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Abstract
Volume-regulated anion channels (VRACs) are a group of ubiquitously expressed outwardly-rectifying anion channels that sense

increases in cell volume and act to return cells to baseline volume through an efflux of anions and organic osmolytes, including

glutamate. Because cell swelling, increased extracellular glutamate levels, and reduction of the brain extracellular space (ECS) all

occur during seizure generation, we set out to determine whether VRACs are dysregulated throughout mesial temporal lobe

epilepsy (MTLE), the most common form of adult epilepsy. To accomplish this, we employed the IHKA experimental model

of MTLE, and probed for the expression of LRRC8A, the essential pore-forming VRAC subunit, at acute, early-, mid-, and

late-epileptogenic time points (1-, 7-, 14-, and 30-days post-IHKA, respectively). Western blot analysis revealed the upregulation

of total dorsal hippocampal LRRC8A 14-days post-IHKA in both the ipsilateral and contralateral hippocampus. Immunohistochemical

analyses showed an increased LRRC8A signal 7-days post-IHKA in both the ipsilateral and contralateral hippocampus, along with

layer-specific changes 1-, 7-, and 30-days post-IHKA bilaterally. LRRC8A upregulation 1 day post-IHKA was observed primarily in

astrocytes; however, some upregulation was also observed in neurons. Glutamate-GABA/glutamine cycle enzymes glutamic acid

decarboxylase, glutaminase, and glutamine synthetase were also dysregulated at the 7-day timepoint post status epilepticus. The time-

point-dependent upregulation of total hippocampal LRRC8A and the possible subsequent increased efflux of glutamate in the epi-

leptic hippocampus suggest that the dysregulation of astrocytic VRAC may play an important role in the development of epilepsy.
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Summary Statement
VRACs are upregulated primarily in astrocytes in the dorsal
hippocampus at early and mid-epileptogenic periods, with
variable layer-specific regulation following intrahippocampal
kainate injection. The dysregulation of VRAC is paralleled by
the dysregulation of GAD67, Gls1, and GS.

Introduction
Mesial temporal lobe epilepsy (MTLE) is the most common
form of adult epilepsy (Engel, 2001). MTLE is classified by
seizures originating in mesial or limbic structures in the
brain, such as the hippocampus, and is associated with a
high risk of drug resistance (Engel et al., 2012). Available
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anti-seizure drugs (ASDs) work to decrease neuronal hyper-
synchronization by targeting neuronal channels and receptors.
However, one-third of epilepsy patients become refractory to
these therapies (Kwan and Brodie, 2000). Therefore, it is
imperative that novel, non-neuronal therapeutic targets are
developed as part of future-generation ASDs.

The glutamate–gamma-aminobutyric acid (GABA)/glutamine
cycle has gained significant attention in the epilepsy field. The
fact that glutamate is responsible for seizures and excitotoxic
damage is rooted in the finding that seizures can be caused by dis-
ruptions to the glutamate–GABA/glutamine cycle that favors
excitatory glutamatergic neurotransmission. Perturbations to the
glutamate-GABA/glutamine cycle that increase the concentration
of extracellular glutamate cause tonic activation of glutamate
receptors and subsequently drives Ca2+ into neurons, triggering
neuronal necrosis and apoptosis (Bukke et al., 2020). Because
of their indispensable role in the glutamate–GABA/glutamine
cycle, astrocytes are a key component of the glutamate toxicity
hypothesis and may serve as novel, non-neuronal ASD targets.
Astrocytes clear glutamate from the extracellular space and
either metabolize it through the tricarboxylic acid cycle or
convert it into its neutral equivalent, glutamine, which is recycled
back to neurons. Previous studies have shown that astroglial glu-
tamate transporters and the glutamate-to-glutamine converting
enzyme glutamine synthetase (GS) are critical for the mainte-
nance of the ambient extracellular glutamate concentration, and
their dysregulation leads to seizures (Rothstein et al., 1996;
Tanaka et al., 1997). However, because glutamate transport
into astrocytes is concentrative, astrocytes are a potential source
of glutamate back into the ECS if glutamate-permeable channels
on the cell membrane become available.

Volume-regulated anion channels (VRACs) are outward
rectifiers that are permeable to glutamate and offer a nonvesicular
mechanism for astroglial glutamate release (Yang et al., 2019;
Zhou et al., 2020). VRACs are hexameric channels composed
of LRRC8 subunits (LRRC8A-E), with evidence that LRRC8A
is required to form functional pores (Hyzinski-García et al.,
2014; Qiu et al., 2014; Serra et al., 2021; Voss et al., 2014). In
the presence of adenosine triphosphate (ATP), VRACs are acti-
vated by cell swelling, and mediate regulatory volume decrease
(RVD) through an efflux of anions and organic osmolytes,
thereby creating an osmotic gradient to drive water out of the
cell to ultimately restore the cell volume. Interestingly, the ablation
of LRRC8A from nestin+ cells results in premature adolescent
death due to seizure activity (Wilson et al., 2021). Nestin is an
intermediate filament expressed in neuronal precursor cells that
later differentiate into neurons, astrocytes, and oligodendrocytes,
so this suggests that LRRC8A—and, by extension, VRACs—
are necessary for normal nervous system development and for
maintaining neuronal homeostasis (Bernal and Arranz, 2018). In
astrocytes, LRRC8A was determined to be essential for the gen-
eration of swelling-induced chloride currents and for themediation
of RVD (Formaggio et al., 2019). Furthermore, the conditional
deletion of LRRC8A from glial fibrillary acidic protein
(GFAP+) astrocytes attenuated neuronal excitability and protected

against ischemic brain damage in an experimental model of stroke
(Yang et al., 2019). Although the mechanism through which
LRRC8A contributes to ischemia-induced brain injury has yet
to be determined, the leading hypothesis in the field suggests
VRAC-mediated glutamatergic input to hippocampal neurons
may mediate excitotoxic damage (Zhou et al., 2020). These
studies suggest that the conditional deletion of LRRC8A from
specific cell types such as astrocytes may prevent the assembly
of functional VRAC pores, thereby attenuating VRAC-mediated
astroglial glutamate efflux and preventing excitotoxicity.

We hypothesize that astroglial VRAC-mediated glutamate
efflux may contribute to neuronal hyperexcitability and the
development of an epileptic phenotype. We set out to deter-
mine: (a) whether hippocampal VRAC are dysregulated
during development of MTLE; (b) whether the dysregulation
of VRAC occurs in astrocytes and/or neurons and varies
across different time points during the development of
MTLE; and (c) whether there are changes in the levels of
other glutamate-GABA/glutamine cycle machinery at the
time points of maximal VRAC dysregulation. An aberrant
expression of VRAC may play a causal role in the develop-
ment of epilepsy, suggesting this channel may serve as a can-
didate therapeutic target in the development of
future-generation ASDs.

Materials and Methods

Animals
Eight- to ten-week-old wild-type male C57BL/6J mice
(Jackson Labs) were used in this study. In Western blot exper-
iments, 4–5-week-old SWELLfl/fl; NestinCRE/+mice were also
used as a negative control to validate VRAC expression.
SWELLfl/fl;NestinCRE/+ mice were not age-matched with the
C56BL/6J mice because they expired prematurely between
5 and 6 weeks of age as described previously (Wilson et al.,
2021; Yang et al., 2019; Zhou et al., 2020). To generate
SWELLfl/fl;NestinCRE/+ mice, SWELLfl/fl mice generated by
Dr. Rajan Sah (Washington University) were crossed with
NestinCRE mice (Jackson Labs, strain 003771). The mice
were housed under a 12-h light/dark cycle and provided stan-
dard rodent chow and water ad libitum. All procedures were
conducted with approval from the University of California
Institutional Animal Care and Use Committee (IACUC) and
in accordance with the NIH Animal Care and Use
Guidelines. A total of 83 mice were used in this study.

Intrahippocampal Kainic Acid Model
Animals were anesthetized in an isoflurane chamber (0.2%–
0.5%, Covetrus) and then given an i.p. injection of 80 mg/
kg ketamine (Zoetis, 10004027) and 10 mg/kg xylazine
(Bimeda, 1XYL003). Toe pinches were conducted to deter-
mine the level of anesthesia throughout the surgical proce-
dure, and supplemental doses of ketamine/xylazine were
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administered as needed. Once anesthetized, the head was
shaved, aseptically prepared for surgery, and securely placed
in a stereotaxic apparatus. A midsagittal incision was made,
and the skull was exposed with a cotton-tipped applicator. A
burr hole was placed 1.8 mm posterior and 1.6 mm lateral to
bregma. Animals received a 46 nL intrahippocampal kainic
acid (IHKA) injection (20 mM kainic acid, Tocris Bioscience
0222) via a microinjector (Nanoject III, Drummond Sci.) into
the CA1 region (1.9 mm ventral) of the hippocampus as previ-
ously described (Hubbard et al., 2016; Lee et al., 2012).
Control animals received a 46 nL intrahippocampal sterile
saline injection (0.9%, Covetrus). Following the surgery,
animals were sutured, treated with triple antibiotic ointment,
given a subcutaneous injection of 0.1 mg/kg buprenorphine
(Reckitt & Colman, 5053624), and placed on a heating pad to
aid in recovery. Animals were video recorded for 5 h following
surgery to confirm the development of status epilepticus (SE).
The International League Against Epilepsy (ILAE) defines SE
as “a condition resulting either from the failure of the mechanisms
responsible for seizure termination or from the initiation of mech-
anisms, which lead to abnormally, prolonged seizures” (Trinka
et al., 2015, p. 1515). This ultimately results in anenduringepilep-
tic condition constitutingneuronal injury, neuronal death, andneu-
ronal network alteration (Beghi, 2020). Inourmodel, SE is defined
by the presence of at least 3 Racine level 4–5 seizure events within
5 h following IHKA (Racine, 1972). Fifty-seven animals under-
went IHKA; however, four of these animals did not meet the
Racine qualifications to be included in the study. Animals that
developed SE were collected at various timepoints corresponding
to critical periods in epileptogenesis. These included 1-day
post-IHKA (1dKA), coinciding with acute SE-mediated
changes; 7-days post-IHKA (7dKA), coincidingwith early epilep-
togenic changes and the onset of spontaneous seizures in this
model; 14-days post-IHKA (14dKA), coinciding with mid-
epileptogenicchanges;and30-dayspost-IHKA(30dKA),coincid-
ing with chronic epileptogenic changes (Lee et al., 2012; Peterson
and Binder, 2019; Peterson et al., 2021) (Figure 1).

Immunohistochemistry
Animals were euthanized in an isoflurane chamber, perfused
first with ice-cold phosphate-buffered saline (1× PBS), then
with ice-cold 4% paraformaldehyde (PFA) 1-, 7-, 14-, and
30-days post-IHKA and post-sham surgeries. The animal
brains were harvested, fixed in 4% PFA for two hours at
room temperature, transferred to 30% sucrose and stored at
4°C until the brains sank. The brains were flash frozen for
1 min in isopentane, and then stored at −80°C until use.
Frozen brains were sealed in optimum cutting temperature
(O.C.T.) formulation and sliced into 50 µm sections at 20°C
using a cryostat (Leica CM 1950). The sections were stored
in 1× PBS with 0.01% sodium azide. For each animal, three
sections of the hippocampus proximal to the injection site
were collected and processed via immunohistochemistry
(IHC). The sections were washed with PBS, incubated in

3% hydrogen peroxide to quench endogenous peroxidase
activity, washed with PBS, blocked in 10% BSA/ 5% Triton
X-100 (in PBS), and incubated in primary antibodies (Abcam
ab157489 anti-LRRC8A, EMD Millipore MAB360
anti-mGFAP, Proteintech 12855-1-AP anti-KGA/GAC, EMD
Millipore G2781 anti-GS, EMD Millipore MAB5406
anti-GAD67, and EMDMilliporeMAB377 anti-NeuN) overnight
at 4°C. The following day, sections were washed with PBS, incu-
bated in Alexa Fluor secondary antibodies with the aid of a
Tyramide Amplification Kit, and mounted onto glass slides with
ProLong™ Gold Antifade Mountant with DAPI. Slides were
imaged using a Leica microscope and processed with Leica soft-
ware (LAS-X). The images were quantified using Fiji Image J
software. The images were converted to 8-bit files, and regions
of interest (ROIs) were established in the DAPI channel. The
total hippocampus, as well as the following layers of the hippo-
campus, was analyzed: stratum oriens (SO), stratum pyramidale
CA1 (CA1), stratum radiatum (SR), stratum lacunosum molecu-
lare (SLM), molecular layer (ML), upper granule cell layer
(GCLU), hilus (H), lower granule cell layer (GCLL), stratum pyr-
amidale CA3 (CA3), and stratum lucidum (SL) (Figure 2). The
mean gray values were measured for LRRC8A signal blinded
to time points and treatment. Colocalization of LRRC8A with
GFAP or NeuN signals was determined with a Fiji Image J coloc-
alization plugin (author: Pierre Bourdoncle, Institut Jacques
Monod, Service Imagerie, Paris). This plugin highlights the colo-
calized points of two 8-bit images and the colocalized points will
appear white, after which the program combines the three 8-bit
images into an RBG image. Two points are only considered to
be colocalized if their respective intensities are strictly higher
than the threshold of their channels (which are 50 by default:
Threshold channel 1 (0–255)), and if their ratio (of intensity) is
strictly higher than the ratio setting value (which is 50% by
defect: ratio (0%–100%)). Representative confocal images were
taken using an Olympus BX61 confocal microscope (Olympus
America Inc., Center Valley, PA, USA), and z-stack projections
were performed using CellSens.

Western Blot Analysis
A separate cohort of animals from all the established timepoints
was euthanized in an isoflurane chamber and perfused with
ice-cold PBS/protease inhibitor cocktail. Dorsal hippocampal and
cortical tissues were separately harvested via microdissection,
placed in safe-lock tubes with an ice-cold RIPA buffer/protease
inhibitor cocktail, homogenized, and centrifuged. The supernatant
was extracted and aliquoted into Eppendorf tubes and stored at
−80°C until use. The protein concentration of samples was quanti-
fied against a Bradford assay andmeasured with a BioTek Synergy
2 plate reader. 10% sodium dodecyl sulfate (SDS)-polyacrylamide
gels (1.5 mm, 10-well, 66 µL/well) weremade immediately prior to
use. Homogenized samples were denatured with 4× Laemmli
buffer, 20% SDS, and water at 55°C for 10 min, and then kept
on ice. Gels were submerged in a running buffer, samples were
loaded into the gels, and the gels were run at 50 V for 30 min
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and then run at 125 V for 2 h on ice. Gels were transferred to nitro-
cellulose membranes at 30 V overnight (18.5 h) at 4°C.
Membranes were washed, blocked in TBS with 5% milk for 1 h
at room temperature, and then incubated in primary antibodies
(1:100 Cell Signaling Technology LRRC8A/ SWELL1
Antibody #24979, 1:1000 Sigma anti-β-actin A1978) overnight
in 4°C. Membranes were washed, incubated in LI-COR IRDye
secondary antibodies (1:250 goat anti-rabbit IR 680, and
1:10,000 mouse anti-mouse IR 800), washed again, and imaged
with LI-COR Odyssey Fc and analyzed with Image Studio
(version 5.2). The ROIs were established with the same area for
each lane/band. The LRRC8A signal was normalized against the
β-actin signal of the same lane. Importantly, attempts to generate
an LRRC8A protein band using the Abcam primary
Anti-LRRC8A antibody (ab157489) failed, despite this antibody
providing LRRC8A signal in IHC when paired with a tyramide
signal amplification kit. However, the Cell Signaling Technology
primary LRRC8A/SWELL1 Antibody (#24979) reliably produced
robust bands on WB.

Quantification and Statistical Analysis
Raw numerical data were processed with Microsoft Excel
(Microsoft Corp., Seattle, WA, USA), and all statistical analyses
were conducted with Prism 9 software (GraphPad Software, La

Jolla, CA, USA). Datasets were evaluated for normality and
equal variance. Datasets that met these assumptions were then
analyzed via a two-tailed t-test or—in the case of multiple compar-
isons—via one-way ANOVA with post hoc Dunnett’s multiple
comparisons tests. Datasets that did not meet these assumptions
were analyzed via non-parametric Mann–Whitney-U test or—in
the case of multiple comparisons—via Kruskal–Wallis nonpara-
metric tests with post hoc Dunn’s multiple comparisons tests.
Brown–Forsythe revealed saline controls from 7-, 14-, and
30-day timepoints exhibited no significant differences (P> .05,
Brown–Forsythe), therefore saline-treated controls were grouped
together. All data points were depicted in figures. All error bars
represent the mean± standard error of the mean (SEM).
Statistical significance was denoted as follows: * indicates
P-value< .05, ** indicates P-value< .01, *** indicates P-value
< .001, and **** indicates P-value< .0001.

Results

Validation of the IHKA Model in the Development
of MTLE
The most common histopathological finding in resected
murine and human brains with MTLE is hippocampal sclero-
sis (HS) (Baulac, 2015). HS develops due to the prolonged
seizure exposure and is marked by thinning of CA1 pyramidal
layer neurons, granule cell dispersion, and reactive gliosis. To
validate the development of HS in this model, both GFAP
immunoreactivity and GCL width were measured in the ipsi-
lateral and contralateral hippocampi at 1dKA, 7dKA, 14dKA,
and 30dKA and compared to grouped saline-injected controls
(n= 5–7 KA-treated animals, n= 15 control animals).

In the ipsilateral hippocampus, total GFAP immunoreactivity
was found to be increased at 14dKA (F(4,32)= 3.072,P= .0300,
one-way ANOVA; P= .0251, 95% C.I.= [−19.26, −1.005], post
hocDunnett’s test). Layer-specificquantification revealed increased
GFAPimmunoreactivityat 7dKAinSO,CA1,SR,SLM,andCA3;
at14dKAinSO,CA1,SR,SLM,H,andCA3;andat30dKAinSO,

Figure 1. Overview of the experimental timeline.

Figure 2. Overview of the hippocampal layers.
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CA1, SR, SLM, and CA3 (all p< .05 by post hoc Dunn’s test or
Dunnett’s test) (Figures 3A and B). The GCLwidth in the ipsilat-
eral hippocampus was found to be increased at 7dKA and 14dKA
(H(4)=22.33, P= .0002, Kruskal–Wallis; 7dKA P= .0102 and
14dKA P= .0003 by post hoc Dunn’s test). High-magnification
images of GFAP+ astrocytes revealed significant hypertrophy of

these cells in KA-treated tissue compared to saline-treated tissue
in the ipsilateral hippocampus (Figure 3C). The increase in
GFAP immunoreactivity and astroglial hypertrophy are indicative
of astrogliosis, and the increase inGCLwidthpoints togranule cell
dispersion. These findings confirm the development of HS in the
ipsilateral hippocampus of KA-treated animals.

Figure 3. Validation of the IHKA model in the development of MTLE in the ipsilateral hippocampus. (3A) Representative images of the

ipsilateral dorsal hippocampus from the saline control tissue as well as 1-day post-IHKA (1dKA), 7-days post-IHKA (7dKA), 14-days

post-IHKA (14dKA), and 30-days post-IHKA (30dKA) demonstrating the progressive development of three key characteristics of HS in the IHKA

model of epilepsy: (1) thinning of the CA1 pyramidal cell layer (white arrows, visualized via DAPI immunofluorescence), (2) granule cell dispersion
(white lines, visualized via DAPI immunofluorescence), and (3) gliosis as observed via GFAP immunofluorescence. (3B) Total hippocampus (all

layers) and layer-specific mean gray value quantification of GFAP immunofluorescence, as well as the measured width of the GCL in the ipsilateral

hippocampus. * indicates P< .05, ** indicates P< .01, and *** indicates P< .001. Scale bar: 500 μm. (3C) High-resolution images of astrocyte

morphology comparing saline-treated and KA-treated tissues (30dKA) from the ipsilateral hippocampus. Scale bar: 50 µm.
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In the contralateral hippocampus, total GFAP immunoreac-
tivity was increased at 7dKA, 14dKA, and 30dKA (H(4)=
17.81, P= .0013, Kruskal–Wallis; 7dKA P= .0384, 14dKA
(P= .0212), and 30dKA (P= .0080) by post hoc Dunn’s test).
Layer-specific quantification revealed an increased GFAP

immunoreactivity at 1dKA in SO; at 7dKA in CA1, SR, and
SL; at 14dKA in SO and SR; and at 30dKA in SO, CA1, SR,
and SLM (all P< .05 by post hoc Dunn’s test or Dunnett’s
test) (Figures 4A and B). The GCLwidth in the contralateral hip-
pocampus was not found to change over the 30-day time course

Figure 4. Validation of the IHKA model in the development of MTLE in the contralateral hippocampus. (4A) Representative images of the

contralateral dorsal hippocampus from the saline control tissue as well as 1-day post-IHKA (1dKA), 7-days post-IHKA (7dKA), 14-days

post-IHKA (14dKA), and 30-days post-IHKA (30dKA) demonstrating the progressive development of three key characteristics of HS in the

IHKA model of epilepsy: (1) thinning of the CA1 pyramidal cell layer (white arrows, visualized via DAPI immunofluorescence), (2) granule

cell dispersion (white lines, visualized via DAPI immunofluorescence), and (3) gliosis as observed via GFAP immunofluorescence. (4B) Total

hippocampus (all layers) and layer-specific mean gray value quantification of GFAP immunofluorescence, as well as the measured width of

the GCL in the contralateral hippocampus. * indicates P< .05, ** indicates P< .01, *** indicates P< .001, and **** indicates P< .0001. Scale
bar: 500 μm. (4C) High-resolution images of astrocyte morphology comparing saline-treated and KA-treated tissues (30dKA) from the

contralateral hippocampus. Scale bar: 50 µm.
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(F(4, 33)= 1.037, P= .4029, one-way ANOVA). As
observed in the ipsilateral hippocampus, high-magnification
images of GFAP+ astrocytes reveal significant hypertrophy
of these cells in KA-treated tissues compared to saline-treated
tissues in the contralateral hippocampus (Figure 4C).
Although the contralateral hippocampus exhibited astroglio-
sis, it did not show evidence of granule cell dispersion, point-
ing to a partial HS phenotype.

Total Dorsal Hippocampal LRRC8A is Upregulated
at 14dKA as Detected via Immunoblot
To validate the immunoblot detection of LRRC8A using the
anti-LRRC8A antibody, the hippocampal and cortical LRRC8A
content of wild-type (WT) C57BL6 and SWELL1fl/fl;NestinCRE/+

animals were assessed (Figure 2A). SWELL1fl/fl; NestinCRE/+

animals served as a negative control, as these animals exhibit the
conditional deletion of LRRC8A—also termed SWELL1—in
nestin+ neural progenitors. Nestin expression is multicellular
during neurogenesis, making it an optimal promoter to
execute a widespread deletion of LRRC8A in the adult
central nervous system (Bernal and Arranz, 2018). The expres-
sion of LRRC8A normalized against ß-actin was reduced both
in the hippocampus (t(df) = 11.27(2), P= .0078, mean±SEM:
−4.600± 0.4081, two-tailed t-test) and in the cortex (t(df) =
7.660(2), P= .0166, mean±SEM: −7.351± 0.9597, two-
tailed t-test) of the cKO tissue compared to the WT tissue
(Figures 5A and B).

Next, changes in the LRRC8A expression throughout epilep-
togenesis were evaluated via immunoblot (n=5–8 animals per
KA-treated group, n=20 control animals). In both the ipsilateral
(Figure 5C) and contralateral (Figure 5E) hippocampus, a main

Figure 5. Total dorsal hippocampal LRRC8A is upregulated at 14dKA as detected via immunoblot. (5A) Representative blot of LRRC8A

and ß-actin immunodetection from the hippocampal and cortical tissues of both WT and SWELLfl/fl; NestinCRE/+ (cKO) animals (n= 2), and

(5B) the respective quantification of the LRRC8A expression normalized against ß-actin. Sample blots of ipsilateral (5C) and contralateral

(5E) dorsal hippocampus samples at 1dKA, 7dKA, 14dKA, and 30dKA with respective saline-injected control samples and an additional cKO

control lane. Quantification of the ipsilateral (5D) and contralateral (5F) LRRC8A expressions normalized against ß-actin from KA-treated

animals compared to grouped saline-treated controls. n= 5 was used for all time points except for 14dKA for which n= 8 was used.

* indicates P< .05 and ** indicates P< .01. Partly created with BioRender.com.
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effect of timepoint on the LRRC8A expression was observed
(H(5)= 26.42, P< .0001 ipsilateral; H(5)=25.94, P< .0001
contralateral, Kruskal–Wallis). Specifically, the LRRC8A
expression was significantly elevated at 14dKA in both hemi-
spheres compared to saline controls (P= .0023 ipsilateral
(Figure 5D); P= .0110 contralateral (Figure 5F), post hoc
Dunn’s test). These data suggest that the LRRC8A expression
is upregulated in both the ipsilateral and contralateral dorsal hip-
pocampus at 14dKA, the mid-epileptogenic period.

Total Dorsal Hippocampal LRRC8A is Upregulated at
7dKA with Variable Layer-Specific Regulation
Throughout Epileptogenesis as Detected via IHC
Next, changes in the LRRC8A expression throughout epilep-
togenesis were evaluated via IHC (n= 3–5 animals per
KA-treated group, n=13 control animals). In the total ipsilateral
hippocampus (Figure 6A), LRRC8A immunoreactivity was
increased at 7dKA (H(4) = 22.05, P= .0002, Kruskal–Wallis;

Figure 6. LRRC8A immunoreactivity in the ipsilateral dorsal hippocampus after IHKA. (6A) Representative 10× magnification

immunofluorescence images of the ipsilateral dorsal hippocampus from saline-treated control tissues and KA-treated tissue at 1dKA, 7dKA,

14dKA, and 30dKA stained for DAPI (blue) and LRRC8A (green). Specific layers of the hippocampus are outlined in DAPI (SO, CA1, SR,

SLM, ML, GCLU, H, GCLL, CA3, and SL). (6B) Total hippocampus (all layers) and layer-specific mean gray value quantification of LRRC8A

immunofluorescence in the ipsilateral dorsal hippocampus at 1dKA, 7dKA, 14dKA, and 30dKA compared to grouped saline control

(min. n= 3 and max. n= 8 animals per group, 2–3 sections per animal). * indicates P< .05. Scale bar: 250 µm.
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P= .0253, post hocDunn’s test), with layer-specific increases or
decreases depending on the time points. Layer-specific decreases
were observed at 1dKA in ML and GCLL (both P< .05 by post
hoc Dunn’s test). In contrast, layer-specific increases were
observed at 7dKA, including CA1, GCLU, CA3, and SL (all
P< .05 by post hoc Dunn’s test) (Figure 6B).

In the contralateral hippocampus (Figure 7A), LRRC8A
immunoreactivity was similarly increased at 7dKA (H(4) =
22.74, P= .0001, Kruskal–Wallis; P= .0220, post hoc Dunn’s

test) with layer-specific increases or decreases depending on
the time points. Layer-specific decreases were observed at
1dKA in GCLU, H, and GCLL (all P< .05 by post hoc Dunn’s
test). Alternately, layer-specific increases were observed at
7dKA in SO, CA1, SR, CA3, and SL; and at 30dKA in SO,
CA1, SR, and SLM (all P< .05 by post hoc Dunn’s test)
(Figure 7B).

Overall, the immunohistochemical data highlight the upregula-
tion of total hippocampal LRRC8A signal in both the ipsilateral and

Figure 7. LRRC8A immunoreactivity in the contralateral dorsal hippocampus after IHKA. (7A) Representative 10× magnification

immunofluorescence images of the contralateral dorsal hippocampus from saline-treated control tissue and KA-treated tissue at 1dKA,

7dKA, 14dKA, and 30dKA stained for DAPI (blue) and LRRC8A (green). Specific layers of the hippocampus are outlined in DAPI (SO, CA1,

SR, SLM, ML, GCLU, H, GCLL, CA3, and SL). (7B) Total hippocampus (all layers) and layer-specific mean gray value quantification of LRRC8A

immunofluorescence in the contralateral dorsal hippocampus at 1dKA, 7dKA, 14dKA, and 30dKA compared to grouped saline control

(min. n= 3 and max. n= 8 animals per group, 2–3 sections per animal). * indicates P< .05 and ** indicates P< .01. Scale bar: 250 µm.
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contralateral dorsal hippocampus at 7dKA, the early epileptogenic
period. Layer-specific analysis revealed more nuanced changes in
LRRC8A, with decreased signal at 1dKA in specific layers of
both the ipsilateral (ML and GCLL) and contralateral (GCLU, H,
and GCLL) dorsal hippocampus; increased signal at 7dKA both
ipsilaterally (CA1, GCLU, CA3, and SL) and contralaterally (SO,
CA1, SR, CA3, and SL); and an increased signal at 30dKA in
the contralateral hippocampus (SO, CA1, SR, and SLM).

Increased LRRC8A Immunoreactivity Colocalizes
with GFAP at 7dKA
It is important to determine whether the increased LRRC8A
immunoreactivity at 7dKA was occurring in neurons or astro-
cytes. First, the colocalized immunoreactivity of LRRC8A
with GFAP, an astrocytic marker, was evaluated in the
dorsal hippocampus of KA-treated and control animals at
7dKA (n= 6 KA-treated animals, n= 4 saline controls, 1–2
sections per condition).

LRRC8A and GFAP were found to be colocalized in the
ipsilateral hippocampus (saline median colocalization: 13),
and KA treatment significantly increased colocalization by a
factor of 3.85 (KA median colocalization: 50; KA vs.
saline: Mann–Whitney U= 3, P< .0001 two-tailed t-test)
(Figures 8A and B). Similar observations were made in the
contralateral hippocampus where KA treatment significantly
increased LRRC8A and GFAP colocalization by a factor of
5.71 (KA vs. saline: Mann–Whitney U= 20, P= .0111 two-
tailed t-test) (Figures 8D and E).

As described above, at 7dKA, the LRRC8A signal inten-
sity was significantly greater in the ipsilateral hippocampal
layers CA1, GCLU, CA3, and SL; and in the contralateral
hippocampal layers SO, CA1, SR, CA3, and SL.
High-resolution 40× representative images of LRRC8A
and GFAP colocalization in these layers suggest that
LRRC8A is considerably upregulated in GFAP+ astrocytes
in the ipsilateral (Figure 8C) and contralateral (Figure 8F)
KA-treated hippocampus. However, there is an occasional
LRRC8A labeling in GFAP− cells—likely non-astrocytic
cells (white arrows).

LRRC8A is Partially Upregulated in NeuN+ Neurons at
7dKA
To determine whether LRRC8A was upregulated in neurons,
the colocalized immunoreactivity of LRRC8A with NeuN, a
neuronal marker, was evaluated in the dorsal hippocampus
of KA-treated and control mice at 7dKA (n= 6 KA-treated
animals, n= 4 saline controls, 1–2 sections per condition).
LRRC8A and NeuN were found to be colocalized only fol-
lowing IHKA (saline median colocalization: 0, KA median
colocalization: 11; P< .01 KA vs. saline) (Figures 9A and
B). In the contralateral hippocampus, LRRC8A was not
found to be colocalized with NeuN in either condition

(saline median colocalization: 0.00, KA median colocaliza-
tion: 0.00) (Figures 9D and E).

High-resolution 40× representative images of LRRC8A
and NeuN colocalization in the specific hippocampal layers
of maximal LRRC8A signal intensity at 7dKA also showed
no clear colocalization of LRRC8A with NeuN+ signal
either in the ipsilateral (Figure 9C) or contralateral
(Figure 9F) dorsal hippocampus. Colocalization of
LRRC8A with NeuN was sparse in stratum pyramidale and
the GCL (white arrows) in control tissues, with no measurable
difference after kainate treatment, suggesting that LRRC8A is
not significantly upregulated in neurons in epileptic tissues.

To summarize, at 7dKA, LRRC8A staining was signifi-
cantly more intense bilaterally in GFAP+ cells, with little
change in the sparse LRRC8A and NeuN colocalization in
KA-treated versus control tissues. These data suggest that
LRRC8A colocalizes mainly with astrocytes and that an
increased expression and the immunolabeling of LRRC8A
are predominantly astrocytic at the early epileptogenic time
point in this MTLE model.

Changes to Glutamate/GABA–Glutamine Cycle at
7dKA
Having determined that LRRC8A is dysregulated predomi-
nantly in astrocytes in the hippocampus at 7dKA, it was
intriguing to discern whether any other glutamate-handling
machinery was altered at this timepoint. Previously, it was
determined that there is a robust downregulation of GLT-1
and EAAC1 at 7dKA (Peterson and Binder, 2019; Peterson
et al., 2021), suggesting aberrant glutamate re-uptake in the
epileptic hippocampus. In an effort to assess the glutamate/
GABA-glutamine cycle more comprehensively in the
present study, the immunoreactivity of glutamic acid decar-
boxylase isoform 67 (GAD67), glutaminase (Gls1), and glu-
tamate synthetase (GS) were evaluated at 7dKA in both the
ipsilateral and contralateral dorsal hippocampus.

In the ipsilateral hippocampus, total GAD67 immunoreac-
tivity was significantly decreased in KA-treated animals com-
pared to controls (Mann–Whitney U= 7, P= .0063 two-tailed
t-test) (Figure 10A), with layer-specific decreases observed in
CA1, SLM, ML, GCLU, GCLL, CA3, and SL (all P< .05 by
Mann–Whitney–Wilcoxon test) (Figure 10B). Similarly, in
the contralateral hippocampus, total GAD67 immunoreactiv-
ity was significantly decreased in KA-treated animals com-
pared to controls (Mann–Whitney U= 9.5, P= .0039
two-tailed t-test), with layer-specific decreases observed in
SR, ML, and GCLU (all P < .05 by Mann–Whitney–
Wilcoxon test) (Figure 10C).

As for Gls1, in the ipsilateral hippocampus, total Gls1
immunoreactivity was significantly decreased in KA-treated
animals compared to controls (Mann–Whitney U= 4.5,
P= .0023 two-tailed t-test) (Figure 11A), with significant
layer-specific decreases observed in SO, SR, SLM, H, and
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Figure 8. Increased LRRC8A immunoreactivity colocalizes with GFAP at 7dKA. Representative images of the ipsilateral (8A) and

contralateral (8D) dorsal hippocampus from saline-treated control and KA-treated tissue stained for LRRC8A (green) and GFAP (red).

LRRC8A/GFAP colocalization is visualized in the merged images (yellow). Scale bar: 250 µm. Quantification of LRRC8A/GFAP colocalization in

the ipsilateral (8B) and contralateral (8E) dorsal hippocampus. * indicates P< .05 and **** indicates P< .0001. High-magnification representative

images of colocalization in saline-treated control and KA-treated tissues in the hippocampal layers that were determined to exhibit LRRC8A

upregulation at 7dKA in the ipsilateral hippocampus (CA1, GCLU, SL, and CA3; 8C) and contralateral hippocampus (SO, CA1, SR, SL, and

CA3; 8F). White arrows point to the LRRC8A signal that does not colocalize with the GFAP signal (likely neuronal cell bodies). Scale bar:

50 µm.
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Figure 9. LRRC8A is partially upregulated in NeuN+ neurons at 7dKA. Representative images of the ipsilateral (9A) and contralateral (9D)

dorsal hippocampus from saline-treated control and KA-treated tissue stained for LRRC8A (green) and NeuN (red). LRRC8A/NeuN

colocalization is visualized in the merged images (yellow). Scale bar: 250 µm. Quantification of LRRC8A/NeuN colocalization in the

ipsilateral (9B) and contralateral (9E) dorsal hippocampus. ** indicates P< .01. High-magnification representative images of colocalization in

saline-treated control and KA-treated tissues in the hippocampal layers that exhibit LRRC8A upregulation at 7dKA in the ipsilateral

hippocampus (CA1, GCLU, SL, and CA3; 9C) and contralateral hippocampus (SO, CA1, SR, SL, and CA3; 9F). White arrows point to the

LRRC8A signal that colocalizes with the NeuN signal. Scale bar: 50 µm.
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SL—and a notable increase in Gls1 immunoreactivity in
GCLU (all P< .05 by t-test or Mann–Whitney–Wilcoxon
test) (Figure 11B). As for the contralateral hippocampus, no
change in total Gls1 immunoreactivity was detected (Mann–
Whitney U= 19, P= .0510, two-tailed t-test); however, layer-
specific decreases were observed in SLM and SL (all P< .05
by t-test or Mann–Whitney–Wilcoxon test) (Figure 11C).

Furthermore, in the ipsilateral hippocampus, total GS immu-
noreactivity was increased in KA-treated animals compared to
controls at 7dKA (Mann–Whitney U=7, P= .0104 two-tailed
t-test) (Figure 12A), with layer-specific increases found in SO,
CA1, and CA3—and a notable decrease in GS immunoreactivity
in H (all P< .05 by Mann–Whitney–Wilcoxon test)
(Figure 12B). Similarly, in the contralateral hippocampus, total
GS immunoreactivity was increased in KA-treated animals com-
pared to controls (Mann–Whitney U=16, P= .0186 two-tailed
t-test), with increases observed in SO, CA1, and SR—and a
notable decrease in GS immunoreactivity in GCLU (all P< .05
by Mann–Whitney–Wilcoxon test) (Figure 12C).

Taken together, at the early epileptogenic timepoint
(7dKA) which coincides with the increased expression and
immunolabeling of LRRC8A, there is marked downregulation
of both GAD67 and glutaminase and an upregulation of GS in
the total ipsilateral hippocampus. Contralaterally, GAD67
signal was decreased, no changes were observed in glutaminase,
while GS signal was elevated. Figure 13 illustrates the divergent
glutamate landscape of the ipsilateral (Figure 13A) and contralat-
eral (Figure 13B) hippocampus at 7dKA, while Figure 14 sum-
marizes the layer-specific dysregulation of glutamate-handling

machinery in the ipsilateral (Figure 14A) and contralateral
(Figure 14B) hippocampus at 7dKA.

Discussion
In this study, we used the IHKA model of MTLE to evaluate
potential cell-type specific alterations in the pore-forming
subunit of the VRAC, LRRC8A, during epileptogenesis.
Using a Western blot protocol that was validated using
SWELL1fl/fl; NestinCRE/+ mice as a negative control, we
observed the upregulation of ipsilateral and contralateral
dorsal hippocampal LRRC8A expression at 14dKA. Further
analysis by IHC revealed increased immunolabeling for
LRRC8A at 7dKA, which was colocalized and upregulated
mainly in GFAP+ cells. Further analysis of glutamate/
GABA-glutamine cycle enzymes by IHC in the hippocampus
at this early timepoint showed decreases in GAD67 and glu-
taminase, with increased labeling of GS. These findings
suggest robust regulation of hippocampal LRRC8A during
early epileptogenesis in conjunction with other components
of the glutamate/GABA–glutamine cycle.

The injection of kainate into the murine hippocampus
induces status epilepticus, followed by a latency period of
no seizure activity and then the precipitation of spontaneous
seizures—as observed in the human condition of MTLE
(Riban et al., 2002). IHKA also produces inter-individual var-
iation in ASD response, making it an attractive model for
drug-resistant MTLE (Klein et al., 2015; Lévesque and
Avoli, 2013). For this reason, we used the IHKA animal

Figure 10. GAD67 immunoreactivity in the ipsilateral and contralateral dorsal hippocampus at 7dKA. (10A) Representative images of the

dorsal hippocampus of saline-treated and KA-treated tissues at 7dKA stained for GAD67 (red). Total hippocampus and layer-specific

quantification of GAD67 mean gray values in the ipsilateral (10B) and contralateral (10C) hippocampus (n= 6 KA-treated animals and n= 5

saline-treated animals, 1–2 sections/animal). * indicates P< .05, ** indicates P< .01, and *** indicates P< .001. Scale bar: 500 µm.
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model of MTLE to study the regulation of LRRC8A—the
essential subunit of VRAC—throughout MTLE.

VRACs are a group of ubiquitously expressed
outwardly-rectifying channels that are composed of LRRC8
subunits, with LRRC8A being obligatory for pore formation
(Ghouli et al., 2022; Qiu et al., 2014; Voss et al., 2014). In
the presence of ATP, these channels are activated by cell
swelling and mediate RVD through the efflux of various
anions and osmolytes, including glutamate (Okada et al.,
2021). The glutamate-releasing nature of VRAC has
brought this family of channels to the attention of groups
studying glutamate-mediated toxicity and ischemia. The dele-
tion of LRRC8A from GFAP+ astrocytes reduced glutamate-
dependent neuronal excitability and protected against
ischemia-mediated brain damage in an experimental model
of stroke (Yang et al., 2019). Similarly, the deletion of
LRRC8A from nestin+ cells attenuated ischemia-induced glu-
tamate release as determined through brain slice electrophys-
iology (Wilson et al., 2021). Given that epilepsy is a chronic
seizure disorder characterized by neuronal hyperexcitability
attributed to increased glutamatergic neurotransmission, it is
critical to determine whether VRACs are also implicated in
the genesis of seizures and epilepsy syndromes.

We were interested in answering three primary questions:
(1) Is hippocampal LRRC8A dysregulated throughout the
development and progression of MTLE?; (2) What are the
time point of maximal dysregulation and the cell-type specif-
icity of LRRC8A regulation?; and (3) Are there concurrent
changes to other glutamate/GABA-glutamine cycle compo-
nents at the timepoint of maximal LRRC8A dysregulation?

First, our data suggest that LRRC8A is indeed dysregu-
lated throughout epileptogenesis. Immunoblot data derived
from whole dorsal hippocampal tissue homogenate showed
that LRRC8A is upregulated at 14dKA bilaterally, and IHC
data derived from hippocampal tissue sections proximal to
the injection site showed LRRC8A upregulation at 7dKA
bilaterally. Layer-specific analysis revealed a more nuanced
dysregulation of hippocampal LRRC8A at 1dKA, 7dKA,
and 30dKA. The conflicting immunoblot and IHC findings
may be rooted to the fact that biological tissues respond to
focal insults with spatially dependent differential expression
(Walls et al., 2023). In other words, LRRC8A expression
from sections proximal to the injection site reflects more
immediate cellular changes—explaining increases at 7dKA
detected via IHC—whereas changes to the LRRC8A expres-
sion in the entire dorsal hippocampus develop over a longer
period—explaining the delayed upregulation at 14dKA
detected via immunoblot. The difference in the findings
may also be a result of variable immunodetection, as two dif-
ferent anti-LRRC8A antibodies were used for each technique.
In either case, we determined that LRRC8A is likely upregu-
lated at the early- to mid-epileptogenic period, which corre-
sponds to the period during which spontaneous seizures
develop in our model.

Interestingly, both the immunoblot and IHC data point to
the dysregulation of LRRC8A in the contralateral (uninjected)
hippocampus. Unilateral kainate injection into the murine hip-
pocampus has previously been shown to elicit seizures in
bilateral hippocampi and cortices (Lisgaras and Scharfman,
2022). This finding points to the capacity of focal-onset

Figure 11. Glutaminase immunoreactivity in the ipsilateral and contralateral dorsal hippocampus at 7dKA. (11A) Representative images of

the dorsal hippocampus of saline-treated and KA-treated tissues at 7dKA stained for glutaminase (Gls1, green). Total hippocampus and

layer-specific quantification of Gls1 mean gray values in the ipsilateral (11B) and contralateral (11C) hippocampus

(n= 6 KA-treated animals and n= 5 saline-treated animals, 1–2 sections/animal). * indicates P< .05, ** indicates P< .01, *** indicates P<
.001, and **** indicates P< .0001. Scale bar: 500 µm.
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seizures in MTLE to generalize and spread into the contralat-
eral hemisphere of the brain. Based on this, the upregulation
of LRRC8A observed in the contralateral hippocampus is
likely a function of the propagated seizure activity, as
opposed to a secondary response to the inflammation or neu-
rotoxicity generated locally by the kainate injection.

Our finding that hippocampal LRRC8A is upregulated in
epilepsy aligns with a previous study that showed increased
hippocampal LRRC8A mRNA levels in epileptic tissue;
however, we are weary to over-compare our results because
they used a different method of KA administration (intraper-
itoneal vs. intrahippocampal), employed a different rodent
model (rats vs. mice), and measured LRRC8AmRNA at a dif-
ferent timepoint (8-weeks vs. 1-, 7-, 14-, and 30-days)
(Tsverava et al., 2019). Furthermore, we measured protein
immunoreactivity whereas they measured mRNA levels,
and it has been well established that the correlation between
mRNA expression and protein expression is poor with a
reported Pearson coefficient of 0.40 (Vogel and Marcotte,
2012). This suggests that only 40% of protein expression
can be predicted by known mRNA measurements, and the
remaining 60% variability is accounted for due to other regu-
latory mechanisms at the transcription level.

Regarding our second question, we aimed to determine the
time point and cell-type specificity of maximal LRRC8A dys-
regulation. Using IHC, we found a remarkable increase in
LRRC8A labeling at 7dKA bilaterally in the hippocampus.
At this early epileptogenic period, colocalization of
LRRC8A with GFAP suggests that LRRC8A upregulation
occurs primarily in astrocytes bilaterally. Interestingly, the

ipsilateral epileptic hippocampus exhibits a higher gross
labeling of astroglial LRRC8A compared to the contralateral
epileptic hippocampus; however, the contralateral epileptic
hippocampus exhibits a more robust increase in astroglial
LRRC8A compared to contralateral nonepileptic controls.
We detected minimal colocalization of LRRC8A in NeuN+

neurons in the ipsilateral epileptic hippocampus compared
to nonepileptic controls. However, there was no detectable
trace of LRRC8A and NeuN colocalization in the contralat-
eral epileptic hippocampus compared to nonepileptic controls.
Importantly, although we detected “basal” astroglial
LRRC8A colocalization in control tissues, we did not detect
any neuronal LRRC8A expression in control tissues, suggest-
ing an unappreciable expression of basal neuronal LRRC8A.
Taken together, we found that in the control hippocampus,
LRRC8A is expressed primarily by astrocytes bilaterally,
and in the epileptic hippocampus, LRRC8A is upregulated
primarily by astrocytes bilaterally.

As for our third question, we aimed to determine whether
there are concurrent changes to other glutamate-GABA/
glutamine cycle components at the timepoint of maximal
LRRC8A dysregulation. It was previously determined that
at this early epileptogenic period, the astrocytic glutamate
transporter GLT-1 is downregulated in the dentate gyrus,
the astrocytic glutamate transporter GLAST exhibits no dys-
regulation, and the neuronal glutamate transporter EAAC1
is downregulated in the ipsilateral hippocampal CA1
domain (Peterson and Binder, 2019; Peterson et al., 2021).
These findings demonstrated significant disruption to gluta-
mate reuptake mechanisms in the epileptic hippocampus. To

Figure 12. Glutamine synthetase immunoreactivity in the ipsilateral and contralateral dorsal hippocampus at 7dKA. (12A) Representative

images of the dorsal hippocampus of saline-treated and KA-treated tissues at 7dKA stained for glutamine synthetase (GS, green). Total

hippocampus and layer-specific quantification of GS mean gray values in the ipsilateral (12B) and contralateral (12C) hippocampus (n= 5

KA-treated and saline-treated animals each, 1–2 sections/animal). * indicates P< .05 and ** indicates P< .01. Scale bar: 500 µm.
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build on these findings and to develop a more comprehensive
picture of the glutamate landscape at 7dKA, we aimed to
determine whether GAD67, Gls1, and GS were dysregulated
at this early epileptogenic timepoint.

GAD is an enzyme primarily expressed in inhibitory
neurons that catalyzes the conversion of glutamate into
GABA, the inhibitory neurotransmitter responsible for the
modulation of neuronal network excitability (Neuray et al.,
2020). GAD exists in two isoforms: GAD65 and GAD67,
with the latter contributing to greater than 90% of basal
GABA in the brain (Neuray et al., 2020). The inhibition of
GAD67 has previously been shown to induce drug-resistant
epilepsy in a zebrafish model, and mice deficient in GAD65
develop spontaneous seizures (Dudek and Shao, 2003;
Zhang et al., 2017). Furthermore, bi-allelic GAD1 gene vari-
ants were observed in humans with early-infantile onset epi-
lepsy (Neuray et al., 2020). These data point to the critical
role of this enzyme in modulating neuronal excitability, and
they suggest that GAD dysregulation can lead to aberrant neu-
ronal activity. Similarly, our data suggest that GAD67 was
significantly downregulated in both the ipsilateral and

contralateral epileptic hippocampus. This would effectively
decrease the conversion of glutamate to GABA, leading to
glutamate accumulation in the inhibitory cells of the hippo-
campus. Humans and animal models of MTLE exhibit a
loss of inhibitory neurons—particularly in the hippocampal
dentate gyrus—that precedes the onset of seizure activity
(Dudek and Shao, 2003). Based on this, the downregulation
of GAD67 and the subsequent accumulation of glutamate in
inhibitory neurons may precipitate the death of this subset
of neurons, as is characteristic of the epileptic tissue. A
recent study found that the overexpression of inhibitory par-
valbumin interneurons correlates with an upregulation of
GAD65 and GAD67, which in turn results in increased
GABA levels and decreased glutamate levels (Zeng et al.,
2023). Reciprocally, they found that the silencing of parvalbu-
min cells downregulates GAD65 and GAD67, leading to
decreased GABA levels and increased glutamate levels
(Zeng et al., 2023). Taken together, these novel findings
suggest that restoration or the upregulation of GAD67 may
be neuroprotective and/or antiepileptogenic in this model.

Glutaminase is a mitochondrial enzyme that catabolizes
glutamine (an “inert” neurotransmitter) into glutamate and
ammonia. This enzyme exists in two isoforms: kidney-type
Gls1, which is expressed robustly in the brain, and liver-type
Gls2 (Curthoys and Watford, 1995). Gls1 is primarily
expressed in neuronal mitochondria; however, minimal
protein expression was also identified in astrocytes
(Cardona et al., 2015). Loss of function mutations to the
Gls gene in humans have been shown to cause lethal early
neonatal encephalopathy (Rumping et al., 2019).
Encephalopathies and seizures are often entangled—albeit
mechanistically elusive—phenomena (LaRoche, 2011).
Therefore, it is possible that Gls deficiencies that manifest
as neonatal encephalopathies share underlying undetected
seizure pathologies. Previous studies have shown that Gls
mRNA is increased in the dentate gyrus of patients with
MTLE compared to nonepilepsy controls (Eid et al., 2013).
In our study, however, we determined that Gls1 (isoforms
KCA and GAC) was downregulated in the ipsilateral epileptic
hippocampus. Although this may appear to contradict previ-
ous reports, it is important to note that the correlation
between mRNA levels and protein levels is often weak, and
discrepancies can be attributed to the various phases of regu-
lation that occur between transcription and translation
(Koussounadis et al., 2015). Dissimilar findings in the litera-
ture may also be a function of the different models and time
points that are studied. Our observation that Gls1 is decreased
may suggest that less glutamine is being converted to gluta-
mate in the ipsilateral epileptic hippocampus, which would
appear to be a favorable compensation as it implies that
there is a reduction in glutamate levels. However, additional
studies would be necessary to quantify the glutamate
content of the epileptic tissue. Antithetical to any benefits
derived from decreased glutamate levels, the accumulation
of intracellular glutamine is hypothesized to exert its own

Figure 13. Diagrammatic summary of the regulation of key

glutamate/GABA-glutamine proteins at 7dKA in the epileptic

hippocampus. The figure illustrates key players in the glutamate/

GABA-glutamine cycle between neurons and astrocytes, including

VRAC (LRRC8A), astrocytic glutamate transporters GLT-1 and

GLAST, neuronal glutamate transporter EAAC1, astrocytic enzyme

GS, neuronal enzymes Gls1 and GAD67, as well as the

neurotransmitters glutamate, glutamine, and GABA. Upward green

arrows represent upregulation and downward red arrows represent

downregulation of the transporters, channels, and enzymes at 7dKA

in the ipsilateral (13A) and contralateral (13B) hippocampus. Partly

created with BioRender.com.
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toxicity, as it excessively transports ammonia into the mito-
chondria, interfering with normal mitochondrial function
(Albrecht and Norenberg, 2006). Given that epileptic seizures
often result from mitochondrial dysfunction, the downregula-
tion of glutaminase and the subsequent increase in glutamine
concentration may serve as a mechanism by which mitochon-
drial pathology manifests (Fabisiak and Patel, 2022; Fulton
et al., 2021; Gano et al., 2018; Patel, 2004).

GS is an enzyme that is primarily expressed in the astro-
glial cytoplasm (particularly at perivascular endfeet) and
works to metabolize glutamate and ammonia into glutamine
(Eid et al., 2012). GS downregulation is implicated in many
neurological diseases such as Alzheimer’s, depression, and
schizophrenia (Eid et al., 2012). Previous studies have
shown that GS is downregulated in resected hippocampal
tissues from MTLE patients, suggesting that decreased GS
expression and the subsequent accumulation of glutamate

leads to neuronal hypersynchrony and seizures (Eid et al.,
2004). In fact, from the case study of a 3-year-old patient,
we found that genetic GS deficiency led to the development
of neonatal seizures and encephalopathy (Häberle et al.,
2011). Despite these findings, we observed increased GS
immunolabeling in both the ipsilateral and contralateral epi-
leptic hippocampus. Although these findings appear to be
contradictory, it is important to note that we measured hippo-
campal GS at the early epileptogenic phase (7dKA) of
MTLE. We hypothesize that the acute phase of temporal
lobe epileptogenesis is characterized by a compensatory upre-
gulation of GS, with astrocytes working in overdrive to
decrease the glutamate levels. However, at later timepoints
coinciding with prolonged neuroinflammation when the hip-
pocampus undergoes sclerosis and the glia become chroni-
cally hypertrophic, a pathological downregulation of
astroglial GS ensues.

Figure 14. Graphical summary of layer-specific regulation of key glutamate/GABA-glutamine proteins at 7dKA in the epileptic

hippocampus. The graph summarizes the layer specific changes to the levels of LRRC8A, GAD67, Gls1, GS, GLAST (EAAT1), GLT-1

(EAAT2), and EAAC1 (EAAT3) in the epileptogenic ipsilateral (14A) and contralateral (14B) dorsal hippocampus. Green upward arrows

represent upregulation, red downward arrows represent downregulation, and empty boxes represent no changes in the biomarker

expression. Partly created with BioRender.com.
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In summary, our findings suggest that LRRC8A—and
therefore VRAC—are upregulated primarily in GFAP+ astro-
cytes as early as 7dKA, coinciding with the timepoint of spon-
taneous seizure onset in this model. Concurrently, GAD67,
Gls1, and GS are also dysregulated at this timepoint.
Because most studies point to the excitotoxic effects of
VRAC-meditated glutamate release, we speculate that the
increase in astroglial VRAC protein expression is proportional
to the increase in channel activity, resulting in increased
VRAC-mediated glutamate efflux into the extracellular space.
In fact, the dysregulation of VRAC may work in concert with
the dysregulation of the other glutamate-GABA/glutamine
cycle players to push the hippocampus towards a hypersynchro-
nous state and precipitate the onset of spontaneous seizures.
Specifically, glutamate transporter downregulation, LRRC8A
upregulation, and GAD67 downregulation may increase extra-
cellular glutamate levels. The net effect of these aberrant trans-
porters, channels, and enzymes could be excitotoxic damage to
the brain tissue and the precipitation of seizures.

Alternately, it is possible that an increased channel expression
may not directly correlate with increased channel activity. One
study found that the overexpression of lrrc8aa (the zebrafish equiv-
alent of LRRC8A) in HPF cells reduced swell-activated chloride
currents, suggesting the increase of the essential pore-forming
subunit does not increase the VRAC function (Yamada et al.,
2016). However, it is important to consider that the physiological
consequences of exogenous overexpressionmay differ from that of
endogenous upregulation. The exogenous overexpression of
LRRC8A may cause the formation of LRRC8A homomeric
VRAC channels that poorly recapitulate normal VRAC activity,
whereas the endogenous upregulation of LRRC8A may parallel
the upregulation of other LRRC8 subunits that together assemble
into functional VRAC channels (Yamada et al., 2021).

It is also important to note that recent studies have challenged
the primary narrative of VRAC-mediated glutamatergic excito-
toxicity. One group found that the total deletion of LRRC8A
in nestin+ cells resulted in complete loss of VRAC-mediated glu-
tamate release, whereas heterozygous knockout animals exhib-
ited full swell-activated glutamate release (Balkaya et al.,
2023). Despite this difference, both full and heterozygous knock-
out animals displayed identical protection against ischemia in an
experimental stroke model, suggesting VRAC ablation may
exert its neuroprotective function through nonglutamatergic
mechanisms (Balkaya et al., 2023).

Although it is clear that LRRC8A—and, by extension,
VRAC—are upregulated in the epileptic hippocampus, the
functional effects of the upregulation remain unclear.
Further studies are required to delineate the role of VRAC
in excitotoxicity and epileptogenesis. To evaluate whether
cell-type specific VRAC play a causative role in the develop-
ment, progression, and termination of spontaneous seizures,
video-EEG studies should be conducted in conjunction with
the use of either VRAC inhibitors or transgenic LRRC8A
knockout/ knockdown animals in appropriate animal models
of epileptogenesis.

Abbreviations
MTLE mesial temporal lobe epilepsy
ASDs anti-seizure drugs
GLT-1 glutamate transporter 1
GLAST glutamate-aspartate transporter
EAAC1 excitatory amino acid transporter 1
VRAC volume regulated anion channel
LRRC8A leucine-rich repeating protein 8A
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