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Abstract

Background
Neuroin�ammation and immune responses mediated by microglia are associated with brain injury after
ischemic stroke, and it is novel that Cl− movement and Cl-sensitive signal pathways have been shown to
be implicated in the survival and switch of in�ammation patterns of immune cells. Swell1, one of the
components of Volume-regulated Cl− currents (VRAC) is considered to be the main channels mediating
Cl− e�ux from nerves cells. However, the role of Swell11 in ischemia-induced in�ammation and the effect
of Swell1 on the in�ammation patterns switch of microglia remain unknown.

Methods
Whole-cell patch clamp recordings was used to examine Swell1-mediated VRAC in BV2 cells. In vivo and
vitro studies comparing EGFP and Swell1 conditional knock-in mice were performed to determine the role
of microglia Swell1 on in�ammation and brain injury after ischemic stroke. In vitro experiments to further
explored the mechanism of microglia Swell1 in regulating neuroin�ammation.

Results
Our data showed that knockdown or overexpression of Swell1 in cultured BV2 cells inhibited or increased
hypotonic-activated Cl− currents, respectively, and these changes were completely blocked by the VRAC
inhibitor DCPIB. Swell1 conditional knock-in mice promoted microglial survival in the lesion region,
leading to reductions in neural cell apoptosis, infarction size and neurological de�cits following transient
middle cerebral artery occlusion (tMCAO). Using gene manipulating technique and pharmacological
inhibitors, we further revealed that Swell1 opening led to SGK1 (a Cl−-sensitive kinase)-mediated
activation of FOXO3a/CREB as well as WNK1 (another Cl−-sensitive kinase)-mediated SPAK/OSR1-CCCs
activation, which promoted microglial survival and M2 polarization, thereby attenuating in�ammation
and ischemic brain injury.

Conclusion
Our results demonstrated that Swell1 is an essential component of microglia VRAC and its activation
protects against ischemic brain injury through promoting microglial survival and M2 polarization, which
provides new a new orientation for the treatment of ischemic stroke and other neurological diseases
associated with in�ammation.

Introduction
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Ischemic stroke induces in�ammation, oxidative stress, calcium overload and mitochondrial dysfunction
in the ischemic brain region, among which the in�ammation starts rapidly and lasts for a long time period
ranging from several days to even months that provides a great possibility for post-stroke intervention
and treatment1,2. The neuroin�ammation and immune responses occurring minutes to hours after stroke
were associated with the complex pathology of brain injury after ischemic stroke 3,4. Many studies have
shown that the CNS innate immune cells, i.e., the microglia, are the �rst in�ammatory cells responding to
ischemic insult and critically contribute to the prognosis of ischemic stroke through removing apoptotic
cells and regulating in�ammatory response in ischemic brain region5,6. However, whether microglia
activation is detrimental or bene�cial in ischemic stroke is largely dependent on their pro- or anti-
in�ammatory phenotype at speci�c pathophysiological stages and in speci�c brain regions after stroke,
and this remains an unanswered important question in ischemic stroke7,8.

Cerebral ischemia induces rapid activation and migration of microglia to the lesion sites, removing
apoptotic cells and acting as an anti-in�ammatory responder9,10. However, in most cases, there are not
enough activated microglia that can timely remove all apoptotic cells, which leads to the necrosis of non-
phagocytized apoptotic cells and the disruption of the phagocytic homeostasis in the ischemic brain
region11,12. Non-phagocytized apoptotic cells may lead to an increase in the toxic intracellular response
and induce the microglia switching from the anti-in�ammatory (bene�cial) phenotype (M2 type) to the
pro-in�ammatory (detrimental) phenotype (M1 type)11,13. Therefore, promoting the survival of microglia
after ischemia and inducing their switch from the pro-in�ammatory type to the anti-in�ammatory type
could reduce neuroin�ammation and attenuate ischemic brain injury.

Excessive Na+, Ca2+ in�ux and cell swelling in neurons and glial cells mediated by multiple transporters
and channels are early phenomena of cerebral ischemia14. Cell swelling will initiate the regulation of
volume reduction (RVD) process mediated mainly by volume-regulated anion channels (VRACs) that are
widely expressed in astrocytes and neurons15. The VRACs share a homohexameric structure formed by
the interaction of Swell1 (also known as LRRC8A) and four of its homologues (LRRC8B-E)16–19. Whole-
cell patch clamp recording in brain slices has revealed that oxygen-glucose deprivation (OGD)
signi�cantly increases the amplitude of Swell1-dependent VRAC currents in hippocampal neurons and
middle cerebral artery occlusion (MCAO) induces a transient increase in the protein level of Swell1 in the
hippocampal tissue of mice20. Activation of Swell1 channel has been shown to mediate the non-vesicular
release of glutamate from astrocytes and neurons, leading to increased brain damage after ischemic
stroke20,21. Meanwhile, Swell1 appears to be essential for mice survival, as deletion of Swell1 in
hippocampal neurons leads to their death20,22,23. We have previously demonstrated that the opening of
VRACs activates Cl−-sensitive kinases WNK1 and SGK1, which promotes the survival of cerebrovascular
smooth muscle cells24,25. In addition, Swell1-mediated Cl− movement may contribute to the regulation of
in�ammatory patterns in phagocytes, as defects in the Cl− �ux and Cl− sensing pathway WNK1–
SPAK/OSR1–CCCs (Cation-Chloride Cotransporters) promote the switch of phagocytes to the pro-
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in�ammatory type26. However, the presence of Swell1 in microglia and its function in ischemic brain
injury, remains unclear.

In the present study, we applied electrophysiological, genetic and pharmacological approaches and
studied the role of microglial Swell1 in ischemic stroke. Our data demonstrated that Swell1 was essential
for swelling-activated Cl− current and VRACs in microglia. Moreover, Swell1-mediated Cl− e�ux could
activate Cl−-sensitive kinase WNK1 and SGK1, which in turn promoted the survival and M2-polarization of
microglia through FOXO3a/CREB and SPAK/OSR1-CCCs signaling pathways and led to a reduction in
neuroin�ammation and ischemic brain damage. These results may provide a basis for targeting VRACs
for the treatment of ischemic stroke as well as other in�ammatory neurological diseases.

Material And Methods
1. Reagents and antibodies

Cell culture medium (DMEM), fetal calf serum, bovine serum albumin (BSA), and cocktail were obtained
from GIBCO/Invitrogen. Lipofectamine 2000, Combined Protease and Phosphatase Inhibitors were from
ThermoFisher Scienti�c Inc. Anti-Swell1, anti-FOXO3a, anti-phospho-FOXO3a (Ser316), anti-CREB and
anti-Phospho-CREB (Ser133) were from Cell Signaling Technology. TUNEL Assay Kit, anti-TMEM119, anti-
WNK1, anti-Phospho-WNK1 (Thr58), FITC-conjugated secondary antibodies, Cy5-conjugated secondary
antibodies and DAPI Staining Solution were from Abcam. Anti-NeuN, anti-SGK1 and anti-phospho-SGK1
(Ser422) were purchased from Merck Millipore. Anti-SPAK, anti-OSR1 and anti-NKCC1 were from
ThermoFisher. Anti-phospho-SPAK (Ser380), anti-phospho-OSR1(Ser315) and anti-phospho-
NKCC1(Thr203) were from CUSABIO. Hyperfect Transfection Reagent (HiPerfect) was purchased from
QIAGEN. Cell Counting Assay Kit-8 was purchased from Dojindo Molecular Technologies. Annexin V-
PE/7-AAD Apoptosis Detection Kit and Cell Cycle Analysis Kit (PI) were purchased from Keygen Biotech.
DCPIB was purchased from Tocris Bioscience, GSK65394 and WNK463 were purchased from
MedChemExpress. Other chemicals, if not indicated, were all purchased from Sigma-Aldrich.

2. Animals and treatment

Male transgenic mice (C57BL/ Cx3cr1- Cre) weighing 18-20 g (3-4 weeks old) were purchased from
Cyagen (Suzhou) Biotechnology. Mice were injected pAAV-CMV-DIO-EGFP-tWPA (100 μl, 1*1012 v.g./ml)
or pAAV-CMV-DIO- LRRC8A-3×FLAG-tWPA (100 μl, 1*1012 v.g./ml) virus designed by OBiO Technology
(Shanghai), through tail vein and housed in a temperature-controlled environment with a 12 h-light-dark
cycle and allowed free access to food and water for 21 days. Prior to experiments, the mice were
randomized into indicated experimental groups and the indices were measured by the researcher blinded
to treatment.

3. In vivo focal ischemic stroke model
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The mice were subjected to 1 h of middle cerebral artery occlusion (MCAO) with 24 h of reperfusion. In
brief, the mice were subjected to 3% iso�urane for an anesthesia induction, thereafter with 1-1.5%
iso�urane maintenance during the whole procedure. During the operation, rectal temperature was
maintained at 37.0±0.5 °C by a heating pad (ALC-HTP homeothermic system, Alcott Biotech, Shanghai,
China). Focal cerebral ischemia was induced by inserting a 0622-0624 mono�lament (YUSHUN,
Guangzhou, China) into the left internal carotid artery via the common carotid artery. After 1 h of
occlusion, the �lament was removed and the skin incision was sutured. Mice were returned to their cages
and were sacri�ced 24 h after reperfusion. All animals had free access to food and water following the
procedure.  

4. Evaluation of neurological score

Neurological score was assessed an investigator blinded to animal grouping at 24 h after cerebral
ischemia according to a protocol (Longa Scoring Method) described 27. The scoring was based on the
following tests: 0 point, the mice moved normally; 1 point, the mice could not fully stretch their left front
legs; 2 points, the mice turned around in a circle; 3 points, the mice fell on their left side; 4 points, the mice
could not move by themselves and lost consciousness.

5. Rotarod test

Animals were placed on an accelerating rotating rod (from 4 to 40 rpm over 300 s) and their latency to
fall was recorded. Preoperative training was performed for 3 days with 3 daily trials (total 15min), and
most of the mice could maintain on the rod for 260-300s, with the last time trial serving as a preoperative
baseline. The pre-trained animals (n = 9) were subjected to tMCAO as described above, and then the
animals were placed on the rotating bar to evaluate the time of permanence.  

6. 2, 3, 5-Triphenyltetrazolium chloride (TTC) staining 

After neurological evaluation, brains were removed and cut into �ve 1-mm serial coronal sections. The
sections were stained with 1.5% TTC (T8877, Sigma, St. Louis, MO, USA) in PBS for 5 min at 37°C. The
TTC stained sections were photographed and digitized. Using Image-Pro Plus, the areas of TTC negative
and the ipsilateral hemisphere were measured. The volume of infarct was calculated and expressed as
the sum area of infarct/the sum area of brain slice.

7. Cell culture and transfection

BV2 cells were purchased from ATCC. The cells were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/ streptomycin (P/S) at 37℃ in a humidi�ed incubator gassed with
95% CO2. Swell1 overexpressing adenovirus that expressed mouse Swell1 (NM_177725.4) with an EGFP
(green �uorescent protein) tag and its negative control were purchased from OBiO Technology. BV2 were
transfected with the adenovirus according to a previously described method24. Swell1 small interfering
RNA (siRNA) (5′GCCUGCAUUGGUUUGCCAATT3′) and Scrambled RNA (5′UUCUCCGAACGUGUCACGU-3′)
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were designed and synthesized by Qiagen. Scrambled RNA was used as a negative control. Plasmids
with RFP tag were designed and produced according to these small interfering RNA chain sequence and
used for cell labeling in patch clamp experiments. Swell1 siRNA and negative control siRNA (or Plasmids)
were transfected into BV2 by using HiPerfect (or Lipofectamine 2000) transfection reagent according to a
previously described protocol24.

8. Microglia electrophysiology

BV2 cells were seeded on glass coverslips (diameter 12 mm) and cultured for at least 24 h in DMEM until
fully adherent. For hypotonicity-activated VRAC current recordings, BV2 cells were whole-cell patched in
isotonic bath solution containing 90 mM NMDG-Cl, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10 mM HEPES,
10 mM glucose, 100 mM mannitol (305 mOsm/kg, pH 7.3 adjusted with NMDG) or in a hypotonic
solution that had the same ionic composition as isotonic bath solution except no mannitol (212
mOsm/kg, pH 7.3 adjusted with NMDG). Recording electrodes (3-5 MΩ) were �lled with a standard
internal solution containing 133 mM CsCl, 10 mM HEPES, 4 mM Mg-ATP, 0.5 mM Na3-GTP,2 mM CaCl2, 5
mM EGTA (pH 7.2 adjusted with CsOH and osmolality was 295-305 mOsm/kg). For the step protocol,
cells were held at -60 mV and voltage step pulses (5 s interval, 500 ms duration) were applied from -100
to +100 mV in 20 mV increments. For the VRAC time course, constant voltage ramps (5 s interval, 500 ms
duration) were applied from a holding potential of 0 to 100 mV.

9. Oxygen and glucose deprivation (OGD) and reoxygenation treatment

OGD was used to mimic ischemic conditions for microglia in vitro as described previously28. Brie�y, BV2
cells were transfected and cultured for 24 h in DMEM, and were then incubated in a self-contained and
sealed hypoxia incubator chamber (Billups-Rothenberg) (5% CO2 and 95%N2) for 1 h in DMEM without
serum and glucose. After 1 h of exposure to OGD challenge, the cultures were removed from the
anaerobic chamber, and the OGD medium was replaced with normal culture medium. The cells were then
allowed to recover for 24 h before examinations of cell viability, �ow cytometry or q-PCR.

10. Immunostaining

For animal studies, anesthetized mice were perfused transcardially with PBS, followed by 4% PFA in PBS.
Brains were removed and post-�xed in 4% PFA at 4°C overnight. After dehydration by 30% sucrose, brains
were embedded in OCT (Tissue-Tek) and cut into 10 μm-thick sections on cryostat microtome (Leica). For
cellular studies, the BV2 cells were post-�xed in 4% PFA at room temperature (RT) for 15 minutes after
washing with PBS. The brain sections and BV2 cells were permeabilized with 0.2% Triton X-100 and 1%
BSA in PBS for 45 min at room temperature (RT), washed three times with PBS, blocked in 10% BSA, and
incubated with anti-Swell1, anti-TMEM119 or anti-NeuN (1:200) at 4°C overnight. After washing three
times with PBS, the samples were incubated with Fluor-conjugated secondary antibody (1:500) for 1 h at
RT, followed by DAPI staining. Images were taken under Zeiss LSM780 confocal microscope. 

11. Western blot
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Cultured BV2 cells were lysed in RIPA with 1% protease inhibitors cocktails and 1% phosphatase inhibitor
cocktails. After centrifugation at 15,000 g for 15 min at 4 ◦C, the supernatant was obtained, and the
protein concentration was measured with a BCA Kit (Beyotime). Fifty μg proteins from each sample were
subjected to polyacrylamide gel electrophoresis and transferred to a polyvinylidene di�uoride membrane.
The membrane was blocked with 5% milk (or 5% BSA for protein phosphorylation assay) in Tris-buffered
saline buffer at RT for 1 h, and then add primary antibody (1:500 or 1:1000) and incubate overnight at
4°C. After wash with TBS buffer for 3 times, the membranes were incubated with HRP-conjugated
secondary antibody (1:2000, Cell Signaling Technology) in the same TBS buffer for 1 h at RT. The blots
were detected by a scanner (Bio-Rad) and analyzed with ImageJ (NIH). 

12. Cytokine detection

Cytokine levels in mice serum and tissues of mice brain were measured using a multiplex
cytokine/chemokine assay (Bio-Plex 23-plex Mouse cytokine assay; Bio-Rad), according to the
manufacturer’s instructions. The concentrations of IL-1β, IL-6, IL-10, and TNF-α in BV2 cell lysates were
measured by enzyme-linked immunosorbent assay (ELISA). Quanti�cation of these cytokines was
performed with the corresponding kits according to the manufacturer's protocol.

13. CCK-8 assay for cell viability

Cell viability was measured by the CCK-8 method according to a previously described protocol24. In brief,
BV2 cells were seeded into 96-well plates and tested 24 h after transfection and OGD treatment. Cells
growth was arrested by incubation in DMEM with 0.5% fetal bovine serum for 24 h before the OGD
treatment. Then, 10 μl of CCK-8 solution was added to each well and incubated for another 2 h before
measuring the absorbance at 450 nm with a microplate reader (Bio-Tek).

14. Quanti�cation of apoptosis and cell cycle transition by Flow cytometry

BV2 cells were cultured in 6-well plates at 70% con�uence and were transfected with Ad-Swell1 or Swell1
siRNA for 24 h before exposing to 1 h OGD and 24 h reoxygenation. For apoptosis assessment, the cells
were harvested for Annexin V-PE and 7-AAD staining using the Annexin V-PE/7-AAD Apoptosis Detection
Kit according to manufacturer’s instructions. The stained cells were counted by �ow cytometry analysis
(Coulter, Hialeah, FL). For data analysis, the cells in the lower right, upper right, lower left and upper left
corners represented the early apoptotic cells, late apoptotic cells, the survival and necrotic cells,
respectively. For cell cycle analysis, the cells were �xed in ice-cold 70% ethanol/PBS, and then treated
with ribonuclease A (0.2 mg/mL) before staining with propidium iodide at 4°C overnight. Minimums of
10,000 events were recorded for each sample. The data were tabulated as the sum of cells in S, G0/G1
and G2 phase and normalized as a fold change of the normal controls.

15. Real-Time PCR
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Total RNA was extracted from cultured BV2 cells using TRIZOL reagent (Invitrogen) according to the
manufacturer’s guidelines. Then, cDNA was synthesized using PrimeScript RT reagent Kit (Takara), qPCR
reactions were performed in triplicate with TB Green Premix Ex Taq II (Takara) on an Applied Biosystems
7500 Real-Time PCR Detection System (Applied Biosystems). Relative gene expression was normalized
to the housekeeping gene GAPDH (or β-actin) and calculated using the 2−ΔΔCt method. The primers used
for ampli�cation are shown in supplement: Table S1.

16. 4D label-free phosphorylation modi�cation proteomics

The proteomics experiment was done by PTM BioLab (Hangzhou, China) using a standard protocol29.
Brie�y, the BV2 cells were removed from -80°C storage, and processed through the steps of protein
extraction, trypsin digestion, a�nity enrichment of the phosphopeptides, and then were detected by LC-
MS/MS analysis. The resulting MS/MS data were processed using the MaxQuant search engine
(v1.6.6.0). Protein annotation and functional enrichment were analyzed by Gene Ontology (GO)
annotation and KEGG pathway annotation. For phosphoproteome, software MoMo (motif-x algorithm)
was used to analyze the model of sequences constituted with amino acids in speci�c positions of
modify-21-mers (10 amino acids upstream and downstream of the site, respectively) and modify-13-mers
for phosphorylation (6 amino acids upstream and downstream of the site) in all protein sequences.

17. Statistical Analysis.

Data analysis was performed using GraphPad Prism 9 (GraphPad software Inc). All data are represented
as the mean ± S.E.M. Statistical signi�cance was calculated by Tukey's multiple comparisons test, one- or
two-way ANOVA followed by Bonferroni multiple comparisons test. n value represents the number of
independent experiments. Statistical signi�cance was set at *p ≤ 0.05, and denote p ≤ 0.01 or 0.001 as
**p or ***p, respectively.

Results
Swell1 is essential for VRAC activity in microglia 

Swell1 (LRRC8A) is a component of the swelling-activated Cl− current (ICl,SWELL) channels or VRACs that

are widely expressed in astrocytes and neurons15. To determine whether Swell1 is essential for the
activity VRACs in microglia, we �rst exposed BV2 cells to a hypotonic solution to induce cell swelling and
measured transmembrane currents using whole-cell patch clamp technique. As shown in Fig.
1A, the perfusion of hypotonic solution elicited a sharp increase in the transmembrane current, and
this current was completely blocked by the speci�c Cl− current channel inhibitor 4-(2-butyl-6,7-dichloro-2-
cyclopentyl-indan-1-on-5-yl) oxobutyric acid (DCPIB). Of note, this DCPIB-sensitive Cl‐ current showed
mild outward recti�cation (Fig. 1A, 1B), which coincided well with the characteristics of VRAC and
supported the existence of VRACs in microglia. To further demonstrate a role of Swell1 in microglial
VRACs, we manipulated Swell1 expression in BV2 cells using siRNA plasmids or adenovirus vectors and



Page 10/33

assessed their effects on VRACs. Swell1 siRNA plasmids (10, 20 or 40 nM) (Swell1 SI) substantially
reduced Swell1 expression at 48 h after transfection (Fig. S1A), and Swell1 adenovirus (Ad-Swell1)
signi�cantly upregulated Swell1 expression after transfection with 50, 100 or 200 multiplicity of infection
(MOI) for 48 h (Fig.S1B). Since 20 nM Si-Swell1 and 100 MOI Ad-Swell1 could effectively manipulate
Swell1 expression, these doses were chosen for the rest of the experiments in this study. Using these two
genetic tools, we found that hypotonicity-induced Cl- currents in BV2 cells were signi�cantly suppressed
or augmented when Swell1 was knocked down or overexpressed, and the augmentation of hypotonicity-
induced Cl- current by Ad-Swell1 was completely inhibited by DCPIB (Fig. 1B, 1C and 1D). Lastly, to
visualize the location of Swell1 in microglia, we performed immuno�uorescence-staining experiments
and showed that Swell1 was mainly distributed on the cell membrane and partly in the cytoplasm (Fig
1E). Taken together, these results indicated that Swell1 is essential for maintaining the normal function of
VRACs in microglia and its upregulation signi�cantly enhances Cl- e�ux in BV2 cells.

Swell1 overexpression in microglia provides neuroprotection against ischemic stroke

To determine whether Swell1-dependent VRACs in microglia play a role in ischemic brain damage, we
generated microglial-speci�c Swell1 overexpression mice by transfecting Cx3cr1-Cre mice with pAAV-
CMV-DIO-LRRC8A-3×FLAG-tWPA or control pAAV-CMV-DIO-EGFP-tWPA viral vectors. The speci�city of
Cre-dependent expression of Swell1 in Cx3cr1-Cre mice was con�rmed by the co-localization of
TMEM119-cy5 (red) and EGFP (green) or Swell1/FITC (green) (Fig. S2). Using these transgenic mice, we
conducted tMCAO and assessed the effects of Swell1 overexpression on infarct size and, neurological
de�cits in Cre-EGFP and Cre-Swell1 mice. As shown in Fig 2A, Swell1 overexpression signi�cantly reduced
infarction size that was expressed as the ratio of infarcted area/total area of the TTC-stained brain slices
(0.42 for Cre-Swell1 mice and 0.22 for Cre-EGFP mice). Accordingly, Swell1 overexpression substantially
attenuated tMCAO-induced neurological de�cits, re�ected by improved neurological score (2.00 for Cre-
Swell1 mice, 1.25 for Cre-EGFP mice) (Fig. 2B) and longer retaining time on the Rota rod (252.4s for Cre-
Swell1 mice, 146.8s for Cre-EGFP mice) (Fig. 2C) in Cre-Swell1 mice. These �ndings demonstrated that
overexpression of Swell1 in microglia signi�cantly decreased ischemic brain damage and ameliorated
neurological impairment. 

We next examined the effect on microglial Swell1 overexpression on neuronal apoptosis in the ischemic
brain using TUNEL and NeuN co-immunostaining on a 10 um-thick brain section that was 3-4 mm way
from the frontal tip of olfactory bulb. The hemispheric ratios of the TUNEL (red) and NeuN (green)
�uorescence intensity were quantitated to evaluate the overall changes in apoptotic cell death and
neuronal loss in the ischemic brain regions of Cre-EGFP and Cre-Swell1 mice. Our data showed that
tMCAO induced an approximately 3-fold increase of TUNEL �uorescence intensity and ~1-fold reduction
in neuronal loss in the ischemic hemisphere compared to non-ischemic hemisphere, and these changes
were signi�cantly suppressed by Swell1 overexpression (Fig. 2D and 2E). To visualize the above change
more clearly, we chose an ischemic area that showed mature infarction (area 1, no TTC staining at all) in
Cre-EGFP mice, but non-mature infarction (area 3, weak TTC staining) in Cre-Swell1 mice and checked
TUNEL staining and neuronal loss under a microscope. Under an enlarged scope, Swell1 overexpression
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led to reduced TUNEL-positive cells and alleviated neuronal loss in the ischemic brain region, compared
to the corresponding area of the nonischemic hemisphere (area 2 and area 4) (Fig. 2F). These results
indicated that overexpression of Swell1 in microglia reduced ischemic brain damage and improved
neurological function by inhibiting neuronal apoptosis. 

Swell1 overexpression promotes M2 polarization of microglia and reduces in�ammation after ischemic
stroke

We next examined how microglial Swell1 overexpression is neuroprotective in ischemic stroke and
investigated its effect on the polarization of microglia and the production of in�ammatory cytokines in
vivo and in vitro. The expression of in�ammatory cytokines (including IL-1β, IL-4, IL-6, IL-10, IL-12, MCP-1,
MIP-1α, MIP-1β, TNF-α, IFN-γ) of both the tissue and the serum in Cre-Swell1 mice and Cre-EGFP mice
were measured by Bio-Plex Pro Mouse Chemokine Assay after subjected to tMCAO. The data
demonstrated that the expression of most in�ammation-related factors in the ischemic area (IA) was
signi�cantly higher than that in the non-ischemic area (NA) after ischemic stroke (except IL-4,IL-10 in Cre-
EGFP mice and IL-12,TNF-α in Cre-Swell1 mice), and the expression of M1-associated in�ammatory
factor including IL-1, IL-6, MIP-1α, MIP-1β, TNF-α, IFN-γ in the IA of the Cre-Swell1 mice was
signi�cantly decreased compared with the Cre-EGFP mice, but the expression of M2-associated IL-4 and
IL-10 was markedly increased, and there were no signi�cant changes in the expression of IL-12 and MCP-
1 (Fig.3A). Furthermore, the results of serum sample showed that the levels of in�ammation-related
factors above in Cre-Swell1 mice were also signi�cantly lower than those in Cre-EGFP mice except for IL-4
and IL-10and these two factors were notably higher than that in Cre-EGFP mice, which was consistent
with the results of brain tissue sample (Fig.3B). 

 To further explore the above effect of microglia Swell1 on microglial polarization in vitro, we detected the
expression levels of mRNA and protein of in�ammation-related factors by ELISA and Real Time-PCR in
BV2 cells with OGD treatment. The data showed that OGD induced notably upregulation of IL-1β, IL-6 and
TNF-α protein expression, and knockdown of Swell1 signi�cantly further elevated these increases,
whereas overexpression of Swell1 signi�cantly inhibited these change (Fig.3C). Interestingly, only Swell1
overexpression increased the protein level of IL-10 in BV2 cells after OGD, while knockdown of Swell1
induced up-regulation of IL-1β, IL-6 and TNF-α proteins in the normal condition (Normal group) (Fig.3C)
and Swell1 overexpression and knockdown has the same effect as protein data on the regulation of
above gene transcription level (Fig.3D). Next, we have also tested the transcription level of M2-associated
gene Arg-1, CD206 and M1-associated gene CD86. The results demonstrated that the gene expression of
Arg-1 and CD206 were signi�cantly downregulated and that of CD86 was obviously upregulated induced
by OGD, and knockdown of Swell1 exacerbated this effect, but overexpression of Swell1 can reverse this
change (Fig.3D).

In order to verify the effect of Swell1 overexpression in microglia on neuron survival in vitro,
we conducted indirect co-culture system with BV2 cells and HT22 cells (work �ow seen Fig.3E). After OGD
treatment, the data demonstrated that the culture medium produced from BV2 cells transfected with Ad-
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Swell1 (Ad-Swell1-MCM) signi�cantly promoted cell survival compared with medium transfected with
control adenovirus (vec-MCM) (Fig.3E). This result suggests that overexpression of Swell1
in microglia can promote neuron survival which related to its function of inducing M2 polarization after
ischemic stroke. Collectively, these �ndings suggest that Swell1 overexpression induces microglia M2
polarization to reduce in�ammation and promote neuron survival under ischemic condition.

Swell1 overexpression promotes microglia survival after ischemic stroke both in vivo and in vitro

Although polarized microglia have a dual role in in�ammation, selective ablation of proliferating
microglial exacerbates ischemic injury after stroke10,30. Apart from proved role of elevating M2
polarization induced by overexpression of Swell1, we next determined whether the effect of Swell1
overexpression on microglia polarization was based on regulating microglia survival after ischemic
stroke. Firstly, co-immunostaining Swell1-FITC (or EGFP), TMEM119-Cy5 (microglia speci�c biomarker)
and DAPI (for nucleus) were performed on the coronal brain slices of Cre-EGFP and Cre-Swell1 mice after
subjected to tMCAO. Our data showed that tMCAO induced an approximately 50% reduction of TMEM119
�uorescence intensity in the ischemic hemisphere compared to non-ischemic hemisphere, and this
change were signi�cantly reversed by Swell1 overexpression (Fig.4A and B), meanwhile, under an
enlarged view, Swell1 overexpression led to increased TMEM119-postive microglia in the ischemic brain
region (area 1and area 3, the selected areas were the same as Fig. 2F) compared to the corresponding
area of the nonischemic brain hemisphere (area 2 and area 4) (Fig. 4C). 

To further analyze whether Swell1 affects the survival of BV2 cells in vitro, cell viability was assessed by
CCK-8 assay after OGD treatment. Pretreatment with Swell1 siRNA (Fig. 4D) and DCPIB (Fig. 4E) both
aggravated the decrease of living cells induced by OGD treatment, while overexpression of Swell1
increased the number of survivals BV2 cells (Fig.4D). We further examined the effect of Swell1 on the
apoptosis and proliferation of BV2 cells using �ow cytometry after ischemia. As shown in Fig. 4F and 4G,
OGD challenge remarkably increased the early apoptotic rate of BV2 cells (approximately 1.6-fold)
compared with the con-Normal group, which was signi�cantly inhibited by Swell1 overexpression but
further escalated by Swell1 silencing, respectively. Moreover, it has been proven that the partially survived
microglia will be activated and entered the mitotic cycle after OGD treatment5,31, so we examined that
whether Swell1 participated in OGD-induced BV2 cells proliferation. As shown in Fig. 4H and 4I, OGD
treatment promoted BV2 cell cycle transition from G0/G1 phase to S phase (suggested more cells were
undergoing mitosis) and Swell1 silencing markedly inhibited BV2 cell cycle transition, and conversely
Swell1 overexpression further signi�cantly potentiated this transition induced by OGD treatment. Taken
together, these results revealed that overexpression of Swell1 protected the survival of microglia through
inhibiting apoptosis and promoting proliferation after ischemic stroke. 

Swell1 overexpression protects microglia survival through activating SGK1 signaling pathway 

In our previous studies, we demonstrated that VRAC opening can induce the out�ow of intracellular
solute, the decreased intracellular Cl-, other than Na+ or K+, which is responsible for the increased
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phosphorylation of SGK1 to inhibit cell apoptosis24. So, we hypothesized that the e�ux of Cl- caused by
Swell1 opening can activate the Cl- -sensitive kinase SGK1 and further regulate microglia survival. In order
to investigate how Swell1 protected against microglia injury through protein phosphorylation
modi�cation, 4D Phosphoproteomics and western-blot assay were performed. As shown in Fig.5A,
activation of Swell1 by hypotonicity caused changes in the phosphorylation levels of a variety of proteins
associated with cell survival such as SGK1, Bnip3 and FOXO3a. We also veri�ed the effect of Swell1
opening on phosphorylation activation of SGK1 by western-blot, and found that Swell1 knockdown
blunted the increased phosphorylation of SGK1 induced by hypotonicity, whereas Swell1 overexpression
further strengthen this increase (Fig.5B and C). It has been reported that SGK1 regulates transcription
factors such as CREB, NF-κB, FOXO3a, p53 and AP-1, among which CREB and FOXO3a are closely related
to cell survival32. The phosphorylation of CREB at Ser133 residues induces transcription of cell growth-
related genes, while the phosphorylation of FOXO3a inhibits its translocation from the cytoplasm to the
nucleus, causes destruction of FOXO3a-dependent transcription, cell cycle arrest and apoptosis24,33. In
our experiment, the activation of CREB and FOXO3a by Swell1 overexpression is consistent with that of
SGK1, which can enhance the increased phosphorylation of CREB and FOXO3a in hypotonicity condition,
whereas knockdown of Swell1 inhibited these proteins phosphorylation activation (Fig.5B, C). 

To further verify this result, we overexpressed Swell1 in BV2 cells combined with and without the SGK1
inhibitor GSK650394, then exposed to OGD for 1 h. The viability rate of BV2 cells was evaluated by CCK-8
assay and the cell apoptosis rate and cell cycle transition were analyzed by �ow cytometry. As shown in
Fig.6A, GSK650394 alone can signi�cantly decrease living cells, and overexpression of Swell1 notably
increased BV2 cell viability compared with vector control group, while the simultaneous administration of
GSK650394 eliminated this effect of Swell1 overexpression under both Normal and OGD condition.
Consistency, the results of Flow cytometry also shown that overexpression of Swell1 can signi�cantly
inhibited BV2 cells apoptosis and promote cell cycle transition from G0/G1 phase to S phase induced by
OGD treatment, while inhibition of SGK1 by GSK650394 obviously hindered these effects of
Swell1 (Fig.6B-E). 

Swell1 overexpression activates CCCs to promote microglial M2-polarization through WNK/SPAK/ OSR1
kinase network in ischemic stroke

In addition of SGK1 signaling pathway, we also found that the phosphorylation protein modi�cation level
of another Cl--sensitive signaling pathway WNK1-SPAK/OSR1-CCCsregulated by Swell1 in BV2 cells.
Recent studies have shown that in the case of decreasing intracellular Cl- concentration, WNK1 function
is identi�ed as a negative regulator of the NLRP3 in�ammasome in macrophage through
autophosphorylated, then proceeds to phosphorylate its downstream targets SPAK/OSR1, which activate
CCCs to restore ion concentrations as well as inhibit further Cl− e�ux34-39. NKCC1 (SLC12A2) are the
major Cl- entry transporter among CCCs (SLC12) gene family, it can regulate cell volume and maintain cell
homeostasis after osmotic and oxidative stress40. Interfering with SLC12A2 expression or function in
phagocytes resulted in a signi�cant increase in apoptotic corpse uptake and induced the typical anti-
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in�ammatory program switch to pro-in�ammatory and oxidative stress-related gene programs26. As
Fig.7A shown that activation of the Swell1 channel on BV2 cells by hypotonic stimulation increased the
phosphorylation level of WNK1-SPAK/OSR1-CCCs. The result of western blot also shown
that overexpression of Swell1 can further signi�cantly increased the phosphorylation protein level of
WNK1-SPAK/OSR1-NKCC1 pathway induced by hypotonic, but interference with Swell1 can inhibited this
effect (Fig.7B, C). 

To investigate whether the WNK1 was involved in the effect of Swell1 on microglia in�ammation and M2-
polarization in ischemia stroke, we assessed the WNK463 (a selective pan WNK kinases inhibitor) on BV2
cells treated with adenovirus of overexpressed Swell1 after OGD treatment by ELISA and Real Time-PCR.
We �rst observed a signi�cant M1-polarization of BV2 cells as evidenced by increased IL1-β, IL-6, TNF-α
protein level and decreased IL-10 protein level in the presence of WNK463 compared with the control
(under OGD condition) using ELISA. The data showed that there was a signi�cant M2-polarization
evidenced by decreased protein expression of IL1-β, IL-6, TNF-α and increased protein expression of IL-10
in the Swell1 overexpression group after OGD, but this effect of Swell1 would be signi�cantly blocked by
WNK463 (Fig.8A). We had further tested the transcription level of M2-associated genes such as IL-10, Arg-
1, CD206 and M1-associated genes including IL-1β, TNF-α and CD86 by Real Time-PCR. Consented with
the results of ELISA, WNK463 induced signi�cant BV2 cells M1-polarization evidenced by gene
expression of IL-10, Arg-1 and CD206 were signi�cantly downregulated and that of IL-1β, TNF-α, CD86
was obviously upregulated compared with the control (under OGD condition), and prevented Swell1 from
promoting M2-polarization of BV2 cells at the transcriptional level (Fig.8B). Collectively, Swell1 may also
regulate the WNK1-SPAK/OSR1-NKCC1 signal pathway, thereby promoting microglia M2-polarization and
improving the in�ammatory microenvironment after ischemic stroke.

Discussion
Our research has demonstrated that Swell1 is an essential component of microglia VRAC and is
upregulated in response to ischemic stroke. Moreover, we show that microglial Swell1 overexpression
attenuates ischemia-induced neuroin�ammation and neural damage, and these effects are mainly
mediated by Swell1-activated Cl−-sensitive mechanisms that promote microglial survival and M2-
polarization through activating SGK1-FOXO3a/CREB and WNK1-SPAK /OSR1-SLC12A2 signaling
pathways.

VRAC has long been considered to regulate the homeostasis of cell volume, cell survival, the release of
hormones, and the neurotransmitters like glutamate and aspartate41,42. The recent progresses in the
identi�cation of Swell1 as an essential VRAC subunit and in the elucidation of the channel structure have
made it possible to conduct genetic studies and synthesize speci�c inhibitors. As of now, the functional
signi�cance of Swell1 is still far from understood. Recent studies have shown that Swell1 is closely
related to glutamate release, cGAMP tra�cking, β-cell excitability and insulin secretion, vascular
endothelial function and skeletal muscle differentiation16,43−45. However, the role of Swell1-mediated
VRAC in stroke is rather puzzling. On the one hand, Swell1 contributes to the non-vesicular release of
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glutamate and promotes excitotoxic neural cell death after stroke, and on the other hand, Swell1
promotes the volume recovery of swollen neurons, reduces brain edema, and promotes the survival of
neurons following ischemic stroke46. Here our data demonstrate that Swell1 is the essential component
of VRAC in microglia and is neuroprotective via promoting microglial survival and M2 polarization after
ischemic stroke.

The clearance of apoptotic cells is a part of the anti-in�ammatory response of phagocytes, but the
mechanism behind this response is still being determined13. K+ and Cl− e�ux are critical steps for
in�ammation activation by stress stimuli, and the Cl−-sensing signal pathway has been reported to be
involved in controlling the phagocytosis and anti-in�ammatory response of phagocytes26. Microglia are
the main phagocytes in the brain that clear apoptotic cells after ischemic stroke In a transient ischemic
stroke model, activated microglia were found to accumulate in the infarct core area within 24 hours, while
in the peri-infarct region, the microglia appeared at a much earlier time point and peaked at 7 days post-
reperfusion31. Moreover, activated microglia mainly express M2 phenotypic markers in the acute stage,
but they gradually switch toward M1 phenotype as the duration of cerebral ischemia extends, and at this
point, the microglia start to produce chemokines, which attracts a large number of in�ammatory cells to
accumulate in the necrotic site47. Using a transgenic mouse strain with microglial Swell1 overexpression,
here we investigated the role of Swell1-mediated VRAC in microglia distribution and phenotypic
transformation following tMCAO in mice. Our data show that Swell1 overexpression not only increases
the accumulation of microglia in the ischemic hemisphere, but also promotes its M2-polarization, leading
to suppressed neural and systemic in�ammatory responses and improved neuron survival and
neurological function.

In this study, we observed a drastic reduction of IL-1β level in ischemic brain tissue and in the serum
collected from the Swell1 cKI mice after tMCAO, supporting an important role of microglial Swell1 in
mediating ischemia-induced neuroin�ammation. It is known that the maturation and release of IL-1β is
mainly regulated by the NLRP3 in�ammasome, and this process is closely associated with Cl− e�ux37,38.
To our surprise, our data shown that Swell1 overexpression increased the expression of NLRP3 in normal
condition and this increase can be blocked by SGK1 inhibitor GSK650394, however overexpression of
Swell1 do not further augmented OGD-induced expression of NLRP3 (Fig.S3, 4). These data indicate that
Swell1 overexpression itself may lead to maximal NLRP3 activation in microglia, which cannot be further
increased under OGD conditions, and the regulation of Swell1 on the secretion of IL-1β in ischemic
condition may be through other pathways18. Moreover, our data show that the levels of MIP-1α and MIP-
1β in the ischemic brain tissue and the serum of Swell1 cKI mice are signi�cantly reduced, and even the
level of MCP-1 in the serum is also reduced. We think that the regulation of Swell1 on the secretion of
these chemokines may be attributed to its direct action on microglia or to its indirect suppression on
in�ammatory response of other cells secondary to M2 polarization of microglia that improves the overall
in�ammatory microenvironment of the ischemic brain region. The resultant immuno-suppressing
microenvironment will likely reduce the recruitment of peripheral cells such as neutrophils and
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macrophages to the ischemic brain region, and thus attenuating in�ammatory brain injury and improving
systemic in�ammatory response (Figure S5).

Microglia-associated in�ammation after ischemic stroke not only relies on its in�ammatory phenotype,
but also rests with its number and distribution. Reactive microgliosis after ischemic brain injury is
typically characterized by a stepwise response, starting with microglial activation, followed by massive
expansion and migration of the resident microglial population and the recruitment of bone marrow-
derived macrophages that migrate into the neuronal parenchyma and act like microglia48,49. Previous
stroke studies have shown that survived resident microglia are important for the regulation of
neuroin�ammation and have an important neuroprotective potential by serving as an endogenous pool of
neurotrophic and antiapoptotic molecules such as IGF-150,51. Our previous study showed that VRAC could
regulate cell proliferation, apoptosis and survival through the Cl−-sensitive SGK1 signaling pathway24,52.
To become functional, the SGK1 protein requires activation by phosphorylation, and then further
phosphorylates a number of transcription factors32. Here, our data show that Swell1 overexpression
promotes the accumulation of microglia in the ischemic brain region through inhibiting the apoptosis of
resident microglia and promoting their proliferation via activating SGK1 -CREB-FOXO3a pathways.

Conclusions
In conclusion, our �ndings have shown that Swell1 is an essential component of microglia VRAC and its
activation has a protective effect on brain damage and improves post-ischemic neurological outcomes
by reducing ischemia-induced in�ammation. This work highlights the role of Swell1 in promoting
microglial survival and M2 polarization, and thus provides new light for the treatment of
neuroin�ammation-related ischemic brain injury.

Abbreviations

VRAC Volume-regulated Cl- currents

tMCAO transient middle cerebral artery occlusion

RVD regulation of volume reduction

OGD oxygen-glucose deprivation

CCCs Cation-Chloride Cotransporters

TTC 2, 3, 5-Triphenyltetrazolium chloride

Hypo Hypotonic

ISO Isotonic

MOI multiplicity of infection

cKI microglia conditional knock-in
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Figures

Figure 1

Swell1 is required for microglia VRAC activated and chloride e�ux by cell swelling

A, Representative whole-cell currents recorded by voltage step protocols in ISO (300 mOsm/kg) or Hypo
(220 mOsm/kg) solution with (or without) DCPIB (50 mM) pretreatment for cultured BV2 (Left).
Normalized current-voltage (I-V) curve shows the effect of Hypo solution and DCPIB on chloride currents
(Right). n=6

B, Representative whole-cell currents recorded (Left) and Normalized current-voltage (I-V) curve (Right) by
voltage step in Hypo solution for cultured control and Swell1 knock-in or knock-down BV2 cells, DCPIB
was added as indicated. n=6
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C, Time course of whole-cell current densities at +100 mV, induced by Hypo solution for control and
Swell1 knock-in BV2 cells, DCPIB was added as indicated. n=6

D, Quanti�cation of current densities at +100 mV activated by Hypo solution. n=6, Mann-Whitney test, *p
< 0.05 vs con (ISO), # p < 0.05 vs. con (Hypo), ### p< 0.001 vs con (Hypo), +++ p< 0.001 vs. Ad-Swell1
(Hypo).

E, Images of Swell1 �uorescence stained in BV2 cells. Cell nucleus was stained by DAPI (blue), Swell1
was stained by FITC-labeled antibody (green). n=5, Scale bar: 10μm.  



Page 23/33

Figure 2

Swell1 cKI (microglia conditional knock-in) mice are protected in ischemic stroke

A, Representative images of triphenyl tetrazolium chloride (TTC) staining in Cre-EGP and Cre-Swell1 mice
subjected to tMCAO (Left). Quanti�cation of total infarct area volume ratio (Right). n = 5 for EGFP and
Swell1 cKI mice, respectively. Mann Whitney test, *p < 0.05.
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B, Quanti�cation of neurological score in mice after subjected to tMCAO. n = 8 for EGFP and Swell1 cKI
mice, respectively. Mann-Whitney test, **p < 0.01.

C, Quanti�cation of mice time on the rod before and after subjected to tMCAO in Rota rod system. N=9 for
Cre-EGFP and Cre-Swell1 mice, respectively. Tukey's multiple comparisons test, ***p < 0.001, ###p< 0.001

D, Representative images of whole brain sections �uorescence staining of mice subjected to tMCAO.
TUNEL was stained by Cy3 (red), NeuN was stained by FITC (green). Scale bar: 500 µm.

E, Quanti�cation of relative average �uorescence intensity of TUNEL (Left) and NeuN (Right) in ischemic
area and non-ischemic area. n = 6 for Cre-EGFP and Cre-Swell1 mice, respectively. Unpaired t test, *p <
0.05, **p < 0.01.

F, Zoom in image shown brain damage in four ischemic and non-ischemic areas, respectively. Scale bar:
100 µm.
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Figure 3

Swell1 promotes M2-polarization of microglia both in vivo and vitro

A and B, Quanti�cation of the in�ammation-related cytokines in mice brains (A) and serum (B) after
subjected to tMCAO by Bio-Plex Pro Mouse Chemokine Assay. Cellular fractions were prepared from the
ischemic area (IA) and the same location of the non-ischemic area (NA). n=8-10 for Cre-EGFP (green) and
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Cre-Swell1 (blue) mice, respectively. Unpaired t test, *p<0.05, **p<0.01, ***p<0.001 vs Cre-EGFP-IA group
(A) or Cre-EGFP group (B).

C and D, BV2 cells were transfected with Swell1 siRNA or Swell1 overexpressed adenovirus, or their
negative control for 24 h, and treated with OGD as indicated. The effect of Swell1 on in�ammation-
related factors IL-1β, IL-6, IL-10 and TNF-α expression was measured by Elisa (C), while the mRNA levels
of IL-1β, IL-10, Arg-1, TNF-α, CD86 and CD206was detected by RT-PCR (D). n=6, Tukey's multiple
comparisons test, *p<0.05 vs. con-Normal, #p<0.05 vs. con-OGD.

E, The effect of Ad-Swell1 transfected microglia conditioned medium (MCM) on the HT22 cells survival
after OGD. Experimental process diagram (Above) and quantitative analysis of HT22 cell viability (Right)
were shown. n=6, Student's t test, *p < 0.05 vs. con-normal, #p< 0.05 vs. con-OGD.
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Figure 4

Swell1 promotes microglia survival after ischemic stroke

A, Representative images of whole brain sections �uorescence staining of mice subjected to tMCAO.
TMEM119 was stained by Cy5 (red), Swell1 was stained by FITC (green), Cell nucleus was stained by
DAPI (blue). Scale bar: 500 µm.
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B, Quanti�cation of relative average �uorescence intensity of TMEM119 in ischemic area and non-
ischemic area. n = 6 for EGFP and Swell1 cKI mice, respectively. Unpaired t test, **p < 0.01.

C, Zoom in image shows microglia survival in ischemic and non-ischemic areas, Scale bar: 100 µm.

D, BV2 cells were transfected with Swell1 siRNA (Swell1 Si) or Swell1-expressed adenovirus (Ad-Swell1),
or their negative control (neg and vec for short, respectively) for 24 h, and then treated with OGD for 1 h,
then replace with normal medium for another 24 h. Cell viability were measured by CCK-8 assay and
shown in bar charts. n=6, Tukey's multiple comparisons test, *p<0.05 vs. con-Normal, #p<0.05 vs. con-
OGD.

E, BV2 cells are treated with different concentrations of DCPIB, then encountered OGD for 1 h, and replace
with normal medium for another 24 h or just no special treatment. Cell viability were measured by CCK-8
assay and shown in bar charts. n=6, Tukey's multiple comparisons test, *p<0.05.

F - I, BV2 cells were transfected with Swell1 siRNA or overexpressed adenovirus as indicate. The effects
of Swell1 silence or overexpression on OGD-induced apoptosis (F) and cell cycle transition (H) were
measured by �ow cytometry. For apoptosis, percentage of early apoptotic cells were quantitatively
analyzed (G). For cell cycle transition, percentage of cells in each phase of the cell cycle were shown in
bar charts, and S phase were quantitatively analyzed (I). n=6, Tukey's multiple comparisons test, *p<0.05,
***p < 0.001 vs. con-Normal, #p<0.05, ##p<0.01 vs. con-OGD, respectively.
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Figure 5

Swell1 opening induced by hypotonicity increases SGK1 activity and activates the CREB/FOXO3a
signaling pathway.

A, Heatmap revealing 4D Phosphoproteomics result of Swell1 overexpression on the phosphorylation
levels of a variety of proteins associated with cell survival in different treatments. BV2 cells were
transfected with Swell1 overexpressed adenovirus for 48 h as indicate, and then incubated in isotonic
(ISO) or hypotonic (Hypo) solution for 10min.
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B and C, BV2 cells were transfected with Swell1 siRNA or overexpressed adenovirus, or the respective
negative control (neg and vec, respectively) as indicate and then incubated in ISO or Hypo solution for
10min, the effects of Swell1 silencing or overexpression on the phosphorylation protein level of SGK1,
FOXO3a and CREB in different treatments were measured by western-blot (B). Densitometric analysis of
SGK1, FOXO3a and CREB phosphorylation were shown in the bar graphs (C). n = 6, *p < 0.05 vs. con - ISO,
#p < 0.05 vs. con - Hypo.

Figure 6

Swell1 protects microglia survival after OGD treatment was hindered by GSK650394.

A-E, BV2 cells were transfected with Swell1 overexpressed adenovirus or (and) just pretreated GSK650394
(100mM) for 6 h before OGD treatment as indicated. Cell viability were measured by CCK-8 assay and
shown in bar charts (A). The effects of Swell1 and GSK650394 on OGD-induced apoptosis were
measured by �ow cytometry, Percentage of early apoptotic cells were quantitatively analyzed (B, C). The
effects of Swell1 and GSK650394 on OGD-induced cell cycle transition were measured by �ow cytometry,
Percentage of cells in each phase of the cell cycle were shown in bar charts, and S phase were
quantitatively analyzed (D, E). n=6, Tukey's multiple comparisons test, *p<0.05 vs. con-Normal, #p<0.05
vs. con-OGD, +p<0.05 vs. Ad-Swell1-OGD, ** p<0.01 vs. con-Normal, ## p<0.01 vs. con-OGD, ### p<0.001 vs.
con-OGD.
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Figure 7

Swell1 channel promotes the phosphorylation of WNK-SPAK/OSR1 kinases and Cation-Chloride
Cotransporters.

A, BV2 cells were transfected with Swell1 overexpressed adenovirus for 48 h as indicate, and then
incubated in isotonic (ISO) or hypotonic solution (Hypo) for 10min. The effects of Swell1 overexpression
on the phosphorylation levels of a variety of proteins associated with in�ammation in different
treatments were measured by 4D Phosphoproteomics.

B and C, BV2 cells were transfected with Swell1 siRNA or expressed adenovirus or the respective negative
control (neg and vec, respectively) as indicate. Cells at 48h post transfection were exposed for 10 min to
either control isotonic or hypotonic conditions, the effects of Swell1 silencing or overexpression on the
expression and phosphorylation of WNK1, SPAK, OSR1 and NKCC1 in different treatments were
measured by western-blot (B). Densitometric analysis of phosphorylation level of WNK1, SPAK, OSR1 and
NKCC1 protein was shown in the bar graphs(C). n = 6, Tukey's multiple comparisons test, *p < 0.05 vs.
con in ISO, #p < 0.05 vs. con in Hypo, ** p <0.01 vs. con in ISO, ## p< 0.05 vs. con in Hypo.
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Figure 8

Inhibition of WNK kinases blocks microglia M2-polarization promoted by Swell1 channel after OGD.

A and B, BV2 cells were transfected with Swell1 expressed adenovirus for 24 h, or (and) just pretreated
with WNK463 (100mM) for 6 h before OGD treatment as indicated. The effect of Swell1 and WNK463 on
the in�ammation-related factors IL-1β, IL-6, IL-10 and TNF-α expression was measured by Elisa (A), while
IL-1β, IL-10, Arg-1, TNF-α, CD86 and CD206 at mRNA levels was detected by RT-PCR (B). n=5, Tukey's
multiple comparisons test, *p<0.05 vs. con-Normal, #p<0.05 vs. con-OGD, +p<0.05 vs. Ad-Swell1-OGD, **
p<0.01 vs. con-Normal, ## p<0.01 vs. con-OGD, ++ p<0.01 vs. Ad-Swell1-OGD, *** p<0.001 vs. con-Normal,
### p<0.001 vs. con-OGD, +++ p<0.001 vs. Ad-Swell1-OGD.
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