lysosomes represented by “dot-like” expression. With CRH stimulation, Cat B
showed more diffuse expression indicating the translocation from lysosomes into cytoplasm
(* p < 0.05, Figure 5D). These results demonstrated that CRH can induce lysosomal damages
in Mg consistent with the upregulation of autophagosome formation. Additionally, CRH
upregulated the expression of Cat B at 6 and 24 h post-treatment (* p < 0.05, Figure 5E). We
next investigated the effects of CRH on lysosomal biogenesis through examining the levels
of transcription factor EB (TFEB) and lysosomal membrane associated protein (LAMP) 1
and 2. There was no obvious difference in the expression of these three molecules after 6 h
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and 24 h of treatment indicating that CRH has marginal effects on lysosomal biogenesis
(Supplementary Figure S5B). Taken together, CRH could induce lysosomal damage and
promote autophagy dysregulation.
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Figure 5. CRH increases autophagosome formation and induces Cat B leakage. (A,B): CRH increases
LC3BII levels in BV2 cells and PM (* p < 0.05); (C): CRH increases autophagosome formation in PM
(* p < 0.05, scale bar = 10 µ); (D): CRH increases Cat B release in PM (* p < 0.05, scale bar = 10 µ);
(E): CRH increases mCat B levels in PM (* p < 0.05). All experiments were independently repeated at
least three times for statistical analysis.

3.5. CRHR2 Blockage Mitigates CRH-Mediated Gal3 Upregulation and Mg Activation In Vitro

CRH exerts its biological effects through binding to CRHR1/2. CRHR2 is highly
expressed in both BV2 cells and PM but CRHR1 was barely detected in vitro (data not
shown here). CRH has marginal effects on CRHR2 expression in Mg (Figure 6A). We
employed the CRHR2 specific antagonist As-2B to assess the biological effects of CRH on
microglia. Mg were pre-treated with As-2B (100 nM) for 1 h followed with CRH exposure
for another 24 h. Our results showed that CRH increased Gal3 and such regulation was
mitigated by As-2B pre-treatment (Figure 6B, * p < 0.05 vs. control, # p < 0.05, vs. CRH
treatment). As-2B could also partially inhibit CRH-mediated upregulation effects on CD11b
(Figure 6C, * p < 0.05 vs. control, # p < 0.05, vs. CRH treatment). In addition, As-2B mitigated
the upregulation of mCat B induced by CRH (Figure 6D, * p < 0.05 vs. control, # p < 0.05,
vs. CRH treatment). Overall, As-2B could mitigate CRH-mediated Gal3 upregulation and
Mg activation suggesting that CRHR2 plays critical roles in CRH-mediated effects on Mg.

3.6. SF Mice Show Increased Gal3 Expression and Autophagy Dysregulation in the Brain HP

We have shown that CRH could increase Gal3 levels and dysregulate autophagy in
microglia in vitro. We next explored whether such upregulation also exists in the brains of
SF mice. Our results clearly showed that Gal3 increased its expression levels in the HP of SF
mice compared to controls but not the striatum or PFc (n = 6, * p < 0.05, Figure 7A). Similar
upregulation patterns were also found for LC3BII and mCat B in the brains of SF mice (n = 6,
* p < 0.05, Figure 7B,C). There was increased co-localization of Gal3 and Iba1 in the HP of
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SF mice (n = 6, Figure 7D). We did not find significant changes in the levels of LAMP1/2
and TFEB in the brains of SF and Sham mice which is consistent with in vitro findings (n = 6,
Supplementary Figure S6). Together, these findings suggest that that Gal3 and autophagy
dysregulation are involved in the effect of three weeks of SF on Mg in the HP.
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Figure 6. CRHR2 blockage mitigates CRH-mediated effects on Mg. (A): CRH has no effects on
CRHR2 levels in BV2 cells; (B): As-2B mitigates CRH-mediated upregulation ofGal3 (* p < 0.05 vs.
control, # p < 0.05, vs. CRH treatment); (C): As-2B mitigates CRH-mediated upregulation effects on
CD11n (* p < 0.05 vs. control, # p < 0.05, vs. CRH treatment); (D): As-2B mitigates CRH-mediated
upregulation effects on mCat B (* p < 0.05 vs. control, # p < 0.05, vs. CRH treatment). All experiments
were independently repeated at least three times for statistical analysis.
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Figure 7. SF mice show increased Gal3 expression and autophagy dysregulation in the brain HP.
(A): Three weeks of SF increased Gal3 levels in the HP but not in the striatum and PFc (n = 6,
* p < 0.05); (B): Three weeks of SF increased LC3BII levels in the HP but not in the striatum and PFc
(n = 6, * p < 0.05); (C): Three weeks of SF increased mCat B levels in the HP but not in the striatum and
PFc (n = 6, * p < 0.05); (D): Increased co-localization of Gal3 and Iba1 in the HP of SF mice compared
to control mice (scale bar = 50 µ).
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4. Discussion

CSDs are prevalent around the world, contributing to the increased risks of multiple
neurodegenerative and neuropsychiatric diseases in modern society. Microglial activation
has been suggested as a critical factor involved in CSD-mediated brain dysfunction but
the underlying mechanisms remain unknown. In this study, we determined that the
hippocampal CRH system is sensitive to sleep disturbances and is responsible for CSD-
mediated microglial activation in vivo. Mechanistically, CRH upregulates Gal3 expression
and induces lysosomal impairment in vitro and in vivo. Overall, our findings suggest a
novel mechanism responsible for CSD-mediated microglial activation.

One of our interesting findings is that three-weeks of SF had direct activation effects
on purified Mg isolated from the HP but only had marginal effects on neuroinflammation
levels of HP homogenates that included all types of brain cells including astrocytes, neurons,
oligodendrocytes, endothelial cells, etc. It is possible that other types of brain cells are
not sensitive to three weeks of SF and might actually mask the activation effects of SF on
Mg (Mg account only 10–15% of all brain cells) when we performed homogenate analysis.
Indeed, we did not find astrocytes activation in the three brain regions we examined in SF
mice. This discrepancy with previous investigations [43] is probably due to the time period
of SF (three weeks of SF vs. two month of SF) or the type of sleep disturbance (SF vs. sleep
deprivation) [19]. Regardless, our findings suggest that hippocampal Mg activation is an
early event induced by SF and might contribute to CSD-mediated neurological symptoms
such as memory and cognitive performance if sleep problems continue.

The CRH system is very sensitive to various types of stress including sleep distur-
bances. Increased CRH levels/activity has been found in both rodent models of sleep
disorders and in patients with sleep problems [51,52]. Classically, CSDs increase the ac-
tivation of the hypothalamic-pituitary-adrenal (HPA) axis by enhancing CRH levels in
the paraventricular nucleus of the hypothalamus. Then, CRH is secreted from CRH pro-
ducing neurons and acts on the anterior pituitary gland to initiate a cascade of stress
responses [53,54]. Recently, accumulating evidence indicates that the CRH system (CRH
and CRHRs) is also highly expressed in extra HPA regions including the STR, HP, PFc
and is sensitive to sleep problems [31–33]. In addition, amygdala CRH has been well-
investigated with respect to the effects on fear-induced reductions in sleep indicating
reciprocal interactions between the CRH system and sleep disturbances [55–57]. In this
study, we demonstrated that CRH system activity was increased in the HP by three weeks
of SF, adding more evidence that CRH in extra HPA regions is also tightly regulated by
sleep disturbances. Interestingly, we did not observe CRH system dysregulation in the STR
and PFc indicating that the hippocampal CRH system may be more sensitive than other
brain regions and that the alterations in the hippocampal CRH system is an early event
induced by sleep disturbances.

The mechanisms by which CSDs induce microglial activation and neuroinflammation
in the brain are unclear. Endogenous molecules that could be tightly regulated by CSDs
and also function as upstream signals for microglial activation have not been identified.
Previous studies showed that CRHR 1 and 2 are expressed in microglial cells with relatively
higher levels of CRHR2 [58] and that CRH was capable of increasing mRNA levels of
proinflammatory mediators in microglia in vitro [46]. Our results further demonstrate
the ability of CRH to activate microglia by showing that CRH upregulates CD11b levels
and mILβ in both BV2 cells and PM. Of note, we observed high correlation between CRH
upregulation and microglial activation in the HP of SF mice. Therefore, our results strongly
suggest that the CRH system could serve as a link bridging CSDs and neuroinflammation
in vivo.

In searching for down-stream effectors of CRH, we have been focusing on Gal3 which
is highly induced in activated microglia and plays critical roles in multiple neuroinflam-
mation and neurovegetative diseases [47,48]. Gal3 belongs to the galectin family which
includes 15 members (Gal1-15). Among those members, Gal3 is unique in its “chimera
type” structure constituting of a single C-terminal carbohydrate recognition domain and
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a non-lectin collagen-like N-terminal region [59]. Gal3 could be released from activated
microglia and functions as an endogenous ligand to bind Toll-like receptor 4 in neigh-
boring microglia to amply immune responses [60,61]. Gal3 has also been identified as
a Trem2 ligand involved in the regulation of the inflammatory response in Alzheimer’s
disease [62]. Gal3 has been suggested to be a novel neuroinflammation marker [63] and
increased Gal3 levels have been identified in multiple neurodegenerative diseases including
Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, and amyotrophic lateral
sclerosis [47,48]. In vitro, Gal3 can be induced by several stimulators including LPS [64]
and amyloid [65]. The roles of Gal3 in neuroinflammation in the context of sleep disor-
ders are not known. In this study, we showed, in vitro, that CRH could upregulate Gal3
expression in BV2 and PM and that CRHR2 blockage could reverse CRH-mediated Gal3
upregulation. Additionally, CRH could increase Gal3 puncta formation in vitro. These
results demonstrate that Gal3 is a novel substrate regulated by CRH and suggest that Gal3
may be involved in CRH-mediated microglial activation. Gal3 upregulation was also iden-
tified in the brains of SF mice indicating that Gal3 might play critical roles in CSD-mediated
neuroinflammation in vivo. The mechanisms responsible for Gal3 upregulation by external
stimuli are mostly unknown though previous investigations showed that miR-124 could
target Gal3 and inhibit Gal3 expression [66]. Since miR-124 is abundantly expressed in
resting microglia and decreased in activated microglia [67,68], it could be worthwhile to
explore whether CRH could decrease miR-124 levels leading to Gal3 upregulation and we
have an ongoing project for this purpose.

CRH is capable of interacting with autophagy processes [69–71] and autophagy dysreg-
ulation has demonstrated roles in regulating inflammation and microglial activation [72,73].
We showed that CRH upregulated the levels of becin1, LC3BII, and p62 in PM as well as
the increased formation of the autophagosome indicating that CRH could dysregulate au-
tophagy by blocking autophagosome and lysosomal fusion. Normal lysosome degradation
is critical for the completion of the autophagy process. In addition to being a neuroinflam-
mation marker, Gal3 is also a well-accepted earlier marker for lysosomal damages [49].
When a lysosome is damaged or shows increased membrane permeability, Gal3 could
gather around the disrupted lysosomes forming dot-like pattern. Such a response could
initiate lysophagy to remove the damaged lysosomes. Interestingly, our results showed
that CRH could induce a Gal3 dot-like expression pattern in microglial cells as early as
2 h post-treatment and persist 24 h post-treatment. In parallel, lysosomal Cat B showed a
more diffuse expression pattern in cells implying the translocation from lysosomes into
cytoplasm. Taken together, these results indicate that CRH could impair lysosome degra-
dation by inducing LMP which ultimately results in autophagy dysregulation. Therefore,
autophagy dysregulation is also involved in CRH-mediated Mg activation.

We showed that CRH could upregulate Gal3 levels and lysosomal damage in Mg.
However, the sequence for these two events is not clear. They could happen simultaneously
or consecutively. There is no evidence that Gal3 can directly induce lysosomal damage
though it is an earlier maker for such damage. It is possible that Gal3 activates the TLR4/NF-
κB pathway or other unknown signals leading to increased levels of ROS which is capable
of inducing LMP. Another possibility is that lysosomal damage come first which induces
Gal3 expression. In each of these possibilities, Gal3 and lysosomal damage might work
synergistically leading to Mg activation.

5. Conclusions

Three-weeks of SF induced hippocampal Mg activation, and increased CRH system
activation underlies Mg activation in vitro and in vivo. Mechanistically, CRH could up-
regulate Gal3 and induce autophagy dysregulation through lysosomal dysfunction. Thus,
targeting the CRH system might provide a promising treatment avenue for ameliorating
CSD-mediated neuroinflammation and related neurological symptoms.



Cells 2023, 12, 160 14 of 17

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells12010160/s1. Figure S1: Three-weeks of SF increases liver,
spleen and gut inflammation levels; Figure S2: Three-weeks of SF does not increase signaling intensity
of Iba and GFAP in the striatum and PFc; Figure S3: Three-weeks of SF increases CRH mRNA levels
in the HP but not in the striatum and PFc; Figure S4: CRH activates Mg in vitro; Figure S5: The effects
of CRH on autophagy processes; Figure S6: The effects of three weeks of SF on lysosomal biogenesis
in the brain.

Author Contributions: Conceptualization, M.-L.G. and L.D.S.; methodology, L.G., S.K.R., Y.C.,
K.M.R., A.C. and D.M.P.; formal analysis, L.G., S.K.R., Y.C. and M.-L.G.; writing—original draft
preparation, M.-L.G.; writing—review and editing, L.D.S., L.L.W. and M.-L.G.; project administration,
M.-L.G.; funding acquisition, L.D.S. and M.-L.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by NIH funding (R01DA054826, M.L.G.), EVMS MDR (L.D.S.,
L.L.W. and M.L.G.) and the article processing fee was funded by EVMS presidential funding (M.L.G).

Institutional Review Board Statement: The study was conducted in accordance with the National
Institutes of Health’s Guide for the Care and Use of Experimental Animals and were approved by
Eastern Virginia Medical School’s Institutional Animal Care and Use Committee (Protocol #20-010).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The brain section preparation and cutting were performed by Histology Core in EVMS.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Buysse, D.J. Sleep health: Can we define it? Does it matter? Sleep 2014, 37, 9–17. [CrossRef] [PubMed]
2. Gupta, C.C.; Vincent, G.E.; Coates, A.M.; Khalesi, S.; Irwin, C.; Dorrian, J.; Ferguson, S.A. A Time to Rest, a Time to Dine: Sleep,

Time-Restricted Eating, and Cardiometabolic Health. Nutrients 2022, 14, 420. [CrossRef]
3. Grandner, M.A.; Fernandez, F.X. The translational neuroscience of sleep: A contextual framework. Science 2021, 374, 568–573.

[CrossRef] [PubMed]
4. Ohayon, M.M. Epidemiology of insomnia: What we know and what we still need to learn. Sleep Med. Rev. 2002, 6, 97–111.

[CrossRef] [PubMed]
5. Minakawa, E.N. Bidirectional Relationship Between Sleep Disturbances and Parkinson’s Disease. Front. Neurol. 2022, 13, 927994.

[CrossRef]
6. Bubu, O.M.; Andrade, A.G.; Umasabor-Bubu, O.Q.; Hogan, M.M.; Turner, A.D.; de Leon, M.J.; Ogedegbe, G.; Ayappa, I.; Jean-

Louis, G.G.; Jackson, M.L.; et al. Obstructive sleep apnea, cognition and Alzheimer’s disease: A systematic review integrating
three decades of multidisciplinary research. Sleep Med. Rev. 2020, 50, 101250. [CrossRef]

7. Sahu, M.; Tripathi, R.; Jha, N.K.; Jha, S.K.; Ambasta, R.K.; Kumar, P. Cross talk mechanism of disturbed sleep patterns in
neurological and psychological disorders. Neurosci. Biobehav. Rev. 2022, 140, 104767. [CrossRef]

8. Mitter, P.; De Crescenzo, F.; Loo Yong Kee, K.; Xia, J.; Roberts, S.; Chi, W.; Kurtulumus, A.; Kyle, S.D.; Geddes, J.R.; Cipriani, A.
Sleep deprivation as a treatment for major depressive episodes: A systematic review and meta-analysis. Sleep Med. Rev. 2022,
64, 101647. [CrossRef]

9. Hatton, C.F.; Duncan, C.J.A. Microglia Are Essential to Protective Antiviral Immunity: Lessons From Mouse Models of Viral
Encephalitis. Front. Immunol. 2019, 10, 2656. [CrossRef]

10. Gipson, C.D.; Rawls, S.; Scofield, M.D.; Siemsen, B.M.; Bondy, E.O.; Maher, E.E. Interactions of neuroimmune signaling and
glutamate plasticity in addiction. J. Neuroinflammation 2021, 18, 56. [CrossRef]

11. Zamanian, M.Y.; Taheri, N.; Opulencia, M.J.C.; Bokov, D.O.; Abdullaev, S.Y.; Gholamrezapour, M.; Heidari, M.; Bazmandegan, G.
Neuroprotective and Anti-inflammatory Effects of Pioglitazone on Traumatic Brain Injury. Mediat. Inflamm. 2022, 2022, 9860855.
[CrossRef] [PubMed]

12. Fathi, M.; Vakili, K.; Yaghoobpoor, S.; Qadirifard, M.S.; Kosari, M.; Naghsh, N.; Asgari Taei, A.; Klegeris, A.; Dehghani, M.;
Bahrami, A.; et al. Pre-clinical Studies Identifying Molecular Pathways of Neuroinflammation in Parkinson’s Disease: A
Systematic Review. Front. Aging Neurosci. 2022, 14, 855776. [CrossRef] [PubMed]

13. Stefanova, N. Microglia in Parkinson’s Disease. J. Park. Dis. 2022, 12, S105–S112. [CrossRef]
14. Yong, V.W. Microglia in multiple sclerosis: Protectors turn destroyers. Neuron 2022, 110, 3534–3548. [CrossRef]
15. Althafar, Z.M. Targeting Microglia in Alzheimer’s Disease: From Molecular Mechanisms to Potential Therapeutic Targets for

Small Molecules. Molecules 2022, 27, 4124. [CrossRef]

https://www.mdpi.com/article/10.3390/cells12010160/s1
https://www.mdpi.com/article/10.3390/cells12010160/s1
http://doi.org/10.5665/sleep.3298
http://www.ncbi.nlm.nih.gov/pubmed/24470692
http://doi.org/10.3390/nu14030420
http://doi.org/10.1126/science.abj8188
http://www.ncbi.nlm.nih.gov/pubmed/34709899
http://doi.org/10.1053/smrv.2002.0186
http://www.ncbi.nlm.nih.gov/pubmed/12531146
http://doi.org/10.3389/fneur.2022.927994
http://doi.org/10.1016/j.smrv.2019.101250
http://doi.org/10.1016/j.neubiorev.2022.104767
http://doi.org/10.1016/j.smrv.2022.101647
http://doi.org/10.3389/fimmu.2019.02656
http://doi.org/10.1186/s12974-021-02072-8
http://doi.org/10.1155/2022/9860855
http://www.ncbi.nlm.nih.gov/pubmed/35757108
http://doi.org/10.3389/fnagi.2022.855776
http://www.ncbi.nlm.nih.gov/pubmed/35912090
http://doi.org/10.3233/JPD-223237
http://doi.org/10.1016/j.neuron.2022.06.023
http://doi.org/10.3390/molecules27134124


Cells 2023, 12, 160 15 of 17

16. Lewcock, J.W.; Schlepckow, K.; Di Paolo, G.; Tahirovic, S.; Monroe, K.M.; Haass, C. Emerging Microglia Biology Defines Novel
Therapeutic Approaches for Alzheimer’s Disease. Neuron 2020, 108, 801–821. [CrossRef] [PubMed]

17. Ngarka, L.; Siewe Fodjo, J.N.; Aly, E.; Masocha, W.; Njamnshi, A.K. The Interplay Between Neuroinfections, the Immune System
and Neurological Disorders: A Focus on Africa. Front. Immunol. 2021, 12, 803475. [CrossRef] [PubMed]

18. Dauvilliers, Y. Hypocretin/Orexin, Sleep and Alzheimer’s Disease. Front. Neurol. Neurosci. 2021, 45, 139–149. [CrossRef]
19. Wadhwa, M.; Kumari, P.; Chauhan, G.; Roy, K.; Alam, S.; Kishore, K.; Ray, K.; Panjwani, U. Sleep deprivation induces spatial

memory impairment by altered hippocampus neuroinflammatory responses and glial cells activation in rats. J. Neuroimmunol.
2017, 312, 38–48. [CrossRef]

20. Wadhwa, M.; Prabhakar, A.; Ray, K.; Roy, K.; Kumari, P.; Jha, P.K.; Kishore, K.; Kumar, S.; Panjwani, U. Inhibiting the
microglia activation improves the spatial memory and adult neurogenesis in rat hippocampus during 48 h of sleep deprivation.
J. Neuroinflammation 2017, 14, 222. [CrossRef]

21. Hurtado-Alvarado, G.; Becerril-Villanueva, E.; Contis-Montes de Oca, A.; Dominguez-Salazar, E.; Salinas-Jazmin, N.; Perez-Tapia,
S.M.; Pavon, L.; Velazquez-Moctezuma, J.; Gomez-Gonzalez, B. The yin/yang of inflammatory status: Blood-brain barrier
regulation during sleep. Brain Behav. Immun. 2018, 69, 154–166. [CrossRef]

22. Kincheski, G.C.; Valentim, I.S.; Clarke, J.R.; Cozachenco, D.; Castelo-Branco, M.T.L.; Ramos-Lobo, A.M.; Rumjanek, V.; Donato, J.,
Jr.; De Felice, F.G.; Ferreira, S.T. Chronic sleep restriction promotes brain inflammation and synapse loss, and potentiates memory
impairment induced by amyloid-beta oligomers in mice. Brain Behav. Immun. 2017, 64, 140–151. [CrossRef]

23. Manchanda, S.; Singh, H.; Kaur, T.; Kaur, G. Low-grade neuroinflammation due to chronic sleep deprivation results in anxiety
and learning and memory impairments. Mol. Cell. Biochem. 2018, 449, 63–72. [CrossRef] [PubMed]

24. Besedovsky, L.; Schmidt, E.M.; Linz, B.; Diekelmann, S.; Lange, T.; Born, J. Signs of enhanced sleep and sleep-associated memory
processing following the anti-inflammatory antibiotic minocycline in men. J. Psychopharmacol. 2017, 31, 204–210. [CrossRef]
[PubMed]

25. Simpson, D.S.A.; Oliver, P.L. ROS Generation in Microglia: Understanding Oxidative Stress and Inflammation in Neurodegenera-
tive Disease. Antioxidants 2020, 9, 743. [CrossRef] [PubMed]

26. Alzoubi, K.H.; Khabour, O.F.; Albawaana, A.S.; Alhashimi, F.H.; Athamneh, R.Y. Tempol prevents chronic sleep-deprivation
induced memory impairment. Brain Res. Bull. 2016, 120, 144–150. [CrossRef] [PubMed]

27. Xue, R.; Wan, Y.; Sun, X.; Zhang, X.; Gao, W.; Wu, W. Nicotinic Mitigation of Neuroinflammation and Oxidative Stress After
Chronic Sleep Deprivation. Front. Immunol. 2019, 10, 2546. [CrossRef]

28. Smith, C.; Trageser, K.J.; Wu, H.; Herman, F.J.; Iqbal, U.H.; Sebastian-Valverde, M.; Frolinger, T.; Zeng, E.; Pasinetti, G.M.
Anxiolytic effects of NLRP3 inflammasome inhibition in a model of chronic sleep deprivation. Transl. Psychiatry 2021, 11, 52.
[CrossRef]

29. Guyon, A.; Morselli, L.L.; Balbo, M.L.; Tasali, E.; Leproult, R.; L’Hermite-Baleriaux, M.; Van Cauter, E.; Spiegel, K. Effects of
Insufficient Sleep on Pituitary-Adrenocortical Response to CRH Stimulation in Healthy Men. Sleep 2017, 40, zsx064. [CrossRef]

30. Vgontzas, A.N.; Fernandez-Mendoza, J.; Lenker, K.P.; Basta, M.; Bixler, E.O.; Chrousos, G.P. Hypothalamic-pituitary-adrenal
(HPA) axis response to exogenous corticotropin-releasing hormone (CRH) is attenuated in men with chronic insomnia. J. Sleep
Res. 2022, 31, e13526. [CrossRef]

31. Makino, S.; Gold, P.W.; Schulkin, J. Corticosterone effects on corticotropin-releasing hormone mRNA in the central nucleus of
the amygdala and the parvocellular region of the paraventricular nucleus of the hypothalamus. Brain Res. 1994, 640, 105–112.
[CrossRef] [PubMed]

32. Itoga, C.A.; Chen, Y.; Fateri, C.; Echeverry, P.A.; Lai, J.M.; Delgado, J.; Badhon, S.; Short, A.; Baram, T.Z.; Xu, X. New viral-genetic
mapping uncovers an enrichment of corticotropin-releasing hormone-expressing neuronal inputs to the nucleus accumbens from
stress-related brain regions. J. Comp. Neurol. 2019, 527, 2474–2487. [CrossRef] [PubMed]

33. Pomrenze, M.B.; Millan, E.Z.; Hopf, F.W.; Keiflin, R.; Maiya, R.; Blasio, A.; Dadgar, J.; Kharazia, V.; De Guglielmo, G.; Crawford, E.;
et al. A Transgenic Rat for Investigating the Anatomy and Function of Corticotrophin Releasing Factor Circuits. Front. Neurosci.
2015, 9, 487. [CrossRef] [PubMed]

34. Baumgartner, H.M.; Schulkin, J.; Berridge, K.C. Activating Corticotropin-Releasing Factor Systems in the Nucleus Accumbens,
Amygdala, and Bed Nucleus of Stria Terminalis: Incentive Motivation or Aversive Motivation? Biol. Psychiatry 2021, 89, 1162–1175.
[CrossRef]

35. Piskunov, A.; Stepanichev, M.; Tishkina, A.; Novikova, M.; Levshina, I.; Gulyaeva, N. Chronic combined stress induces selective
and long-lasting inflammatory response evoked by changes in corticosterone accumulation and signaling in rat hippocampus.
Metab. Brain Dis. 2016, 31, 445–454. [CrossRef]

36. Gai, Z.; Su, D.; Wang, Y.; Li, W.; Cui, B.; Li, K.; She, X.; Wang, R. Effects of chronic noise on the corticotropin-releasing factor
system in the rat hippocampus: Relevance to Alzheimer’s disease-like tau hyperphosphorylation. Environ. Health Prev. Med.
2017, 22, 79. [CrossRef]

37. Sakamoto, K.; Higo-Yamamoto, S.; Egi, Y.; Miyazaki, K.; Oishi, K. Memory dysfunction and anxiety-like behavior in a mouse
model of chronic sleep disorders. Biochem. Biophys. Res. Commun. 2020, 529, 175–179. [CrossRef]

38. Wang, W.; Ji, P.; Dow, K.E. Corticotropin-releasing hormone induces proliferation and TNF-alpha release in cultured rat microglia
via MAP kinase signalling pathways. J. Neurochem. 2003, 84, 189–195. [CrossRef]

http://doi.org/10.1016/j.neuron.2020.09.029
http://www.ncbi.nlm.nih.gov/pubmed/33096024
http://doi.org/10.3389/fimmu.2021.803475
http://www.ncbi.nlm.nih.gov/pubmed/35095888
http://doi.org/10.1159/000514967
http://doi.org/10.1016/j.jneuroim.2017.09.003
http://doi.org/10.1186/s12974-017-0998-z
http://doi.org/10.1016/j.bbi.2017.11.009
http://doi.org/10.1016/j.bbi.2017.04.007
http://doi.org/10.1007/s11010-018-3343-7
http://www.ncbi.nlm.nih.gov/pubmed/29549603
http://doi.org/10.1177/0269881116658991
http://www.ncbi.nlm.nih.gov/pubmed/27436232
http://doi.org/10.3390/antiox9080743
http://www.ncbi.nlm.nih.gov/pubmed/32823544
http://doi.org/10.1016/j.brainresbull.2015.11.017
http://www.ncbi.nlm.nih.gov/pubmed/26616531
http://doi.org/10.3389/fimmu.2019.02546
http://doi.org/10.1038/s41398-020-01189-3
http://doi.org/10.1093/sleep/zsx064
http://doi.org/10.1111/jsr.13526
http://doi.org/10.1016/0006-8993(94)91862-7
http://www.ncbi.nlm.nih.gov/pubmed/8004437
http://doi.org/10.1002/cne.24676
http://www.ncbi.nlm.nih.gov/pubmed/30861133
http://doi.org/10.3389/fnins.2015.00487
http://www.ncbi.nlm.nih.gov/pubmed/26733798
http://doi.org/10.1016/j.biopsych.2021.01.007
http://doi.org/10.1007/s11011-015-9785-7
http://doi.org/10.1186/s12199-017-0686-8
http://doi.org/10.1016/j.bbrc.2020.05.218
http://doi.org/10.1046/j.1471-4159.2003.01544.x


Cells 2023, 12, 160 16 of 17

39. Wang, W.; Solc, M.; Ji, P.; Dow, K.E. Corticotropin-releasing hormone potentiates neural injury induced by oxygen-glucose
deprivation: A possible involvement of microglia. Neurosci. Lett. 2004, 371, 133–137. [CrossRef]

40. Hakim, F.; Wang, Y.; Zhang, S.X.; Zheng, J.; Yolcu, E.S.; Carreras, A.; Khalyfa, A.; Shirwan, H.; Almendros, I.; Gozal, D. Fragmented
sleep accelerates tumor growth and progression through recruitment of tumor-associated macrophages and TLR4 signaling.
Cancer Res. 2014, 74, 1329–1337. [CrossRef]

41. Nair, D.; Zhang, S.X.; Ramesh, V.; Hakim, F.; Kaushal, N.; Wang, Y.; Gozal, D. Sleep fragmentation induces cognitive deficits via
nicotinamide adenine dinucleotide phosphate oxidase-dependent pathways in mouse. Am. J. Respir. Crit. Care Med. 2011, 184,
1305–1312. [CrossRef] [PubMed]

42. Ramesh, V.; Nair, D.; Zhang, S.X.; Hakim, F.; Kaushal, N.; Kayali, F.; Wang, Y.; Li, R.C.; Carreras, A.; Gozal, D. Disrupted
sleep without sleep curtailment induces sleepiness and cognitive dysfunction via the tumor necrosis factor-alpha pathway.
J. Neuroinflammation 2012, 9, 91. [CrossRef] [PubMed]

43. Xie, Y.; Ba, L.; Wang, M.; Deng, S.Y.; Chen, S.M.; Huang, L.F.; Zhang, M.; Wang, W.; Ding, F.F. Chronic sleep fragmentation
shares similar pathogenesis with neurodegenerative diseases: Endosome-autophagosome-lysosome pathway dysfunction and
microglia-mediated neuroinflammation. CNS Neurosci. Ther. 2020, 26, 215–227. [CrossRef]

44. Bellesi, M.; de Vivo, L.; Chini, M.; Gilli, F.; Tononi, G.; Cirelli, C. Sleep Loss Promotes Astrocytic Phagocytosis and Microglial
Activation in Mouse Cerebral Cortex. J. Neurosci. 2017, 37, 5263–5273. [CrossRef] [PubMed]

45. Kim, J.H.; Kim, J.H.; Cho, Y.E.; Baek, M.C.; Jung, J.Y.; Lee, M.G.; Jang, I.S.; Lee, H.W.; Suk, K. Chronic sleep deprivation-induced
proteome changes in astrocytes of the rat hypothalamus. J. Proteome Res. 2014, 13, 4047–4061. [CrossRef] [PubMed]

46. Borgonetti, V.; Governa, P.; Biagi, M.; Dalia, P.; Corsi, L. Rhodiola rosea L. modulates inflammatory processes in a CRH-activated
BV2 cell model. Phytomedicine 2020, 68, 153143. [CrossRef]

47. Garcia-Revilla, J.; Boza-Serrano, A.; Espinosa-Oliva, A.M.; Soto, M.S.; Deierborg, T.; Ruiz, R.; de Pablos, R.M.; Burguillos, M.A.;
Venero, J.L. Galectin-3, a rising star in modulating microglia activation under conditions of neurodegeneration. Cell Death Dis.
2022, 13, 628. [CrossRef]

48. Puigdellivol, M.; Allendorf, D.H.; Brown, G.C. Sialylation and Galectin-3 in Microglia-Mediated Neuroinflammation and
Neurodegeneration. Front. Cell. Neurosci. 2020, 14, 162. [CrossRef]

49. Aits, S.; Kricker, J.; Liu, B.; Ellegaard, A.M.; Hamalisto, S.; Tvingsholm, S.; Corcelle-Termeau, E.; Hogh, S.; Farkas, T.; Holm
Jonassen, A.; et al. Sensitive detection of lysosomal membrane permeabilization by lysosomal galectin puncta assay. Autophagy
2015, 11, 1408–1424. [CrossRef]

50. Cursano, S.; Battaglia, C.R.; Urrutia-Ruiz, C.; Grabrucker, S.; Schon, M.; Bockmann, J.; Braumuller, S.; Radermacher, P.; Roselli,
F.; Huber-Lang, M.; et al. A CRHR1 antagonist prevents synaptic loss and memory deficits in a trauma-induced delirium-like
syndrome. Mol. Psychiatry 2021, 26, 3778–3794. [CrossRef]

51. Hori, H.; Teraishi, T.; Sasayama, D.; Ozeki, Y.; Matsuo, J.; Kawamoto, Y.; Kinoshita, Y.; Hattori, K.; Higuchi, T.; Kunugi, H. Poor
sleep is associated with exaggerated cortisol response to the combined dexamethasone/CRH test in a non-clinical population.
J. Psychiatr. Res. 2011, 45, 1257–1263. [CrossRef] [PubMed]

52. Galvao Mde, O.; Sinigaglia-Coimbra, R.; Kawakami, S.E.; Tufik, S.; Suchecki, D. Paradoxical sleep deprivation activates
hypothalamic nuclei that regulate food intake and stress response. Psychoneuroendocrinology 2009, 34, 1176–1183. [CrossRef]
[PubMed]

53. Chrousos, G.; Vgontzas, A.N.; Kritikou, I. HPA Axis and Sleep. In Endotext; Feingold, K.R., Anawalt, B., Boyce, A., Chrousos, G.,
Dungan, K., Grossman, A., Hershman, J.M., Kaltsas, G., Koch, C., Kopp, P., et al., Eds.; MDText.com, Inc.: South Dartmouth, MA,
USA, 2000.

54. Han, K.S.; Kim, L.; Shim, I. Stress and sleep disorder. Exp. Neurobiol. 2012, 21, 141–150. [CrossRef] [PubMed]
55. Yang, L.; Tang, X.; Wellman, L.L.; Liu, X.; Sanford, L.D. Corticotropin releasing factor (CRF) modulates fear-induced alterations in

sleep in mice. Brain Res. 2009, 1276, 112–122. [CrossRef]
56. Liu, X.; Wellman, L.L.; Yang, L.; Ambrozewicz, M.A.; Tang, X.; Sanford, L.D. Antagonizing corticotropin-releasing factor in the

central nucleus of the amygdala attenuates fear-induced reductions in sleep but not freezing. Sleep 2011, 34, 1539–1549. [CrossRef]
[PubMed]

57. Wellman, L.L.; Yang, L.; Ambrozewicz, M.A.; Machida, M.; Sanford, L.D. Basolateral amygdala and the regulation of fear-
conditioned changes in sleep: Role of corticotropin-releasing factor. Sleep 2013, 36, 471–480. [CrossRef]

58. Wang, M.J.; Lin, S.Z.; Kuo, J.S.; Huang, H.Y.; Tzeng, S.F.; Liao, C.H.; Chen, D.C.; Chen, W.F. Urocortin modulates inflammatory
response and neurotoxicity induced by microglial activation. J. Immunol. 2007, 179, 6204–6214. [CrossRef]

59. Siew, J.J.; Chern, Y. Microglial Lectins in Health and Neurological Diseases. Front. Mol. Neurosci. 2018, 11, 158. [CrossRef]
60. Burguillos, M.A.; Svensson, M.; Schulte, T.; Boza-Serrano, A.; Garcia-Quintanilla, A.; Kavanagh, E.; Santiago, M.; Viceconte, N.;

Oliva-Martin, M.J.; Osman, A.M.; et al. Microglia-Secreted Galectin-3 Acts as a Toll-like Receptor 4 Ligand and Contributes to
Microglial Activation. Cell Rep. 2015, 10, 1626–1638. [CrossRef]

61. Liu, Y.; Zhao, C.; Meng, J.; Li, N.; Xu, Z.; Liu, X.; Hou, S. Galectin-3 regulates microglial activation and promotes inflammation
through TLR4/MyD88/NF-kB in experimental autoimmune uveitis. Clin. Immunol. 2022, 236, 108939. [CrossRef]

62. Boza-Serrano, A.; Ruiz, R.; Sanchez-Varo, R.; Garcia-Revilla, J.; Yang, Y.; Jimenez-Ferrer, I.; Paulus, A.; Wennstrom, M.; Vilalta, A.;
Allendorf, D.; et al. Galectin-3, a novel endogenous TREM2 ligand, detrimentally regulates inflammatory response in Alzheimer’s
disease. Acta Neuropathol. 2019, 138, 251–273. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neulet.2004.08.055
http://doi.org/10.1158/0008-5472.CAN-13-3014
http://doi.org/10.1164/rccm.201107-1173OC
http://www.ncbi.nlm.nih.gov/pubmed/21868506
http://doi.org/10.1186/1742-2094-9-91
http://www.ncbi.nlm.nih.gov/pubmed/22578011
http://doi.org/10.1111/cns.13218
http://doi.org/10.1523/JNEUROSCI.3981-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28539349
http://doi.org/10.1021/pr500431j
http://www.ncbi.nlm.nih.gov/pubmed/25087458
http://doi.org/10.1016/j.phymed.2019.153143
http://doi.org/10.1038/s41419-022-05058-3
http://doi.org/10.3389/fncel.2020.00162
http://doi.org/10.1080/15548627.2015.1063871
http://doi.org/10.1038/s41380-020-0659-y
http://doi.org/10.1016/j.jpsychires.2011.04.001
http://www.ncbi.nlm.nih.gov/pubmed/21527190
http://doi.org/10.1016/j.psyneuen.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19346078
http://doi.org/10.5607/en.2012.21.4.141
http://www.ncbi.nlm.nih.gov/pubmed/23319874
http://doi.org/10.1016/j.brainres.2009.04.017
http://doi.org/10.5665/sleep.1394
http://www.ncbi.nlm.nih.gov/pubmed/22043125
http://doi.org/10.5665/sleep.2526
http://doi.org/10.4049/jimmunol.179.9.6204
http://doi.org/10.3389/fnmol.2018.00158
http://doi.org/10.1016/j.celrep.2015.02.012
http://doi.org/10.1016/j.clim.2022.108939
http://doi.org/10.1007/s00401-019-02013-z
http://www.ncbi.nlm.nih.gov/pubmed/31006066


Cells 2023, 12, 160 17 of 17

63. Boza-Serrano, A.; Vrillon, A.; Minta, K.; Paulus, A.; Camprubi-Ferrer, L.; Garcia, M.; Andreasson, U.; Antonell, A.; Wennstrom,
M.; Gouras, G.; et al. Galectin-3 is elevated in CSF and is associated with Abeta deposits and tau aggregates in brain tissue in
Alzheimer’s disease. Acta Neuropathol. 2022, 144, 843–859. [CrossRef]

64. Fermino, M.L.; Polli, C.D.; Toledo, K.A.; Liu, F.T.; Hsu, D.K.; Roque-Barreira, M.C.; Pereira-da-Silva, G.; Bernardes, E.S.;
Halbwachs-Mecarelli, L. LPS-induced galectin-3 oligomerization results in enhancement of neutrophil activation. PLoS ONE
2011, 6, e26004. [CrossRef] [PubMed]

65. Ramirez, E.; Sanchez-Maldonado, C.; Mayoral, M.A.; Mendieta, L.; Alatriste, V.; Patricio-Martinez, A.; Limon, I.D. Neuroinflam-
mation induced by the peptide amyloid-beta (25–35) increase the presence of galectin-3 in astrocytes and microglia and impairs
spatial memory. Neuropeptides 2019, 74, 11–23. [CrossRef] [PubMed]

66. Li, J.; Guo, Y.; Chen, Y.Y.; Liu, Q.; Chen, Y.; Tan, L.; Zhang, S.H.; Gao, Z.R.; Zhou, Y.H.; Zhang, G.Y.; et al. miR-124-3p increases in
high glucose induced osteocyte-derived exosomes and regulates galectin-3 expression: A possible mechanism in bone remodeling
alteration in diabetic periodontitis. FASEB J. 2020, 34, 14234–14249. [CrossRef]

67. Zhao, J.; He, Z.; Wang, J. MicroRNA-124: A Key Player in Microglia-Mediated Inflammation in Neurological Diseases. Front. Cell.
Neurosci. 2021, 15, 771898. [CrossRef]

68. Periyasamy, P.; Liao, K.; Kook, Y.H.; Niu, F.; Callen, S.E.; Guo, M.L.; Buch, S. Cocaine-Mediated Downregulation of miR-124
Activates Microglia by Targeting KLF4 and TLR4 Signaling. Mol. Neurobiol. 2018, 55, 3196–3210. [CrossRef]

69. Giannogonas, P.; Apostolou, A.; Manousopoulou, A.; Theocharis, S.; Macari, S.A.; Psarras, S.; Garbis, S.D.; Pothoulakis, C.;
Karalis, K.P. Identification of a novel interaction between corticotropin releasing hormone (Crh) and macroautophagy. Sci. Rep.
2016, 6, 23342. [CrossRef]

70. Jin, L.; Qian, Y.; Zhou, J.; Dai, L.; Cao, C.; Zhu, C.; Li, S. Activated CRH receptors inhibit autophagy by repressing conversion of
LC3BI to LC3BII. Cell. Signal. 2019, 58, 119–130. [CrossRef]

71. Zhao, S.B.; Wu, J.Y.; He, Z.X.; Song, Y.H.; Chang, X.; Xia, T.; Fang, X.; Li, Z.S.; Xu, C.; Wang, S.L.; et al. Corticotropin releasing
hormone promotes inflammatory bowel disease via inducing intestinal macrophage autophagy. Cell Death Discov. 2021, 7, 377.
[CrossRef]

72. Zubova, S.G.; Suvorova, I.I.; Karpenko, M.N. Macrophage and microglia polarization: Focus on autophagy-dependent repro-
gramming. Front. Biosci. Sch. 2022, 14, 3. [CrossRef]

73. Mo, Y.; Sun, Y.Y.; Liu, K.Y. Autophagy and inflammation in ischemic stroke. Neural Regen. Res. 2020, 15, 1388–1396. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s00401-022-02469-6
http://doi.org/10.1371/journal.pone.0026004
http://www.ncbi.nlm.nih.gov/pubmed/22031821
http://doi.org/10.1016/j.npep.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30795916
http://doi.org/10.1096/fj.202000970RR
http://doi.org/10.3389/fncel.2021.771898
http://doi.org/10.1007/s12035-017-0584-5
http://doi.org/10.1038/srep23342
http://doi.org/10.1016/j.cellsig.2019.03.001
http://doi.org/10.1038/s41420-021-00767-8
http://doi.org/10.31083/j.fbs1401003
http://doi.org/10.4103/1673-5374.274331

	Introduction 
	Materials and Methods 
	Animal and Reagents 
	SF Procedure 
	Adult Microglia Isolation 
	Primary Microglia and BV2 Cell Culture 
	Microglia Treatment 
	RNA Extraction, Reverse Transcription, and Quantitative (Q) Polymerase Chain Reaction 
	Western Blots 
	Immunofluorescence Staining 
	Immunocytochemistry 
	Statistical Analysis 

	Results 
	Three-Weeks of SF Activates Microglia in the HP and Increases Peripheral Inflammation Levels 
	The Effects of Three Weeks of SF on Microglia, Astrocytes, and CRH Signaling in the HP 
	CRH Activates Mg and Upregulates Gal3 Levels In Vitro 
	CRH Dysregulates Autophagy Processes and Induces Lysosome Damage In Vitro 
	CRHR2 Blockage Mitigates CRH-Mediated Gal3 Upregulation and Mg Activation In Vitro 
	SF Mice Show Increased Gal3 Expression and Autophagy Dysregulation in the Brain HP 

	Discussion 
	Conclusions 
	References

