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Abstract

Volume-regulated anion channels (VRACs) are critically involved in regulating cell volume, and 

leucine-rich repeat-containing protein 8A (LRRC8A, SWELL1) is an obligatory subunit of 

VRACs. Cell swelling occurs early after brain ischemia, but it is unclear whether neuronal 

LRRC8a contributes to ischemia-induced glutamate release and brain injury. We found that Lrrc8a 
conditional knockout (Lrrc8a-cKO) mice produced by crossing NestinCre+/− with Lrrc8aflox+/+ 

mice died 7–8 weeks of age, indicating an essential role of brain LRRC8A for survival. Middle 

cerebral artery occlusion (MCAO) caused an early increase in LRRC8A protein levels in the 

hippocampus in wild-type (WT) mice. Whole-cell patch-clamp recording in brain slices revealed 

that oxygen-glucose deprivation significantly increased the amplitude of VRAC currents in 

hippocampal CA1 neurons in WT but not in Lrrc8a-cKO mice. Hypotonicity increased the 

frequency of spontaneous excitatory postsynaptic currents (sEPSCs) in hippocampal CA1 neurons 

in WT mice, and this was abolished by DCPIB, a VRAC blocker. But in Lrrc8a-cKO mice, 

hypotonic solution had no effect on the frequency of sEPSCs in these neurons. Furthermore, the 

brain infarct volume and neurological severity score induced by MCAO were significantly lower 

in Lrrc8a-cKO mice than in WT mice. In addition, MCAO-induced increases in cleaved caspase-3 

and calpain activity, two biochemical markers of neuronal apoptosis and death, in brain tissues 
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were significantly attenuated in Lrrc8a-cKO mice compared with WT mice. These new findings 

indicate that cerebral ischemia increases neuronal LRRC8A-dependent VRAC activity and that 

VRACs contribute to increased glutamatergic input to hippocampal neurons and brain injury 

caused by ischemic stroke.
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Introduction

Brain ischemia initially causes oxygen and glucose deprivation and relatively acute (from 

hours to the first few days) cell death in the region where blood flow is severely restricted, 

ultimately leading to an infarct core. The peri-infarct tissue, known as ischemic penumbra, is 

partially and chronically (days to weeks) injured after ischemia (Bandera et al., 2006). 

Because of the slow time course of cell death in the penumbra, it is considered salvageable 

brain tissue and a target for neuroprotective interventions. Excessive Na+ and Ca2+ influx 

and cell swelling mediated by multiple receptors and ion channels are the earliest evidence 

of excitotoxicity in neurons and non-neuronal cells (Rungta et al., 2015; Song and Yu, 

2014). It is thus important to determine how cell swelling is involved in ischemic brain 

injury.

Cell swelling usually initiates the regulatory volume decrease process mediated mainly by 

volume-regulated anion channels (VRACs), which are formed by multiple different leucine-

rich repeat-containing protein 8 (LRRC8) family members. LRRC8A (SWELL1) is the 

obligatory subunit and can form homo- or heterohexameric channels with its paralogs 

LRRC8B, C, D, and E (Bao et al., 2018; Qiu et al., 2014; Voss et al., 2014). 

Pharmacologically blocking VRACs reduces cerebral infarction in animal models 

(Kimelberg et al., 2000; Zhang et al., 2008). However, all VRAC blockers, including 4-[(2-

butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid 

(DCPIB), have off-target effects (Bowens et al., 2013). VRACs are widely expressed in 

astrocytes and neurons in the brain, although recent work has largely focused on the role of 

VRACs expressed on astrocytes in ischemic brain injury. For example, in cultured 

astrocytes, LRRC8A knockdown attenuates ischemia-induced glutamate release (Wilson et 

al., 2019). Furthermore, conditional knockout of Lrrc8a in astrocytes generated with 
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GfapCre/+ mice reduces ischemic injury and glutamate release (Yang et al., 2019). It remains 

unclear how brain ischemia affects the activity of neuronal VRACs in the penumbra and 

whether LRRC8A-dependent VRACs play a role in ischemic neuronal death.

Glutamate excitotoxicity is a key mechanism underlying ischemic brain injury (Luo et al., 

2018; Rossi et al., 2000; Simon et al., 1984). Glutamate is classically released from 

presynaptic terminals via Ca2+-dependent vesicular exocytosis involving voltage-activated 

Ca2+ channels and N-methyl-D-aspartate (NMDA) receptors (Corlew et al., 2008; Katayama 

et al., 1991). Swelling-activated VRACs typically drive intracellular Cl− out and are 

permeable to small osmolytes, including glutamate, aspartate, and taurine, to decrease 

intracellular osmotic water in many cell types (Osei-Owusu et al., 2018). During brain 

ischemia, VRACs may be a major source of glutamate release because blocking VRACs 

with tamoxifen attenuates glutamate release in the penumbra (Feustel et al., 2004). Although 

neuronal swelling can increase excitability in hippocampal CA1 neurons via NMDA 

receptors (Lauderdale et al., 2015), the roles of LRRC8A-dependent VRACs in increased 

glutamatergic input to neurons and ischemic brain injury are not fully understood.

In the present study, we tested the hypothesis that cerebral ischemia potentiates the activity 

of neuronal LRRC8A-dependent VRACs, which contribute to increased glutamatergic input 

to hippocampal neurons and ischemic brain injury. By using Lrrc8a conditional knockout 

(Lrrc8a-cKO) mice, we provide new evidence that ischemia increases the activity of 

LRRC8A-dependent VRACs in hippocampal neurons, which potentiates glutamate release 

and contributes to ischemic brain injury. Our study, using a different mouse model of Lrrc8a 
KO, provides an independent validation about the role of VRACs in brain ischemia 

suggested by a recent study focusing on astrocytic VRACs (Yang et al., 2019). Our findings 

offer additional new insight beyond astrocytic VRACs in the pathophysiology of ischemic 

stroke.

Methods and Materials

Animals

All experimental protocols were approved by the Institutional Animal Care and Use 

Committee of The University of Texas MD Anderson Cancer Center and were performed in 

accordance with the National Institutes of Health guidelines for the ethical use of animals. 

NestinCre+/− mice were obtained from Jackson Laboratory (C57BL/6 genetic background; 

#003771, Bar Harbor, ME). Lrrc8aflox+/+ mice (genetic background C57BL/6) were 

generated as described previously (Zhang et al., 2017), and the LoxP sites flanked the 

protein coding region of exon3 in the Lrrc8a gene. Lrrc8a-cKO (NestinCre/+::Lrrc8aflox/flox) 

mice were produced by crossing male NestinCre+/− mice with female Lrrc8aflox+/+ mice. 

Age-matched littermates (NestinCre/-::Lrrc8aflox/flox) were used as wild-type (WT) controls. 

Blood pressure in mice was measured using a tail-cuff method (CODA Monitor, Kent 

Scientific, Torrington, CT) (Li et al., 2015; Ma et al., 2019). All mice were housed in a 

pathogen-free environment (24 ± 2 °C, 12 h light/dark cycle) with free access to standard 

laboratory food and water ad libitum.
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Open-field test

The open-field test was performed as we described previously (Zhou et al., 2018). The test 

apparatus was purchased from Noldus (Boston, MA) with a size of 40 cm (length) × 40 cm 

(width) × 35 cm (height). Within the open-field testing area, a square of 24 cm (length) × 24 

cm (width) in the center was defined as the inner zone, and the remaining space was defined 

as the outer zone. Mice were placed in a quiet procedure room for 30 min before starting the 

test. Prior to each test, 95% ethanol was used to remove any scent clues left by the previous 

mouse. Mice were placed at the center of the testing area and were allowed to freely move 

for 10 min. The travel path of each mouse was monitored by the Color GigE Camera 

(Noldus). Total travel distance and total time spent in inner and outer zones were analyzed 

using the Autotyping software (Patel et al., 2014).

Rotarod test

An accelerating rotarod apparatus was used to conduct the rotarod test (IITC Life Science, 

Woodland Hills, CA). Each mouse was placed on a rotarod opposite to the rotating direction. 

In each trial, rotating speed started at 4 rotations/min and progressively increased to a 

maximum of 40 rotations/min over 300 s (Cai et al., 2013; Zhou et al., 2018). Each animal 

was given three trials at 20-min intervals. Latency to fall from the accelerating rotating rod 

in each mouse was automatically registered.

Ischemic stroke model

The middle cerebral artery occlusion (MCAO) method was used to induce brain ischemia, as 

described previously (Luo et al., 2018). Briefly, mice were anesthetized with isoflurane 

(1.5% in a mixture of 70% NO2 and 30% O2). A nylon monofilament with a diameter of 

0.16 mm was inserted to the right common carotid artery and advanced to the origin of the 

right middle cerebral artery. The monofilament was kept in place for 90 min and then 

removed to allow for reperfusion. Sham control mice were subjected to similar surgical 

procedures without MCAO. During the surgery, the body temperature of mice was kept at 37 

± 0.5°C using a heating pad. After recovery from anesthesia, mice were returned to the 

animal housing facility. After surgery, buprenorphine (0.1 mg/kg, intraperitoneally) was 

administrated immediately to minimize postoperative pain.

Neurological deficit was determined on a scale of 0 to 5 in mice, as reported previously 

(Longa et al., 1989; Luo et al., 2018). The scoring was defined as follows: 0, no observable 

neurological deficits; 1, failure to extend left forepaw completely (a mild focal neurological 

deficit); 2, circling to the left (a moderate focal neurological deficit); 3, falling to the left (a 

severe focal neurological deficit); 4, not walking spontaneously with a depressed level of 

consciousness; 5, death due to brain ischemia/reperfusion. Mice with a neurological deficit 

score of 4 or 5 after MCAO were excluded from analysis.

The infarct area in brain coronal sections was identified by staining with 1% 2,3,5-

triphenyltetrazolium chloride (Sigma-Aldrich, St Louis, MO). Digital images were captured, 

and infarct volume was quantified using Image-J software and further analyzed according to 

the following formula: (contralateral hemispheric volume – ipsilateral hemispheric non 
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infarcted volume)/(contralateral hemispheric volume × 2) (Luo et al., 2018; Swanson et al., 

1990).

Immunoblotting

While the mice were under deep anesthesia with 2–3% isoflurane, the forebrains of sham 

control and MCAO mice were removed quickly. The cerebral cortex, hippocampus, and 

striatum were dissected separately and homogenated in cold RIPA buffer with a 1% protease 

inhibitor cocktail to extract proteins. Fifty μg proteins from each sample were subjected to 

polyacrylamide gel electrophoresis (Invitrogen, Carlsbad, CA) and transferred to a 

polyvinylidene difluoride membrane. The membrane was blocked with 5% milk in tris-

buffered saline buffer at room temperature for 1 hour, and then precipitated with mouse anti-

LRRC8A (1:1000, #SAB1412855, Sigma-Aldrich), mouse anti-Spectrin alpha chain (1:500, 

#MAB1622, Millipore Corporation), rabbit anti-cleaved caspase-3 (Asp175) (1:1000, #9661, 

Cell Signaling Technology, Danvers, MA), or rabbit anti-GAPDH (1:2000, #5174, Cell 

Signaling Technology). The LRRC8A antibody targeted the amino acid sequence from 711 

to 810 at the C-terminus of the mouse LCRR8A protein. Immunoblots were detected with an 

enhanced chemiluminescence kit (Thermo Fisher Scientific, Waltham, MA), quantified 

using an Odyssey Fc Imager (LICOR, Lincoln, NE), and normalized using the GAPDH 

band on the same blot (Luo et al., 2018).

Brain slice preparation and whole-cell recordings

Brain slices were prepared as described previously (Luo et al., 2018). Mice were decapitated 

under deep anesthesia with 2–3% isoflurane. The brain was quickly removed and placed to 

an ice-cold artificial cerebrospinal fluid (aCSF) pre-saturated with 95% O2 and 5% CO2. 

The aCSF contained (in mM): 126.0 NaCl, 3.0 KCl, 1.5 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4, 

10.0 glucose, and 26.0 NaHCO3 (315 ± 5 mOsm). Transversal hippocampus brain slices of 

300-μm thickness were sectioned using a microtome (Leica Microsystems Inc.) and then 

incubated in aCSF for 1 hour at 34°C before further experiments. Hippocampal CA1 

pyramidal neurons were visualized under an upright microscope equipped with infrared and 

differential interference contrast optics (BX51W1, Olympus). Recording pipette resistance 

was 4–6 MΩ when filled with internal solutions. All external solutions were continually 

saturated with 95% O2 and 5% CO2 and perfused at 3 ml/min.

VRAC-mediated chloride current, IVRAC, in brain slices was recorded as reported previously 

(Inoue and Okada, 2007). Cell membrane potential was held at −40 mV, and step voltage 

was applied from −100 mV to +100 mV in 20-mV increments. The IVRAC was isolated 

using DCPIB, a specific VRAC blocker (Decher et al., 2001). DCPIB was bath applied via a 

syringe pump with a final concentration of 30 μM (Wang et al., 2017). The internal solution 

contained (in mM) 120 NMDG, 120 gluconic acid, 4 MgCl2, 1 EGTA, 10 HEPES, 5 Na2-

ATP, and 0.3 Na-GTP (pH adjusted to 7.25–7.27 with NMDG; 296 ± 5 mOsm). The external 

solution contained (in mM) 80 choline-Cl, 20 tetraethyl ammonium chloride, 2.5 KCl, 1.25 

NaH2PO4, 2 4-aminopyridine, 4 MgCl2, 26 NaHCO3, 11 glucose, 0.0005 tetrodotoxin 

(TTX), and 50 mannitol (310 ± 5 mOsm). To record IVRAC in oxygen-glucose deprivation 

(OGD) conditions, we treated brain slices with an OGD solution for 5 min followed by a 10-

min recovery in normal aCSF. The OGD external solution contained (in mM) 126.0 NaCl, 
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3.0 KCl, 1.5 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4, 10.0 sucrose, and 26.0 NaHCO3 (315 ± 5 

mOsm) continuously gassed with 95% N2/5% CO2 (Luo et al., 2018). The recording signal 

was processed through a Multiclamp 700B amplifier, filtered at 1 kHz, and digitized by 

DigiData 1440 at 20 kHz (Molecular Devices). Series resistance was monitored 

continuously throughout recording processes. Data were not included for analysis if series 

resistance changed >20%.

Spontaneous excitatory postsynaptic currents (sEPSCs) were recorded using whole-cell 

voltage-clamp mode. Cell membrane potential was held at −60 mV (Chen and Pan, 2006; 

Huang et al., 2019; Li et al., 2008). The pipette internal solution contained the following (in 

mM) 135.0 K-gluconate, 5.0 tetraethyl ammonium, 2.0 MgCl2, 0.5 CaCl2, 5.0 HEPES, 5.0 

EGTA, 5.0 Mg-ATP, 0.5 Na-GTP, and 10 lidocaine N-ethyl bromide (adjusted to pH 7.2–7.4 

with 1 mol/L KOH; 290–300 mOsm). QX314 was included to block voltage-gated sodium 

channels. The sEPSCs were recorded in isotonic and hypotonic external solutions (Fiacco et 

al., 2007; Lauderdale et al., 2015). Isotonic external solution contained (in mM) 80 NaCl, 

2.5 KCl, 2.4 CaCl2, 1.3 MgCl2, 1.3 NaH2PO4, 26 NaHCO3, 10 glucose, and 90 mannitol 

(315 ± 5 mOsm). Hypotonic external solution contained (in mM) 80 NaCl, 2.5 KCl, 2.4 

CaCl2, 1.3 MgCl2, 1.3 NaH2PO4, 26 NaHCO3, and 10 glucose (260 ± 5 mOsm).

TTX and 6,7-dinitro-2,3-dihydroxyquinoxaline (DNQX) were obtained from Sigma Aldrich. 

QX-314 and DCPIB were purchased from Tocris. DCPIB was dissolved with dimethyl 

sulfoxide (DMSO), and the final concentration of DMSO was 0.05% in the bath solution. 

DNQX and TTX were dissolved with deionized water to make stock solutions and then 

diluted with the perfusion solution in electrophysiological experiments.

Data analysis

All data were expressed as mean ± SEM. The frequency and amplitude of sEPSCs were 

analyzed offline using a peak detection program (MiniAnalysis; Synaptosoft, Leonia, NJ) 

(Guo et al., 2013; Zhu et al., 2016). Whole-cell VRAC currents were analyzed with Clampfit 

9.2 software (Molecular Devices, San Jose, CA), and DCPIB-sensitive VRAC currents were 

obtained by digitally subtracting VRAC currents recorded in the presence of DCPIB from 

VRAC currents recorded without DCPIB. A two-tailed Student t test was used for 

comparison between two groups, and one-way or two-way analysis of variance (ANOVA) 

with the Bonferroni post-hoc test was used to determine differences among three or more 

groups. Repeated measures ANOVA with the Dunnett’s post-hoc test was performed to 

determine differences at different time points within the same group. All statistical analyses 

were performed using Prism software (version 7; GraphPad Software Inc., La Jolla, CA). P 

< 0.05 was considered statistically significant.

Results

Phenotypic assessment of Lrrc8a–cKO mice

LRRC8A is an obligatory subunit of VRACs (Qiu et al., 2014; Voss et al., 2014). Nestin is 

highly expressed in stem and progenitor cells of the neural lineage, and NestinCre+/− mice 

are commonly used to generate neuronal gene knockout in the entire nervous system 

Zhou et al. Page 6

Exp Neurol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Mignone et al., 2004; Swaminathan et al., 2016; Wang et al., 2015). Compared with 

NestinCre+/− mice, other available neuronal Cre mice, such as NexCre+/− or CaMKIIαCre+/− 

mice, remove target genes only in a small population of neurons in limited brain regions. To 

genetically remove functional VRACs in the brain, we conditionally knocked out Lrrc8a by 

crossing NestinCre+/− mice with Lrrc8aflox/flox mice. Lrrc8a-cKO mice appeared normal at 

birth, but all male and female Lrrc8a-cKO mice died unexpectedly at the age of 7–8 weeks 

old. The cause of mortality was unclear, although some seizure activity was observed in 

Lrrc8a-cKO mice before death. We thus used 6-week-old Lrrc8a-cKO mice and age- and 

sex-matched WT control mice for all the experiments described below.

Immunoblotting showed that the protein level of LRRC8A was diminished in various brain 

regions, including the hippocampus, frontal cortex, and striatum, in 6-week-old Lrrc8a-cKO 

mice compared with that in wild-type (WT) mice (n = 8–9 mice per group; Fig. 1A). Body 

weight was significantly lower in Lrrc8a-cKO mice than in WT mice (P < 0.0001, t(22) = 

9.427, n = 12 mice per group; Fig. 1B). Systolic blood pressure, measured using a tail-cuff 

method, was similar in Lrrc8a-cKO and WT mice (n = 6 mice per group; Fig. 1B).

We used a rotarod test to evaluate motor coordination and learning in Lrrc8a-cKO and WT 

mice. The falling latencies were similar in these two groups (n = 11 WT mice and 8 Lrrc8a-

cKO mice; Fig. 1B). We also used an open-field test to assess general locomotor activity in 

Lrrc8a-cKO and WT mice. The total travel distance and the total time spent in inner and 

outer zones did not differ significantly between Lrrc8a-cKO and WT mice (n = 9 mice per 

group; Fig. 1C).

Brain ischemia transiently increases LRRC8A protein levels in the hippocampus

To determine the effect of cerebral ischemia on LRRC8A protein levels, we used 

immunoblotting to quantify LRRC8A protein amounts in brain regions of WT mice 

subjected to middle cerebral artery occlusion (MCAO) for 90 min. LRRC8A protein levels 

were measured in brain tissues obtained 6 and 24 hours after reperfusion. In the 

hippocampus, LRRC8A protein levels (~94 kDa) were significantly increased 6 hours after 

MCAO-reperfusion compared with the sham control group (P < 0.0001, t(14) = 24.87, n = 8 

mice per group; Fig. 2A). However, at 24 hours after MCAO-reperfusion, LRRC8A protein 

levels in the hippocampus did not differ significantly from that of the sham control group 

(Fig. 2A).

In the cerebral cortex, LRRC8A protein levels were not significantly altered at either 6 or 24 

hours after MCAO-reperfusion (Fig. 2B). Moreover, LRRC8A protein levels in the striatum 

were not altered significantly 6 hour after reperfusion but were significantly reduced 24 

hours after reperfusion, compared with levels in sham control mice (P < 0.0001, t(14) = 

9.553, n = 8 WT mice per group; Fig. 2C). These results indicate that the LRRC8A protein 

levels undergo dynamic time-dependent changes in various brain regions after cerebral 

ischemia and reperfusion.
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Mimicking ischemia with oxygen-glucose deprivation increases LRRC8A-dependent VRAC 
activity in hippocampal neurons

The hippocampus is an ischemic penumbra region in the MCAO model (Kiewert et al., 

2010). Functional VRACs are present in hippocampal CA1 pyramidal neurons (Zhang et al., 

2011). We next recorded whole-cell VRAC currents (IVRAC) in hippocampal CA1 pyramidal 

neurons to determine whether ischemia affects VRAC activity in WT and Lrrc8a-cKO mice. 

Because brain ischemia leads to severe damage to cell membranes, it is impossible to record 

whole-cell VRAC activity in neurons obtained from ischemic brain tissues. We thus used 

oxygen-glucose deprivation (OGD) to simulate ischemia in brain slices. OGD was induced 

for 5 min followed by 10 min of recovery in normal aCSF (Luo et al., 2018). VRAC currents 

were pharmacologically isolated using 30 μM DCPIB, a specific VRAC blocker, via bath 

application (Wang et al., 2017). Under the non-OGD condition, current-voltage (I-V) 

analysis showed that DCPIB-sensitive VRAC currents in hippocampal CA1 neurons from 

WT mice displayed typical outward rectification at positive holding potentials. The reversal 

potential of IVRAC was close to −40 mV, which is similar to what was reported previously 

(Fig. 3A–D) (Inoue and Okada, 2007; Zhang et al., 2011). In Lrrc8a-cKO mice, DCPIB-

sensitive IVRAC was largely diminished in hippocampal CA1 pyramidal neurons (P < 

0.0001, F(1,10) = 125.3; n = 15 neurons from 4 WT mice, n = 17 neurons from 4 Lrrc8a-

cKO mice; Fig. 3A–D), indicating that LRRC8A is essential for VRAC function in 

hippocampal CA1 neurons.

OGD caused a large increase in the amplitude of DCPIB-sensitive IVRAC in hippocampal 

CA1 neurons from WT mice (P < 0.0001, F(1,10) = 108.5, n = 15 neurons from 4 WT mice 

per group, Fig. 3A and D). In contrast, in Lrrc8a-cKO mice, OGD did not significantly 

increase DCPIB-sensitive IVRAC in hippocampal CA1 neurons (n = 10 neurons from 4 mice 

in WT and WT+DCPIB groups, n = 14 neurons from 5 mice in the Lrrc8acKO group; Fig. 

3B and D). OGD had no effect on the reversal potential of DCPIB-sensitive IVRAC in 

hippocampal CA1 neurons from WT and Lrrc8a-cKO mice. These results indicate that 

ischemia potentiates neuronal VRAC activity, which is critically dependent on LRRC8A.

LRRC8A-dependent VRAC activation induced by hypotonicity potentiates glutamatergic 
input to hippocampal neurons

Cerebral ischemia causes excessive glutamate release, which can induce excitotoxicity and 

neuronal death via glutamate NMDA receptor activation (Lipton, 2006; Luo et al., 2018; 

Simon et al., 1984). To determine whether increased VRAC activity after ischemia 

contributes to increased glutamate release, we used whole-cell voltage-clamp recordings to 

measure glutamate-mediated spontaneous excitatory postsynaptic currents (sEPSCs) in 

hippocampal CA1 pyramidal neurons in brain slices from WT and Lrrc8a-cKO mice. 

Because brain edema and cell swelling are an early feature of brain ischemia (Simard et al., 

2007), we used hypotonicity-induced osmotic swelling to induce VRAC activation. The 

glutamatergic sEPSCs are a commonly used measure of action potential–dependent and –

independent glutamatergic input to CA1 neurons in brain slices (Li et al., 2008). We first 

measured baseline sEPSCs in hippocampal CA1 neurons in the presence of isotonic solution 

and then switched to hypotonic solution via bath perfusion for 6 min. In WT mice, 

hypotonic challenge significantly increased the frequency, but not amplitude, of sEPSCs in 
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CA1 neurons (P = 0.0001, t(9) =3.39, n = 10 neurons from 4 mice; Fig. 4A–D). The sEPSCs 

were completely blocked by 20 μM of DNQX, a specific glutamate AMPA receptor 

antagonist (Fig. 4A).

To determine whether VRACs contribute to cell swelling–induced glutamate release, we 

bath-applied DCPIB (30 μM) during sEPSC recordings in hippocampal CA1 pyramidal 

neurons from WT mice. Application of DCPIB had no effect on baseline sEPSCs of CA1 

neurons in WT mice with isotonic solution (Fig. 4A–D). However, in the presence of 

DCPIB, hypotonic challenge failed to significantly increase the frequency of sEPSCs in CA1 

neurons from WT mice (P = 0.62, t(9) = 0.51, n = 10 neurons from 4 mice; Fig. 4A–D).

The baseline frequency and amplitude of sEPSCs in CA1 neurons did not differ significantly 

between Lrrc8a-cKO and WT mice, suggesting that VRACs are not actively involved in 

baseline glutamate release. In contrast, hypotonic challenge had no effect on the frequency 

or amplitude of sEPSCs in CA1 neurons from Lrrc8a-cKO mice (P = 0.098, t(13) = 1.78, n = 

14 neurons from 5 mice, Fig. 4A–D). Together, these data suggest that hypotonicity-induced 

osmotic swelling augments synaptic glutamatergic input to CA1 pyramidal neurons through 

LRRC8A-dependent VRACs.

LRRC8A contributes to cerebral ischemia-induced brain injury

To determine whether LRRC8A-dependent VRACs play a role in ischemic brain injury, we 

measured brain infarct volume in WT and Lrrc8a-cKO mice subjected to MCAO for 90 min 

followed by 24 hours of reperfusion. The brain infarct regions contain a substantial 

proportion of hemisphere, including most of the cortex, striatum, hippocampus, and 

thalamus, in both WT and Lrrc8a-cKO mice. The infarct volume in coronal brain sections 

was significantly smaller in Lrrc8a-cKO mice than in WT mice (P = 0.0045, t(18) =3.24; n = 

9 WT mice, n = 11 Lrrc8a-cKO mice; Fig. 5A and B). Moreover, the neurological severity 

score was significantly lower in Lrrc8a-cKO mice than in WT mice (P = 0.0251, t(18) = 

2.45; Fig. 5C). These findings suggest that LRRC8A-dependent VRACs contribute to 

ischemic brain damage and associated neurological deficit.

LRRC8A is involved in cell death caused by cerebral ischemia

Cleaved caspase-3 (Le et al., 2002) and spectrin breakdown product (spectrin BD) resulting 

from excessive calpain activation (Markgraf et al., 1998) are well-characterized neuronal 

death markers with cerebral ischemia. Brain ischemia-induced activation of calpain cleaves 

alpha II spectrin, a cytoskeleton protein, to a breakdown product with a molecular weight of 

150 kDa (Pike et al., 2004). The protein level of cleaved caspase-3 (~17 kDa) and spectrin 

BD in the hippocampus, cerebral cortex, and striatum did not differ significantly between 

WT sham and Lrrc8a-cKO sham mice (n = 8 mice per group; Fig. 6A–C). Although MCAO 

significantly increased the protein level of cleaved caspase-3 and spectrin BD in the 

hippocampus, cortex, and striatum in both WT and Lrrc8a-cKO mice, the increased level of 

cleaved caspase-3 and spectrin BD in these three ischemic regions was significantly less in 

Lrrc8a-cKO than in WT mice (n = 8 mice in each group; Fig. 6A–C). These results suggest 

that LRRC8A-dependent VRACs mediates neuronal injury and death caused by cerebral 

ischemia.
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Discussion

Neurons undergo rapid swelling in the soma and dendrites during excitotoxic insults 

associated with stroke and brain trauma. Focal swellings along the dendrites called 

varicosities are considered to be a hallmark of acute excitotoxic neuronal injury (Hori and 

Carpenter, 1994; Hsu and Buzsaki, 1993). In the present study, we found that LRRC8A, an 

essential subunit of functional VRACs, was transiently increased in the hippocampus, a 

penumbra region, 6 hours after MCAO-reperfusion. We also found that the VRAC activity in 

hippocampal CA1 neurons was potentiated by mimicking ischemia with OGD. In our study, 

blocking with DCPIB or genetic knockout of LRRC8A diminished VRAC currents in 

hippocampal neurons increased by OGD, suggesting that LRRC8A-dependent VRACs play 

a major role in Cl− conductance in ischemic neurons. Interestingly, LRRC8A protein levels 

in the striatum were significantly decreased 24 hours after MCAO. Because the striatum is 

an infarct core region and is very susceptible to ischemia in the MCAO model (Kiewert et 

al., 2010), massive cell death and associated protein degradation may account for MCAO-

induced reduction in LRRC8A protein levels in the striatum 24 hours after MCAO-

reperfusion.

Our study demonstrated that ablating LRRC8A attenuated MCAO-induced brain infarct 

volume and neurological dysfunction, indicating that LRRC8A-dependent VRACs 

contribute to ischemic brain injury. Blocking VRACs with DCPIB has been shown to 

attenuate brain damage induced by MCAO (Zhang et al., 2008). IAA-94, another VRAC 

blocker, also reduces glutamate-induced necrosis in cultured cortical neurons (Inoue and 

Okada, 2007). Blocking VRACs with DCPIB or conditional knockout of LRRC8A in 

astrocytes decreases ischemic brain injury (Han et al., 2014; Yang et al., 2019). Increased 

calpain activity plays an important role in neuronal death after brain ischemia (Curcio et al., 

2016; Neumar et al., 2001). We found that ablating brain LRRC8A reduced calpain activity 

and cleaved caspase-3 in various ischemic brain tissues, further supporting the role of 

LRRC8A-dependent VRACs in ischemia-induced neuronal injury. It should be noted that 

the LRRC8A protein was almost undetectable in brain tissues of Lrrc8a-cKO mice, 

indicating that Lrrc8a-cKO generated using NestinCre+/− mice probably ablated Lrrc8a in 

both neurons and astrocytes. VRACs expressed in both astrocytes and neurons are likely 

involved in ischemic brain damage. There are currently no Cre mice that allow the deletion 

of genes specifically in all brain neurons. Our Lrrc8a-cKO mice all died 7–8 weeks after 

birth, demonstrating an essential role of brain LRRC8a for the survival. We did not use 

NexCre+/− or CaMKIIαCre+/− mice in our study since they ablate genes only in a 

subpopulation of neurons in limited brain regions. Because of the unexpected premature 

fatality of Lrrc8a-cKO mice, we did not assess the long-term effect of Lrrc8a-cKO on 

neurological function after MCAO, which is a limitation of this study. Also, we did not 

measure cerebral blood flow in Lrrc8acKO and WT mice before or during MCAO. Notably, 

it has been shown that blocking VRACs with tamoxifen does not alter cerebral blood flow at 

the baseline and during MCAO (Feustel et al., 2004).

It remains uncertain exactly how ischemia-induced VRAC activation is involved in neuronal 

injury. Although initial VRAC activation during ischemia may help to restore cell volume, 

sustained activation of VRAC can cause necrotic neuronal death (Barros et al., 2001). 
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Excitotoxic insult–induced swelling of neuronal soma and dendrites seems to be dependent 

on extracellular Cl− (Dessi et al., 1994; Inglefield and Schwartz-Bloom, 1998; Rothman, 

1985). In neurons, even a transitory volume increase can cause bursting firing (Azouz et al., 

1997; Chebabo et al., 1995; Lauderdale et al., 2015) and spreading depression (Dudek et al., 

1990). Under a marked depolarizing condition by glutamate receptor activation, VRACs 

likely serve as a pathway for swelling-aggravating Cl− influx in cortical neurons (Inoue and 

Okada, 2007). Consistent with this notion, excitotoxic Cl− influx is associated with neuronal 

death and can be reduced by putative VRAC blockers (Babot et al., 2005; Van Damme et al., 

2003). Thus, VRACs likely play a major role in Cl− influx that is involved in neuronal 

excitotoxic death by ischemia (Fig. 7). Other Cl− influx pathways in neurons during 

ischemia may include voltage-gated chloride channels and Na+-K+−2Cl− cotransporters 

(Pond et al., 2006; Wang et al., 2006). Although cell swelling can activate VRACs, we did 

not specifically assess whether Lrrc8a-cKO affects brain edema or cell swelling induced by 

MACO. Nevertheless, it has been shown that pharmacological blocking of VRACs 

attenuates NMDA-induced focal cell swelling in cultured cortical neurons (Inoue and 

Okada, 2007).

Our study showed that ablating LRRC8A attenuated swelling-augmented glutamatergic 

input to hippocampal CA1 neurons, suggesting that neuronal LRRC8A-dependent VRACs 

are involved in swelling-induced glutamate release during ischemia. VRAC-dependent 

glutamate release likely occurs in the penumbra, because VRAC activation requires 

sufficient intracellular ATP and oxygen levels. Although previous studies reported that 

swelling-induced glutamate release is mediated by VRACs in astrocytes (Kimelberg, 2004; 

Liu et al., 2006), VRACs are also located at presynaptic terminals and dendritic varicosities 

in neurons (Inoue and Okada, 2007; Zhang et al., 2011). Therefore, swelling-induced VRAC 

activation in neurons may directly release glutamate to the postsynaptic neurons during 

ischemia. However, neuronal swelling induced by activation of the glutamate receptors can 

lead to activation of VRACs (Inoue and Okada, 2007). Glutamate released via NMDA 

receptor-activated VRACs might in turn activate additional glutamate NMDA and calcium-

permeable AMPA receptors. Thus, VRACs may promote the influx of not only Cl− but also 

Ca2+ and Na+, thereby aggravating ischemic neuronal injury.

In conclusion, our study provides new information showing that cerebral ischemia increases 

neuronal LRRC8A-dependent VRAC activity and that these VRACs play an important role 

in ischemic brain damage. VRAC activation by cerebral ischemia can promote glutamate 

release, which in turn can stimulate VRACs, aggravating neuronal excitotoxic death (Fig. 7). 

Our study not only independently validates the role of VRACs in brain ischemia but also 

provides additional new insight about dynamic changes in neuronal VRAC activity caused 

by ischemia. Therefore, inhibiting neuronal VRAC activity could be a rational strategy for 

treating ischemic stroke. DCPIB is perhaps the most selective VRAC blocker at the present 

time. However, DCPIB cannot cross the blood-brain barrier upon systemic administration 

(Zhang et al., 2008). Because VRACs are widely expressed in brain neurons and astrocytes, 

inhibiting VRACs in the brain would be expected to produce certain side effects in humans. 

Future studies are needed to design appropriate strategies to attenuate brain ischemia-

induced VRAC hyperactivity without blocking the normal VRAC function.
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Highlights:

• Cerebral ischemia transiently increases LRRC8A protein levels in the 

hippocampus.

• LRRC8A is essential for hippocampal neuronal VRAC activity increased by 

ischemia.

• LRRC8A is required for hypotonicity-potentiated glutamatergic input to 

neurons.

• LRRC8A-dependent VRACs contribute to brain injury caused by cerebral 

ischemia.
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Figure 1. Confirmation and phenotypic assessment of Lrrc8a-cKO mice.
(A) Representative Western blot images and group data show the LRRC8A protein levels in 

the hippocampus, cerebral cortex, and striatum of 6-week-old WT and Lrrc8a-cKO mice 

(hippocampus and cortex, n = 8 mice per group; striatum, n = 8 WT mice and 9 Lrrc8a-cKO 

mice). (B) Summary data show body weight (n = 12 mice per group), systolic blood pressure 

(n = 6 mice per group), and fall latency in the rotarod test (n = 11 WT mice and 8 Lrrc8a-

cKO mice) in 6-week-old WT and Lrrc8a-cKO mice. (C) Group data show the total distance 

and total time spent in inner and outer zones in the open-field test in 6-week-old WT and 

Lrrc8a-cKO mice (n = 9 mice per group). *P < 0.05, ***P < 0.001 compared with WT mice.

Zhou et al. Page 17

Exp Neurol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Effect of brain ischemia on LRRC8A protein levels in brain tissues of WT mice.
(A-C) Representative blotting images and mean data show LRRC8A protein levels in the 

hippocampus (A), cerebral cortex (B), and striatum (C) at 6 and 24 hours after MCAO 

induction in 6-week-old WT mice (n = 8 mice per group). Ctrl: sham control. *P < 0.05, **P 

< 0.01 compared with the sham control group.
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Figure 3. Effect of oxygen-glucose deprivation (OGD) on VRAC activity in hippocampal CA1 
pyramidal neurons of WT and Lrrc8a-cKO mice.
(A and B) Representative current traces of DCPIB-sensitive VRAC currents in hippocampal 

CA1 pyramidal neurons with and without OGD in WT (A) and Lrrc8a-cKO mice (B). 

VRAC currents were recorded using a step voltage protocol from −100 mV to +100 mV in 

20-mV increments. DCPIB-sensitive VRAC currents were obtained by digitally subtracting 

currents recorded during DCPIB application from currents recorded before DCPIB 

application (baseline). (C and D) Current-voltage (I-V) curve shows the effect of OGD on 

total chloride currents (C) and DCPIB-sensitive VRAC currents (D) in hippocampal CA1 

pyramidal neurons from 6-week-old WT and Lrrc8a-cKO mice (n = 15 neurons from 4 WT 

mice; n = 17 neurons from 4 Lrrc8a-cKO mice). *P < 0.05, **P < 0.01, ***P < 0.001 

compared with WT non-OGD group at the same holding potential. ##P < 0.01, ###P < 0.001 

compared with the Lrrc8a-cKO OGD group.
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Figure 4. Effect of hypotonic challenge on spontaneous excitatory postsynaptic currents 
(sEPSCs) in hippocampal CA1 pyramidal neurons of WT and Lrrc8a-cKO mice.
(A-C) Representative recording traces (A) and cumulative plots (B and C) show the effects 

of DCPIB and hypotonic solution on the frequency and amplitude of glutamatergic sEPSCs 

in hippocampal CA1 pyramidal neurons from 6-week-old WT and Lrrc8acKO mice. Note 

that blocking glutamate AMPA receptors with DNQX abolished sEPSCs. (D) Group data 

show the effects of DCPIB and hypotonic solution on the frequency and amplitude of 

glutamatergic sEPSCs in hippocampal CA1 pyramidal neurons from 6-week-old WT and 

Lrrc8a-cKO mice (n = 10 neurons from 4 mice in WT and WT+DCPIB groups; n = 14 

neurons from 5 mice in the Lrrc8a-cKO group). ***P < 0.001 compared with the isotonic 

condition within the same group.
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Figure 5. Middle cerebral artery occlusion (MCAO)-induced brain infarct volume and 
neurological dysfunction in WT and Lrrc8a-cKO mice.
(A and B) Representative 2,3,5-triphenyltetrazolium chloride staining (A) and quantification 

(B) of brain infarct volume in 6-week-old WT and Lrrc8a-cKO mice subjected to MCAO 

followed by 24 hours of reperfusion (n = 9 WT mice, n = 11 Lrrc8a-cKO mice). (C) 

Summary data show the neurological severity score in 6-week-old WT and Lrrc8a-cKO 

mice subjected to MCAO followed by 24 hours of reperfusion (n = 9 WT mice, n = 11 

Lrrc8a-cKO mice). *P < 0.05, **P < 0.01 compared with WT mice.
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Figure 6. Effect of MCAO on cleaved caspase-3 and spectrin BD levels in brain tissues of WT 
and Lrrc8a-cKO mice.
(A-C) Representative Western blot images and summary data show the effect of MCAO on 

cleaved caspase-3 and spectrin breakdown product (spectrin BD) in the hippocampus (A), 

cerebral cortex (B), and striatum (C) from 6-week-old WT and Lrrc8a-cKO mice (n = 8 

mice per group). Ctrl: sham control. *P < 0.05, **P < 0.01, ***P < 0.001 compared with 

respective values in the sham control group. ##P < 0.01 compared with the WT MCAO 

group.
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Figure 7. Schematic drawing outlines the potential role of neuronal LRRC8A-containing volume-
regulated anion channels (VRACs) in ischemic brain damage.
Neuronal VRACs are not activated or involved in glutamate release in the normal brain. 

Cerebral ischemia causes rapid cell swelling and neuronal depolarization to increase the 

activity of VRACs expressed in presynaptic and postsynaptic neurons. Augmented VRAC 

activity in ischemic neurons leads to chloride influx and glutamate release and subsequent 

activation of glutamate NMDA receptors, which can induce excitotoxicity and neuronal 

death through calplain/caspase-mediated signaling pathways.
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