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Abstract

Microglia become activated during cerebral ischemia and exert pro-inflammatory or anti-

inflammatory role dependent of microglial polarization. NADPH oxidase (NOX)-dependent 

reactive oxygen species (ROS) production in microglia plays an important role in neuronal 

damage after ischemic stroke. Recently, NOX and ROS are consistently reported to participate in 

the microglial activation and polarization; NOX2 inhibition or suppression of ROS production are 

shown to shift the microglial polarization from M1 toward M2 state after stroke. The voltage-gated 

proton channel, Hv1, is selectively expressed in microglia and is required for NOX-dependent 

ROS generation in the brain. However, the effect of Hv1 proton channel on microglial M1/M2 

polarization state after cerebral ischemia remains unknown. In the present study, we investigated 

the role of microglial Hv1 proton channel in modulating microglial M1/M2 polarization during the 

pathogenesis of ischemic cerebral injury using a mouse model of photothrombosis. Following 

photothrombotic ischemic stroke, wild-type mice presented obvious brain infarct, neuronal 

damage and impaired motor coordination. However, mice lacking Hv1 (Hv1−/−) were partially 

protected from brain damage and motor deficits compared to wild-type mice. These rescued 

phenotypes in Hv1 −/−mice in ischemic stroke is accompanied by reduced ROS production, shifted 

the microglial polarization from M1 to M2 state. Hv1 deficiency was also found to shift the 

M1/M2 polarization in primary cultured microglia. Our study suggests that the microglial Hv1 

proton channel is a unique target for modulation of microglial M1/M2 polarization in the 

pathogenesis of ischemic stroke.
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Introduction

Ischemic stroke is characterized by the sudden loss of blood circulation to an area of the 

brain, resulting in a corresponding loss of neurological function. During the ischemic 

process, reactive oxygen species (ROS) are produced which trigger apoptotic pathways, 

accompanied by microglial activation and inflammatory response (Hur et al. 2010). 

Inflammation-associated oxidative burst in activated microglia and macrophages is 

considered to be the major source of ROS in ischemic stroke (Miller et al. 2013). NADPH 

oxidase (NOX) is a membrane–bound enzyme that is abundantly expressed in phagocytic 

cells, including microglia (Wu et al. 2012) (Cooney et al. 2013). Indeed, NOX-dependent 

ROS production in inflammatory cells plays an important role in neuronal apoptosis and free 

radical-mediated tissue injury in the pathogenesis of cerebral ischemia (Kahles et al. 2010; 

Kahles et al. 2007).

Traditionally, microglia activation is considered to play a deleterious role in ischemic stroke 

since inhibition of microglia activation attenuates ischemic brain injury (Yrjänheikki et al. 
1998). However, increasing evidence show that microglia activation is critical for attenuating 

neuronal apoptosis, enhancing neurogenesis, and promoting functional recovery after 

cerebral ischemia (Taylor and Sansing 2013; Hu et al. 2012). The biphasic role of microglia 

could be due to their polarization along a continuum from a classical pro-inflammatory M1-

like state to an alternative anti-inflammatory M2-like state (Ma et al. 2016). Recently, NOX 

and ROS are consistently reported to participate in the microglial activation and polarization 

after brain infarction or injury; NOX2 inhibition altered M1-/M2-like balance in favor of the 

anti-inflammatory M2-like phenotype, and significantly reduced oxidative damage in 

neurons post-injury (Kumar et al. 2015). Similarly, suppression of ROS production shifted 

the microglial polarization from M1 toward M2 state, and attenuated brain injury after stroke 

(Choi et al. 2012).

Hv1 (encoded by gene Hvcn1), a novel voltage-gated proton channel, plays an important 

role in charge compensation for NOX activation by sensing both voltage and pH gradients, 

and deletion or inhibition of Hv1 greatly reduces NOX- dependent ROS production (Wu 

2014b; Ramsey et al. 2006; Sasaki et al. 2006). Recently, we identified that Hv1 was 

selectively expressed in microglia and was required for NOX-dependent ROS generation in 

the brain(Wu et al. 2012). In addition, we found that mice lacking Hv1 (Hv1−/−) were 

protected from NOX-mediated neuronal death and brain damage after ischemic stroke (Wu 

et al. 2012) or from NOX-dependent injury in cuprizone-induced demyelination (Liu et al. 
2015). However, besides controlling NOX-dependent ROS production, whether Hv1 deletion 

could ameliorate neuronal damage by modulation of microglia polarization in ischemic 

stroke remains to be elucidated.

In the present study, we investigated the role of microglial Hv1 proton channel in ROS 

induced-neuronal damage in photothrombotic ischemic stroke. In particular, we tested 
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whether Hv1 is a potential target for modulating microglial M1/M2 polarization in the 

pathogenesis of ischemic cerebral injury.

Methods and Materials

Photothrombotic Cortical Ischemia

Male mice including wild-type (WT) C57BL/6 mice and Hv1−/−mice were used in the 

present study. All mice were provided by Laboratory Animal Facilities of Hubei 

Center(Wuhan, China) or Jax laboratory (USA) except Hv1−/−mice. For all animal studies, 

the protocols were approved by the Institutional Animal Care and Use Committee of Tongji 

Medical College, Huazhong University of Science and Technology (Wuhan, China) and 

Rutgers University (New Brunswick, NJ). Photothrombosis ischemia was performed in mice 

under anesthesia by inhalation of 3.5% isoflurane and maintained by inhalation of 1.0–2.0% 

isoflurane in 70% N2 and 30% O2 by a facemask. Body temperature was maintained at 37.0 

± 0.5 °C using a heating blanket. For the photothrombosis surgical procedure, bregma and 

lambda points were identified after a middle scalp incision, and then fiber optic bundle of a 

cold light source (KL1500 LCD, Carl Zeiss, Gottingen, Germany) with a 4 mm aperture was 

centered using a micromanipulator at 2mm right lateral to the bregma. A photosensitive dye 

rose Bengal (Sigma–Aldrich) was dissolved in sterile saline at a concentration of 10 mg/ml, 

and 1 mg of Rose Bengal in 0.1 ml was injected intraperitoneally (i.p) 5 min before 

illumination. The brain was illuminated through the intact skull for 15 min.

Assessment of Neurological Deficit and Infarct Volumes

Neurological deficit assessment was performed on day 1 and 3 after stroke by investigators 

blinded to the wild type and Hv1 KO groups, these tests included the cylinder test, the 

hanging wire test, the pole test, and the rotarod test, as previously described (Brooks and 

Dunnett 2009; Li et al. 2014). For all the above-mentioned tests pre-training was done 

before ischemia.

After neurologic assessment, MR imaging was performed and the coronal brain images were 

obtained in DICOM format, and then were processed with Image J software. Infarct volumes 

were calculated by summation of the lesion areas of all slices and integrated by slice 

thickness (0.8 mm) with correction for brain swelling by the ratio of the ipsilateral volume to 

contralateral hemisphere (CH) volume from T2 weighted images (T2WIs) (Pialat et al. 
2007).

Primary Microglial Cultures

Primary microglial cells were isolated from neonatal (1–3 days old) C57BL/6 wild type and 

Hv1−/− mice, as previously described (Hanisch et al. 1997). Briefly, cerebral cortices were 

isolated, meninges were removed, and tissue was minced in the presence of DNAse I (50 

μg/ml, Sigma). Dissociated cells were passed through a 100μm pore mesh, pelleted at 1500 

rpm for 5 min, and resuspended in culture medium. Cells were cultured in Dulbecco's 

modified Eagle's medium (DMEM) (Gibco) containing 10% FBS (Gibco), 1% penicilln-

streptomycin (Gibco), 25 ng/ml mGM-CSF (R&D Systems). Media was replaced every 5 

days. At approximately 14 and 21 days microglia were harvested by rapid shaking for 30 
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minutes. The purity of the microglia was > 95% as determined by CD11b and ionized 

calcium-binding adapter molecule 1 (Iba1) antibody. Isolated microglia cells were cultured 

for 24 hours in DMEM+1% penicillin-streptomycin followed by treatment with 

lipopolysaccharide (LPS, 100ng/ml) + interferon (IFN, 20ng/ml)-γ or interleukin-4 (IL-4, 

20ng/ml) for 4h to promote polarization into the M1 or M2 phenotype, respectively.

Immunohistochemistry

Three days after ischemia, animals were perfused with 4% paraformaldehyde in 0.1M 

phosphate buffer. Brain tissues were postfixed for 4–6h and immersed in gradient sucrose 

solutions for 24–48h at 4°C until they sank. Sections were cut (20μm thickness) with a 

cryostat and prepared for imunostaining. The slides were blocked with 1% bovine serum 

albumin containing 0.3% Triton X-100 for 1h. Sections were then incubated (overnight at 

4°C) with the following primary antibodies: rabbit anti mouse Iba1 (1:500; Wako), goat anti 

mouse Arg1 (1:100; Santa Cruz), rabbit anti mouse iNOS (1:200; Abcam), mouse anti-8 

hydroxyguanosine (8-OHG, Abcam, 1:200), mouse anti-NeuN (1:500, Chemicon), rabbit 

anti-Caspase 3(1:200, Abcam). The sections were then incubated (for 1h at room 

temperature) with the respective secondary fluorescent antibodies (all 1:500; Jackson 

ImmunoResearch) to visualize the primary antibodies. Images were acquired with a confocal 

microscope (Olympus).

BrdU Incorporation and Detection

To identify the proliferation of microglia after ischemia, mice were injected with 200mg/kg 

bromodeoxyuridine (BrdU; Sigma) i.p. at 4 and 2h before being sacrificed for the 

experiments. Brain sections from BrdU-injected mice were treated to permeabilize the tissue 

and denature the DNA, and were then incubated overnight with the following primary 

antibodies: rabbit anti mouse Iba1 (1:500; Wako) and mouse monoclonal anti-BrdU 

antibody (1:50). The secondary antibodies (1: 500 dilutions) used were Alexa 488-labeled 

goat anti-mouse antibodies for BrdU detection and Alexa 594-labeled goat anti-rabbit 

antibodies for Iba-1 detection. For BrdU counting, three coronal sections per animal were 

analyzed with five randomly selected images within each area of interest (ischemic 

boundary zone). The total numbers of all BrdU+ cells and BrdU+ iba1+ cells per field were 

counted.

Western Blotting

Samples from brain tissues and cultured cells were lysed with lysis buffer (200 mM Tris 

[pH8.0], 150 mM NaCl, 2 mM EDTA, 1 mM NaF, 1% NP40, 1 mM PMSF and Protease 

inhibitor cocktail). The total protein concentration in the lysates was determined using the 

Bradford protein assay and 30 μg of protein from each sample was separated by 12% SDS-

polyacrylamide gel electrophoresis and then transferred to a PVDF membrane. After 

transfer, the membranes were incubated with 5% skim milk in TBST for 1 h, followed by 

incubation overnight at 4°C with the primary antibodies, including CD16, iNOS, CD206, 

Arg1, β-actin. The blots were washed and incubated with appropriate HRP-conjugated 

secondary antibodies (Santa Cruz) for 1 h. All bands were detected using an ECL detection 

kit (Pierce Biotech, Rockford, IL, USA), and imaged using an Image Quant LAS-4000 
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image system (GE healthcare Life Science, Uppsala, Sweden). Results of Western blot assay 

are representative of at least three experiments.

Quantifications and Statistical Analysis

All cell counts and intensity analysis were performed blind to the experimental treatment 

and data were expressed as mean±SEM. All statistical tests were performed using GraphPad 

Prism (GraphPad software, La Jolla, CA, USA). The group comparison was performed with 

Student-Newman-Keuls method (ANOVA) and then two-tailed t-test. P < 0.05 was 

considered to be statistically significant.

Results

Hv1 deficiency decreases infarct size and ameliorates neurological deficits after 
photothrombotic infarction

To observe the effects of Hv1 deficiency on ischemic stroke damage induced by 

photothrombosis, 3T MRI was used to assess the infarct size. The infarct lesion showed 

hyperintense signal intensity on T2- weighted images (Fig 1A). We measured infarct volume 

induced by photothrombosis and observed that infarction increased from acute phase at day 

1 and remains persistent in sub-acute phase at day 3 post ischemia. In line with previous 

reports that deletion of Hv1 ameliorated ischemic stroke damage induced by middle cerebral 

artery occlusion (Wu et al. 2012), we found that the infarct volume in Hv1−/− mice was 

significantly smaller than that in wild-type mice at days 1 and 3, respectively after 

photothrombotic ischemia (P<0.05; Fig 1A).

Accompanied by a reduction in infarct size after ischemic stroke, neurological deficits 

measured by the rotarod test, the hanging wire test, the pole test and the cylinder test were 

significantly improved by Hv1 deletion compared to wild-type group, especially at day 3 

post stroke (Fig 1B).

Hv1 deficiency decreases neuronal cell death after photothrombosis

To further confirm the possible neuroprotective function of Hv1 deficiency during ischemic 

brain damage, we stained caspase-3 positive neurons in brain slices from mice after 

phtothrombosis. By using double immunofluorescence staining, we found that caspase-3+ 

cells were largely accumulated in the infarct and peri-infarct areas, mainly colocalized with 

neuronal marker NeuN, indicating apoptotic neuronal cells after ischemia (Fig2). Consistent 

with the reduced infarction, the number of caspase-3-positive neurons was also decreased 

after photothorombosis in Hv1−/− mice compared to the mice in wild-type group (P< 0.01; 

Fig2). These results suggest that photothrombotic-induced ischemic neuronal damage was 

attenuated by Hv1 deletion.

Hv1 deficiency decreases ROS production and but did not affect microglial proliferation 
after photothrombosis

Hv1 proton channel plays an important role in NOX-dependent ROS production in microglia 

(Wu 2014b; Wu et al. 2012). To characterize ROS production after photothromobotic 

ischemic stroke, we used an 8-OHG antibody to detect oxidized nucleic acids resulting from 
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cellular ROS damage (Nunomura et al. 1999). Three days after photothrombosis, the 

intensity of 8-OHG immunoreactive signals increased significantly in the boundary zone of 

infarct core compared with that in sham group (Fig. 3A, data was not shown in control). The 

8-OHG signals were mainly localized in Iba-1+ microglial cells indicating that microglia are 

the major ROS-producing cells after photothromobotic ischemia. In Hv1−/− mice, we found 

that the intensity of 8-OHG immunoreactive signals and the co-localization of 8-OHG signal 

and microglia were substantially reduced compared with wild type mice after ischemia (Fig. 

3A). These results suggested that microglial Hv1 proton channels indeed contributed to 

microglial ROS production after photothrombotic ischemic brain damage.

To address whether the reduction in ROS production was due to the decreased number of 

microglial cells, we wanted to evaluate the impact of Hv1 proton channel deficiency on the 

proliferation of microglial cells after photothrombosis. To this end, Iba-1 immunostaining 

was performed to identify microglia and BrdU incorporation was used to study cell 

proliferation in the boundary zone of ischemic core. Consistent with previous studies (Patel 

et al. 2013; Li et al. 2014), the number of proliferating microglia, as measured by BrdU 

labeling, was largely increased at day 3 post ischemia in wild type mice (Fig. 3B). 

Interestingly, we found that there was no significant difference of the increased number of 

total BrdU+ cells as well as Iba-1+BrdU+ double positive cells between in Hv1−/− mice and 

in wild type mice (Fig. 3C, p > 0.05). Together, these results indicated that Hv1 deficiency 

reduces photothrombosis-induced ROS production, but the reduction was not attributable to 

the microglial proliferation.

Hv1 deficiency shifts microglia from M1 to M2 polarization state after photothrombotic 
ischemia and in cultured microglia

It has been reported that the suppression of ROS production shifts the microglial 

polarization from M1 toward M2 state, and attenuates brain injury after stroke (Choi et al. 
2012); furthermore, NOX2 inhibition also could alter microglial polarization states 

(Khayrullina et al. 2015b). As Hv1 proton channel was required for NOX-dependent ROS 

generation in the brain, we speculated that Hv1 might be a potential target for modulating 

microglial M1/M2 polarization during the pathological process of ischemic brain damage. 

To examine the effect of Hv1 deficiency after ischemic stroke on M1/M2 microglial polarity, 

we assessed polarization markers in the brain after photothrombotic ischemia using 

immunohistochemistry and western blotting. The expression of M1 markers, including iNOS 

and CD16, was significantly increased after photothrombosis compared to that in the sham 

group. However, these increases were markedly attenuated in the Hv1−/− mice after stroke 

compared to wild type group (p < 0.01) (Fig. 4). Similarly, the expression of M2 markers 

CD206 and arginase was up-regulated in the wild type group after injury; but the increase of 

M2 maker was significant in Hv1−/− group in comparison to the wild type group (Fig. 4).

The M1/M2 markers, including iNOS, CD16, CD206 and arginase, are not specific for 

microglia, which also can be produced by other cells like neurons and astrocytes. It cannot 

be concluded simply that M1/M2 microglial polarization was modulated by Hv1 proton 

channel based on the Western blot results. To circumvent this issue, we used 

immunostaining to examine the colocalization of characteristic M1/M2 polarization marker 
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with microglial maker Iba-1. Consistent with the Western blot results, the expression of the 

M1 marker iNOS was highly presented in Iba1+ cells in ischemic mouse brain slices. The 

co-expression was obviously less in the deletion of Hv1 mice (Fig. 5A,C). In contrast, the 

co-expression of M2 marker arginase and Iba1 was higher in the Hv1−/− group post 

photothrombosis compared with the wild type group (Fig. 5B,C). Together, our Western blot 

and immunostaining results consistently indicated that Hv1 proton channel might regulate 

microglial polarization states, likely due to its function in NOX inhibition.

To further investigate the function of Hv1 proton channel in regulating microglial polarity, 

we used primary cultured microglia and directly induced M1/M2 polarization in vitro. The 

expression of M1 markers (iNOS and CD16) was significantly increased by LPS plus IFN-γ 
stimulation. Indeed, we found that this upregulation of iNOS and CD16 was attenuated by 

Hv1 deficiency (Fig. 6A,B). On the other hand, the expression of M2 markers (arginase1 and 

CD206) in cultured microglia from wild type group was upregulated when stimulated by 

IL-4. Interestingly, we found that Hv1 deficiency increased the expression of M2 markers 

compared to that in wild type group (Fig. 6C,D).

Discussion

In the current study, we demonstrate that microglial Hv1 contributed substantially to 

neuronal damage and neurological dysfunction in the pathological process after 

photothrombosis of cortical microvessels. Hv1 deficiency led to significant improvements in 

a number of measures of recovery in this experimental ischemia. The rescue of ischemic 

brain damage by Hv1 deficiency was seen on both the functional and cellular levels. First, 

infarct size was substantially reduced in Hv1−/− mice compared with wild type mice after 

ischemia. Second, neurological dysfunction after ischemia was reduced in Hv1−/− mice. The 

functional improvement observed was measured using holding wire test, rotarod test, 

cylinder test and pole test, suggesting improvements in both gross and fine motor skills. 

Third, reduced neuronal apoptosis was observed in Hv1−/− mice compared with wild type 

mice after photothrombosis, and thus microglial Hv1 was likely responsible for neuronal 

damage at the acute stage following ischemia.

Microglia and macrophages are among the first cells to respond to CNS injuries and are 

potent modulators of CNS repair and regeneration (Hu et al. 2014; Davalos et al. 2005). 

Traditionally, these cells are considered to hinder CNS repair and expand tissue damage by 

releasing destructive pro-inflammatory mediators, and inhibition of microglia activation can 

attenuate ischemia induced brain injury (Ma et al. 2016). However, our data showed that 

there's no significant reduction of Brdu+ cells nor Iba1+Brdu+ cells in the peri-infarct region, 

so the protective effect of Hv1−/− in ischemia might not result from inhibition of microglial 

proliferation. Concurrently, a considerable body of literature suggests that activated 

microglia with distinct phenotypes are apparently double-edged swords in the battle for 

neurological recovery after stroke or other injuries (Hu et al. 2014; Kwon et al. 2013; Miron 

et al. 2013; Liu et al. 2007). Differential polarization of microglia could likely explain the 

biphasic role of microglia in brain ischemia.

Tian et al. Page 7

J Neurochem. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Based on the stimulation of pro-inflammatory cytokines (like IFN-γ and LPS) or anti-

inflammatory cytokines (like IL-4 and IL-13), microglia could generally polarize into M1 

and M2 phenotypes both in vitro and in vivo (Gordon 2003). M1 phenotype is designated as 

classically activated microglia and characterized by enhanced expression of CD16/32, iNOS 

and production of a variety of pro-inflammatory cytokines (IL-1β, IL-6 and TNF-a), ROS, 

NO (Kettenmann et al. 2011; Saijo and Glass 2011). M2 phenotype could be induced by 

IL-4 or IL-13 stimulation and are mainly considered to suppress inflammation. Generally, 

M2 microglia display enhanced expression of Arginase-1, Ym1 and CD206 (Mecha et al. 
2015; Latta et al. 2015), and is capable of producing anti-inflammatory cytokines IL-10, 

IL-4, IL-13 and IGF-1, as well as expressing scavenge receptors, contributing to inhibiting 

inflammation and promoting tissue repair (Cherry et al. 2014; Ponomarev et al. 2013). 

Among ion channels selectively expressed in microglia, the voltage-gated proton channel 

HV1 is a recently cloned ion channel that rapidly removes protons from depolarized 

cytoplasm; Microglial HV1 regulates intracellular pH and aids in NADPH oxidase-

dependent generation of ROS(Wu 2014b). ROS have an established role in inflammation, 

and pharmacological blockade of mitochondrial ROS efficiently reduces inflammatory 

cytokine production(Bulua et al. 2011). Whether Hv1 deficiency could modulate microglial 

polarization in ischemic stroke remains unclear.

Here we provided a detailed description of Hv1 deficiency on microglial polarization in vivo 
after photothrombotic ischemia or in vitro in cultured microglia. It was demonstrated that 

there is a balance of M1 and M2 markers acutely after ischemia that is followed by an 

increase in the M1:M2 ratio in the acute period (Kigerl et al. 2009). Our data support the 

idea that there's elevated M1 and M2 marker expression and a shift toward M1 dominance at 

acute time points post-ischemia. Hv1 deficiency appears to limit this shift. In Hv1−/− mice, 

the expression of M2 markers (Arg1 and CD206) were enhanced over time, while M1 

related markers (iNOS and CD16/32) were reduced from the 1st day after ischemia, 

compared with the wild type mice. These results indicated that Hv1 deficiency in vivo not 

only reduced the inflammatory response of microglia, but also rather pushed it toward a 

more protective phenotype.

Consistently, in cultured microglia, we have shown that Hv1 deficiency can influence acute 

alterations in microglial polarization. Administration of the M1-polarizing cytokines LPS 

and IFN-γ induced an enhanced expression of M1 markers like iNOS and CD16/32. 

Inhibition of Hv1 activity, via knockout of Hv1, significantly reduced M1 polarization and 

shifted LPS-treated microglia to an M2 polarization state. When treated with M2-polarizing 

cytokine IL-4, on the other hand, Hv1 deficiency promoted microglia polarization toward 

M2 phenotype by enhancing anti-inflammatory markers like CD206 and arginase-1. This 

shift was usually accompanied by a reduction in pro-inflammatory cytokines and may create 

a favorable microenvironment for CNS repair as reported previously (Khayrullina et al. 
2015a).

Hv1 proton channel was reported to contribute substantially to NOX ROS production, 

supporting NOX-mediated neuronal cell death after stroke and cuprizone-induced 

demyelination (Wu et al. 2012; Liu et al. 2015). Concurrently, superoxide synthesis is an 

important inducer of M1 macrophage/microglia differentiation. For instance, in the absence 
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of NOX-derived superoxide, macrophages exhibit an alternatively activated M2 phenotype 

during Type1 Diabetes (Padgett et al. 2015). Further exploration proved that inhibition of 

NOX specifically reduces M1 polarization, increases M2 polarization, reduces a number of 

pro-inflammatory markers and consequently improves outcome after neuronal injury in 

central nervous system (Khayrullina et al. 2015a). Our data indicate that Hv1 deficiency 

attenuate brain damage via skewing the balance of the microglial response toward protection 

and regenerative processes during ischemia. This protective effect is probably related to 

Hv1's role in NOX activation. However, we cannot exclude the possibility that Hv1 

regulation of intracellular pH may participate in the switch of microglial M1/M2 

polarization(Wu 2014a). Future studies will determine how Hv1 related ROS modulates 

microglia polarization, and whether there is underlined pathways other than ROS that may 

be involved. Nevertheless, our study provides a novel insight on the function of Hv1 proton 

channel in microglial polarity. Therefore, Hv1 inhibition is a potential therapeutic strategy to 

promote an alternatively activated M2 phenotype of microglia, which may be beneficial in 

the treatment of ischemic stroke.
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Fig.1. Hv1 deficiency reduces infarct size and ameliorates neurological outcome at day 1 and 3 
after photothrombotic stroke
Representative brain MRI images of infarction at day 1 and 3 after stroke were shown in 

Fig1A (left panel). Quantitative and statistical analysis of infarct size data was presented in 

the right panel of Fig1A. Measurement by MRI revealed a significant reduction in infarction 

size in Hv1−/− mice compared to wild type mice. Data are mean ± SEM; *p < 0.05. 

Neurological deficits measured by the rotarod test, the hanging wire test, the pole test and 

the cylinder test revealed a better outcome in Hv1−/− mice compared to wild type mice at 

day 1 and 3 post stroke, especially after 3 days (Fig 1B). Data are mean ± SEM; *p < 0.05, 

**p < 0.01.
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Fig.2. Hv1 deficiency decreases neuronal apoptosis after photothrombotic stroke
Triple-staining for caspase-3 (red fluorescence), neuronal nuclear marker NeuN (green 

fluorescence), and nuclear staining (DAPI, blue) showed expression of neuronal apoptosis in 

the boundary zone of infarct core (arrows). Quantification of caspase-3+ neurons in the 

ischemic area showed the fewer number of apoptotic neuronal cells in Hv1−/− group as 

compared with the wild type group; Data are mean ± SEM; **p < 0.01.
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Fig.3. Hv1 deficiency inhibited microglial ROS production after ischemic stroke
(A) Representative images showing microglial ROS production examined by 8 

hydroxyguanosine (8-OHG) and microglia marker Iba-1 double immunostaining (arrows). 8-

OHG immunoreactivity was dramatically increased and microglia was significantly activated 

in the brain ischemic zone after day 3. However, the stroke-induced increase in 8-OHG 

staining was attenuated in Hv1−/−mice compared with wild type mice. Insets are the 

magnified images shown for a single microglia that is 8-OHG positive. Dotted blue line 

delineated the boundary ischemic zone for the analysis of immunostaining. Scale bar, 200 

μm. (B) Representative images showing double staining of Iba-1 and bromodeoxyuridine 

(BrdU) in the boundary zone of either wild type or Hv1−/−mice. Arrows point to BrdU+ 

Iba-1+ cells. Insets are respective enlarged images of BrdU+ Iba-1+ cells. Scale bar, 200 μm. 

(C) The summarized bar graphs showing the number of BrdU+ cells (left) and BrdU+Iba-1+ 

cells (right) in the ischemic region in wild type and Hv1−/−mice (n = 4 mice in each group).
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Fig.4. Hv1 deficiency decreased the production of M1/M2 markers after ischemic stroke
(A) Representative Western blots images of microglial M1/M2 markers in the ischemic 

boundary zone at day 3 post stroke from sham control and ischemic wild type and 

Hv1−/−mice. CD16 and iNOS for M1 markers; Arginase and CD206 for M2 markers. (B) 

Summarized data showing that microglial M1 marker (CD16 and iNOS) increase was 

compromised in Hv1−/−mice compared with that in wild type mice. In addtion, Hv1 

deficiency up-regulated the expression of M2 marker after ischemic stroke compared to the 

wild type group. Each bar is shown as a ratio of its own optical density to that of beta-actin 

expression (n = 4 mice for each group). *p < 0.05, **p < 0.01.
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Fig.5. Hv1 deficiency modulates microglial M1/M2 polarization state after ischemic stroke
Representative images showing microglial M1/M2 polarization examined by iNOS (M1), 

Arg1 (M2) and microglia marker Iba-1 double immunostaining (arrows). Dotted blue line 

delineated the ischemic boundary zone for the analysis of immunostaining. (A) iNOS was 

dramatically increased and microglia was significantly activated in the brain ischemic zone 

after day 3. However, the stroke-induced increase in iNOS staining was attenuated in Hv1−/− 

mice compared with wild type mice. Insets are the magnified images shown for a single 

microglia that is iNOS positive. (B) Arginase immunoreactivity was dramatically increased 

and mainly expressed in the Iba-1+ microglia, located in the brain ischemic zone after day 3. 

Whereas, up-regulation of arginase immunoreactivity was more pronounced in Hv1−/− mice 

compared with wild type mice. Arrows point to Arg1+ Iba-1+ cells. Insets are respective 

enlarged images of Arg1+ Iba-1+ cells. Scale bar, 200 μm. (C) The summarized bar graphs 

showed that the number of iNOS+ microglial cells (left) and Arg1+ microglial cells (right) in 

the ischemic region in wild type and Hv1−/− mice (n = 4 mice in each group).
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Fig.6. Hv1 deficiency enhances M2 polarization of cultured microglia
Representative images of Western blot for iNOS, CD16/32(M1 phenotype) (Fig.6A) and 

CD206, Arg1 (M2 phenotype) (Fig.6C) in primary microglial cells isolated from wild type 

and HV1−/−mice. Cells were stimulated with lipopolysaccharide (LPS) + interferon (IFN)-γ 
or interleukin (IL)-4 for 24h. (B,D) Densitometric analysis of iNOS, CD16/32, CD206 and 

Arg1 normalized to β-actin/GAPDH. Hv1 deficiency significantly reduced the expression of 

the M1 markers, iNOS and CD16/32, and upregulated the expression of the M2 markers, 

Arg1 and CD206. n = 4 in each group. *p < 0.05.
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