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Introduction: Astrocytic Aquaporin 4 (AQP4) and Transient receptor potential
vanilloid 4 (TRPV4) channels form a functional complex that likely influences
cell volume regulation, the development of brain edema, and the severity
of the ischemic injury. However, it remains to be fully elucidated whether
blocking these channels can serve as a therapeutic approach to alleviate the
consequences of having a stroke.

Methods and results: In this study, we used in vivo magnetic resonance
imaging (MRI) to quantify the extent of brain lesions one day (D1) and seven
days (D7) after permanent middle cerebral artery occlusion (pMCAQO) in AQP4
or TRPV4 knockouts and mice with simultaneous deletion of both channels.
Our results showed that deletion of AQP4 or TRPV4 channels alone leads to
a significant worsening of ischemic brain injury at both time points, whereas
their simultaneous deletion results in a smaller brain lesion at D1 but equal
tissue damage at D7 when compared with controls. Immunohistochemical
analysis 7 days after pMCAO confirmed the MRI data, as the brain lesion was
significantly greater in AQP4 or TRPV4 knockouts than in controls and double
knockouts. For a closer inspection of the TRPV4 and AQP4 channel complex
in the development of brain edema, we applied a real-time iontophoretic
method in situ to determine ECS diffusion parameters, namely volume fraction
(o) and tortuosity (A). Changes in these parameters reflect alterations in cell
volume, and tissue structure during exposure of acute brain slices to models
of ischemic conditions in situ, such as oxygen-glucose deprivation (OGD),
hypoosmotic stress, or hyperkalemia. The decrease in o was comparable
in double knockouts and controls when exposed to hypoosmotic stress or
hyperkalemia. However, during OGD, there was no decrease in a in the double
knockouts as observed in the controls, which suggests less swelling of the
cellular components of the brain.
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Conclusion: Although simultaneous deletion of AQP4 and TRPV4 did not
improve the overall outcome of ischemic brain injury, our data indicate that
the interplay between AQP4 and TRPV4 channels plays a critical role during
neuronal and non-neuronal swelling in the acute phase of ischemic injury.

TRPV4, AQP4, ECS diffusion, MRI, cerebral ischemia, brain edema

Introduction

During ischemic injury, the insufficient blood supply to
the brain tissue leads to a lack of oxygen and nutrients and,
subsequently, to the accumulation of harmful substances that
often results in cell death and is accompanied by massive brain
edema. Generally, two types of cerebral edema are described,
vasogenic (extracellular) and cytotoxic (intracellular). The
vasogenic edema results from a disruption of blood brain barrier
(BBB) and its tight junctions and from subsequent extravasation
of blood proteins and fluid into extracellular space (ECS). On
the contrary, cytotoxic edema is caused by the disruption of
ion homeostasis and its main characteristic is excessive cellular
swelling (Ho et al, 2012). Although it is understood that
astrocytes play a major role in cytotoxic brain edema formation
(Liang et al, 2007), it was demonstrated that neurons also
markedly and rapidly change their volume within seconds in
response to brain ischemia. This is manifested as swelling of the
neuronal somas as well as dendritic “beading” (Steffensen et al,,
2015; Hellas and Andrew, 2021). However, neuronal swelling
does not appear simply as an osmotic event but is elicited by
spreading depolarization, which occurs during ischemic brain
injury. It can also be caused by neurotoxins, which artificially
increase the intracellular concentration of Na® (Hellas and
Andrew, 2021). On the contrary, glial swelling during ischemia
results directly from the osmotic imbalance caused by spreading
membrane depolarization and the subsequent accumulation of
ions, glutamate, reactive oxygen species, and other harmful
substances (Risher et al., 2009; Song and Yu, 2014). Osmotic
cellular swelling is then counteracted by the process of a
regulatory volume decrease (RVD). Volume recovery of the
cells during RVD is achieved by the efflux of cytosolic K,
Cl™ and other intracellular osmolytes, which is accompanied by
water movement from the cells into the ECS (Pasantes-Morales
and Morales Mulia, 2000; Pasantes-Morales et al., 2000; Ordaz
et al,, 2004; Wilson and Mongin, 2018). In the literature, studies
performed on mature neurons do not support the idea of RVD,
and this phenomenon is thus mostly attributed to glia, especially
to astrocytes (Mola et al., 2016; Wilson and Mongin, 2018; Hellas
and Andrew, 2021; Reed and Blazer-Yost, 2022).

The process of volume regulation is associated with
numerous membrane channels and transporters, including
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volume-regulated anion channels (VRACs), Aquaporin 4
(AQP4) channels, Transient receptor potential 4 (TRPV4)
channels, Inwardly rectifying K*4.1 channels (Kir4.1) (Mola
et al,, 20215 Reed and Blazer-Yost, 2022) or Swelling-activated
chloride channels (LRRC8A) (Formaggio et al, 2019). AQP4
channels represent the main water pathway and they cluster on
the perivascular membranes of astrocytes and retinal macroglia
(Wolburg et al., 2011; Nagelhus and Ottersen, 2013).

Water transport through AQP4 is bi-directional and
depends on the osmotic gradients between ECS and astrocytic
cytosol. It was previously demonstrated that the role of AQP4
channels in brain edema development differs based on the
type of edema involved. The AQP4-deficient mice are relatively
safe from water influx during cytotoxic edema development,
however they show worsened outcome of vasogenic cerebral
edema, because the water drainage from brain parenchyma
is compromised (Papadopoulos and Verkman, 2007; Clement
2020). It has been stated that AQP4 channels form
a functional complex with TRPV4 channels, which play a

et al.,

crucial role in RVD and glial volume regulation in general.
In this complex, TRPV4 channels mediate cell response to the
membrane stretch caused by the excessive water influx during
cytotoxic edema development and to mechanical stimuli in
general (Liedtke, 2007; Redmon et al.,, 2021) (Liedtke, 2007;
Redmon et al, 2021). The activation of TRPV4 channels
increases intracellular Ca>* concentration, which triggers RVD
and leads to water efflux via the AQP4 channels and, therefore,
strongly affects the cellular response to the development of
cytotoxic brain edema (Benfenati et al, 2011; Jo et al,, 2015). In
addition, recent study showed correlation between the increased
expression of AQP4/TRPV4 complex and larger peri-tumor
edema in patients (Faropoulos et al., 2021).

Changes in cell volume during their swelling or RVD are
compensated for by a reciprocal change of the ECS volume,
followed by changes in the ECS diffusion properties, leading to
a higher concentration of potentially neurotoxic substances; this
may be an additional factor contributing to the tissue damage
(Sykova and Nicholson, 2008). Brain ECS not only represents
an essential microenvironment surrounding brain cells, but
also an important route for inter-cellular communication and
the transport of metabolites and chemicals (Vizi et al., 2004;
Sykova and Vargova, 2008). The diffusion parameters of the
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ECS, extracellular volume fraction o and tortuosity x, govern the
extracellular diffusion of neuroactive substances and also reflect
fairly accurately the current structure of the brain (Thorne
and Nicholson, 2006; Anderova et al., 2011; Nicholson and
Hrabetova, 2017). Our previous findings revealed that changes
in the ECS volume fraction o do not always correlate with
astrocyte volume changes (Anderova et al, 2014) since the
ECS volume alterations measured by the real-time iontophoretic
(RTI) method reciprocally reflect the volume changes in all
cellular elements of the tissue, i.e., in both neurons and
glial cells.

Both AQP4 and TRPV4 channels are involved in brain water
and ion homeostasis, edema development, and cell volume
regulation, and thus manipulation of their expression affects
the impact of experimental cerebral ischemia. However, their
deletion or block does not appear to have a clear protective or
deleterious effect, and the available data are quite controversial
depending on the ischemic model used and the method used
to quantify the extent of the damage. In this study we decided
to examine not only the effect of the deletion of individual
channels (AQP4*/ ~and TRPV4~/ ~) but, more importantly, of
both channels together (AQP4~/~/TRPV4~—/7). We performed
magnetic resonance imaging (MRI) in vivo to assess the impact
of permanent middle cerebral artery occlusion (pMCAO) on
the size of ischemic brain damage in all experimental groups,
and the MRI results were verified by immunohistochemistry.
For a closer inspection of the function of AQP4 and TRPV4 in
edema development, we implemented the RTI method in situ
to clarify to what extent the deletion of both AQP4 and TRPV4
channels can induce changes in the ECS volume fraction and
tortuosity when cell swelling is evoked by hypoosmotic stress,
hyperkalemia or oxygen-glucose deprivation (OGD). Since RTI
and MRI methods both reflect alterations in all cellular elements,
we used in the general statement term non-neuronal cells to all
cell types except from neurons, while terms neurons, astrocytes,
microglia, or oligodendrocyte precursor cells (OPC) are used
when we analyzed specific mechanisms that can be involved in
cell swelling/volume recovery in different cell types.

Materials and methods

Transgenic mice

Mice of postnatal age P80-120, both male and female
were used in the experiments. The number of animals
used in each method is stated in the method description.
The experiments were performed on transgenic mice with
fluorescently labeled astrocytes [line designation TgN(GFAP-
EGFP), FVB background], in which the expression of EGFP
was controlled by the human GFAP promoter (Nolte et al,
2001). These mice were used for comparison with other
parallel studies where visualization of astrocytes is needed for

Frontiers in Cellular Neuroscience

03

10.3389/fncel.2022.1054919

morphometric experiments. The mice were either cross-bred
with the Trpv4-deficient strain (on C57BL/6N background) with
excised exon 12 encoding transmembrane pore domains 5 and
6 (Liedtke and Friedman, 2003), or with Aqp4-deficient mice
(genetic background B6 mixed with Balb/c). Frozen embryos of
the AQP4 knockout mice were obtained from Riken BRC (acc.
no. CDB0758K-1') and delivered by a licensed carrier to the
Czechia, where breeding lines were established through embryo
transfer in The Czech Centre for Phenogenomics (Vestec,
Czechia). Homozygous Trpv4-, and Agp4- deficient lines were
established together with animal lines deficient in both TRPV4
and AQP4, homozygous Agp4- and Trpv4-positive line was used
as the Ctrl.

All procedures involving the use of laboratory animals
were performed in accordance with the Council Directive
2010/63EU of the European Parliament and the Council of 22
September 2010, on the protection of animals used for scientific
purposes and animal care guidelines approved by the Institute
of Experimental Medicine, Academy of Sciences of the Czech
Republic (Animal Care Committee on 7 April 2011; approval
number 49/2019). All efforts were made to minimize both the
suffering and the number of animals used.

Permanent middle cerebral artery
occlusion

Focal cerebral ischemia was modeled using pMCAO. The
mice were anesthetized using a vaporizer (Tec-3, Cyprane
Ltd., Keighley, UK) with 2% Isoflurane (Abbot, IL, USA).
A part of the skin between the orbit and the external auditory
meatus was cut, a 1-2 mm hole was drilled through the
frontal bone and the middle cerebral artery (MCA) was
occluded by electrocoagulation with bipolar tweezers (SMT,
Czechia). To ensure permanent vessel occlusion, the MCA was
later transected. During surgery, the body temperature was
maintained at 37 £ 1°C using a heating pad (SurgiSuite, Kent
Scientific, USA).

Magnetic resonance imaging

Magnetic resonance imaging (MRI) was used to determine
the extent of the post-ischemic damage after cerebral ischemia.
T,-weighted imaging was used to quantify the volume of
the ischemic lesion 1 day (D1) and 7 days (D7) after the
pMCAO. Additionally, diffusion-weighted (DW) imaging was
performed to obtain data on tissue diffusivity in D1. All MR
experiments were performed at a 4.7 T MR scanner (Bruker
BioSpec, Ettlingen, Germany) equipped with a head homemade

1 http://www.cdb.riken. jp/arg/mutant%20mice%20list.html
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surface coil and with a 200 mT/m gradient system (190 s rise
time). Volume analysis and diffusion results were analyzed using
ImageJ software (version 1.48v, National Institutes of Health,
USA).

The volume of the pMCAO-induced lesion was measured
in 23 mice. The scanner uses 2D Rapid Acquisition with
a Relaxation Enhancement (RARE) and a multi-spin echo
sequence, allowing the acquisition of T,-weighted coronal and
axial images. The basic sequence parameters were: Repetition
Time (TR) = 3,300 ms, effective echo time (TE.g) = 36 ms,
number of acquisitions (NA) = 1 (axial plane) and 4 (coronal
plane), acquisition time = 1 min 19 s (axial plane) and 5 min 16 s
(coronal plane), slice thickness = 0.6 mm, turbo factor = 8 and
spatial resolution 137 pm X 137 wm, excitation and refocusing
pulses: Hermite with 2.700 Hz bandwidth. The 23 mice were
scanned to quantify the volume of the pMCAO-induced lesion.
The lesion volumes were assessed independently by three
experienced investigators. The edges of increased intensity areas
were manually delineated for the axial and coronal T,-weighted
images. The average pixel area of the two planes for each animal
was calculated to determine the lesion volume. To perform the
imaging, the animals were anesthetized with isoflurane (1.5%
in a mixture of 40% O, and 60% N,0O) and placed in a heated
mouse holder. Nine T,-weighted sagittal images (TE of 20 ms,
TR of 2.4 s, 4 acquisitions, field of view—FOV 1.92 cm x 1.92 cm,
matrix size 256 x 128, slice thickness of 0.8 mm, interslice
distance 1.2 mm) were used to position the coronal slices for
T,-weighted and DW measurements.

DW-MRI measurements were performed as previously
described (Sykova and Jendelovd, 2005). A coronal slice was
acquired using the following parameters: time interval between
gradient pulses A = 30 ms, b-factors = 136, 329, 675, 1035,
1481, and 1825 s/mm?2, TE = 46 ms, TR = 200 ms, field of view
1.92 cm x 1.92 cm, matrix size = 256 x 128, one 0.8 mm thick
coronal slice. DW images were measured using the stimulated
echo sequence. In DW measurements, the diffusion gradient
direction pointed along the rostrocaudal direction. Maps of the
apparent diffusion coefficient of water (ADCw) were calculated
using custom-made software by a linear least square algorithm.

Data are presented as mean = SEM. Statistical analyses of
group differences were performed using a one-way ANOVA
and Bonferroni’s post hoc test. Differences between the groups
were considered statistically significant when p < 0.05, very
significant when p < 0.01, and extremely significant when
p < 0.001.

Immunohistochemistry

For immunohistochemical analyses the experimental
mice were deeply anesthetized with sodium-pentobarbital
(100 mg/kg, ip.), and transcardially perfused with 20 ml
of saline with heparin (2500 IU/100 ml; Zentiva, Prague,
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Czechia) followed by 20 ml of 4% paraformaldehyde. Brains
were dissected, post-fixed in 4% paraformaldehyde overnight,
and placed stepwise in solutions with gradually increasing
sucrose concentrations (10, 20, and 30%) for cryoprotection.
Coronal slices (30 pm) were prepared using Hyrax C50
cryostat (Zeiss, Gottingen, Germany). The slices were incubated
in a blocking solution containing 5% ChemiBLOCKER
(Merck, Darmstadt, Germany) and 0.5% Triton X-100 (Merck,
Darmstadt, Germany) in phosphate buffer saline (PBS) for
1 h. They were then incubated overnight at 4°C with primary
antibodies diluted in a blocking solution, followed by a 2-h
incubation with species-specific secondary antibodies diluted in
a blocking solution at room temperature. Primary antibodies
against Ca’*-binding adapter molecule (Ibal; diluted 1:500,
Ab178846, Abcam, Cambridge, UK) and GFAP (diluted
1:800, conjugated to Cy3, C-9205, Sigma Aldrich, Merck,
Darmstadt, Germany) were used. Corresponding secondary
antibody (goat anti-rabbit IgG conjugated with Alexa-Fluor
594; Thermo Fisher Scientific; Waltham, MA, USA) was diluted
at 1:200. After immunostaining, the slices were mounted onto
microscope slides using Aqua-Poly/Mount (Polysciences Inc.,
Eppelheim, Germany).

Experimental solutions

The composition of the isolation solution, artificial
cerebrospinal fluid (aCSF) and the solutions modeling
hypoosmotic stress (aCSFy_s59 and CSFp_199), hyperkalemia
(aCSFk+), and OGD are listed in Table 1. All solutions except
OGD were equilibrated with 95% O, and 5% CO; (Carbogen,
Siad, Branany, Czechia) to a final pH of 7.4, and osmolality
was measured using a vapor pressure osmometer (Vapro 5520,
Wescor, Logan, USA). The OGD solution was saturated with
5% 02, 5% COz, and 90% Nz.

The preparation of acute brain slices

The experimental mice were deeply anesthetized with
sodium pentobarbital (100 mg/kg, ip.; Sigma Aldrich,
Germany), transcardially perfused with ice-cold (~4°C)
isolation solution and decapitated. The brains were quickly
dissected, placed into the ice-cold (4°C) isolation solution, and
cut transversally using a HM 650 V microtome with a vibrating
blade (MICROM Int. GmbH, Waldorf, Germany). The slices
were kept for 1 h in the aCSF at room temperature (23-25°C)
to recover. The individual 400 wm thick coronal brain slices
(from region 1.06 to 2.7 caudal from Bregma) were placed in
the experimental chamber connected with an upright Zeiss
microscope (Luigs and Neumann, Germany). Recordings were
performed every 5 min, first at room temperature (22-25°C)
and then at 32-34°C, in a chamber with aCSF enriched with
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TABLE 1 Contents of experimental solutions.

10.3389/fncel.2022.1054919

Compounds aCSF Isolation aCSFy—_so aCSFg_100 aCSFx + OGD
(mM) solution (mM) (mM) (mM) (mM) (mM)
NaCl 122 - 98 67 75 122
NMDG - 110 - - - -
KCl 3 2.5 3 3 50 3
NaHCO3 28 24.5 28 28 28 28
Na,HPO, 1.25 1.25 1.25 1.25 1.25 1.25
Glucose 10 20 10 10 10 -
CaCl, 1.5 0.5 1.5 1.5 1.5 1.5
MgCl, 1.3 7 1.3 1.3 1.3 1.3
Osmolality (mOsmol/kg) ~300 ~300 ~250 ~200 ~300 ~300

aCSF, artificial cerebrospinal fluid; aCSFy— 50, 250 mOsmol hypotonic solution; aCSFy— 190, 200 mOsmol hypotonic solution; aCSFk 4, 50 mM Kt solution; NMDG, N-methyl-D-

glucamine; OGD, oxygen-glucose deprivation.

0.1 mM tetramethylammonium ion (TMA™) at a flow rate of
4 ml/min, which was a continuously bubbled with 95% O,
and 5% CO,.

Measurements of the extracellular
space diffusion parameters

The ECS diffusion parameters were measured in acute
brain slices under the exposure to four different models
of brain pathology, resulting in osmotic disbalance and cell
swelling—aCSFp_ 50, aCSFy—_ 100, aCSFk 4, and OGD. The data
were averaged from measurements obtained from 48 Ctrl,
39 AQP4~/~/TRPV4~/~, 43 AQP4~/~, and 46 TRPV4~/~
mice. Data from 22 Ctrl were adopted from our previous
study (Chmelova et al, 2019), and pooled with additional
experiments in 26 mice that confirmed the previous results.
Similarly, new additional experiments extended the number
of AQP4~/~ and TRPV4~/~ mice in this study by 23
and 30 animals, respectively. The ECS volume fraction o
(o = ECS volume/total tissue volume), tortuosity k. (A? = free
diffusion coefficient/apparent diffusion coefficient), and non-
specific uptake (k' [s~!]), were determined by the RTI method
previously described by Nicholson and Phillips (1981). Briefly,
the ECS marker TMAT (MW 74.1 Da) is administered into
the tissue through the iontophoretic microelectrode, and its
concentration is measured using a double-barreled ion-selective
microelectrode (ISM) (Sykovd, 1992). The double-barreled ISM
consists of a reference barrel containing 150 mM NaCl and
an ion-sensitive barrel filled with ion-exchanger IE 190 (WPI,
Inc., Sarasota, USA)? at the tip, and backfilled with 100 mM
solution of TMA™. The electrodes were calibrated before each
experiment in a series of solutions with increasing TMA™
concentrations of 0.25, 0.5, 1,2, 4, 8, and 16 mM in a background

2 https://www.wpiinc.com/ie190- potassium-ion-exchanger
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of 150 mM NaCl and 3 mM KCL The TMA" signal was
recorded by a hand-manufactured differential amplifier, which
amplifies the voltage difference by subtracting the background
signal common to both barrels, then digitizes and stores them
on a personal computer. Obtained voltages were fitted to the
Nikolsky equation to acquire the slope and the interference
of each ISM. The iontophoretic microelectrode was filled with
100 mM TMA™ and was glued to individual ISM with a tip
separation of 80-100 wm (Supplementary Figure 1). Prior to
the tissue measurements, the ISMs were calibrated in 0.3%
agar gel (Sigma Aldrich, Germany), dissolved in a solution
of 150 mM NaCl, 3 mM KCl, and 1 mM TMAT, in which
a =1 h =1 and ¥ = 0 s~ ! (free diffusion values).
During calibration, a 20 nA bias current was continuously
applied from a constant current, high impedance source
(Single Channel Iontophoresis Generator ION-100; Dagan
Corporation, Minneapolis, Minnesota, USA), to maintain a
constant electrode transport number. A current step of 200 nA
and 24 s duration generated a diffusion curve (stimulator Master
8, A.M.P.I, Jerusalem, Israel). The diffusion curves obtained
in agar were analyzed by a non-linear curve fitting simplex
algorithm, operating on a modified diffusion equation using
the VOLTORO program (kindly provided by C. Nicholson,
New York University School of Medicine, USA, unpublished
data), to acquire the values of the free diffusion coefficient of
TMA™ (D) and the electrode transport number (n). Knowing
the n and D values, the parameters o, X\, and k' could be
determined from the slice. To decrease the potential toxic effect
of TMA™ on the tissue, the background of TMAT in the solution
was lower (0.1 mM) than in agar (1 mM), where a relatively
high TMA™ concentration is used to obtain a stable value of the
transport number. To verify that all slices are viable and non-
ischemic, the diffusion experiments in situ were first performed
at aCSF at room temperature (24°C), and the obtained values
were compared to our database of the extracellular diffusion
parameter values from the previous studies during normoxia
and anoxia; if the value of a was lower than 0.10 and,
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concomitantly, X was higher than 1.80, the slice was considered
to be anoxic. Previous studies (Shibasaki et al., 2015; Salman
et al, 2017) demonstrated that TRPV4 activity is inhibited
at room temperature. To activate the TRPV4 channels and
maintain viable slices we raised the temperature of the bath
solution to 32-34°C, which represents a compromise value, that
activates the TRPV4 channels but does not harm the slices. After
stabilization of the ECS diffusion parameter values, we began the
20-min application of aCSFy_50, aCSFr— 100, OGD, or aCSFx
solutions followed by a 20-min washout in aCSF. The diffusion
curves were captured and analyzed every 5 min in the brain
cortex at a depth of 200 pm.

Data are expressed as mean £ SEM, N represents the
number of animals in the group, and #» represents the
number of slices. The statistical analyses of the differences
in ECS diffusion parameters among the experimental groups,
and of the ECS diffusion parameter, changed within the
experimental groups during applications, were performed using
two-way ANOVA with Tukey’s post-test. The differences were
considered significant when the value of p < 0.05. If not stated
otherwise, all datasets conform to the assumption of ANOVA
model and Tukey’s test, i.e., normal distribution and variance
homogeneity verified by a D’Agostino-Pearson omnibus K2 test
(D’Agostino, 1986).

Measurements of extracellular K*
concentration

The experiments were performed on 15 Ctrl, 10 AQP4~/—,
9 TRPV4~/~, and 13 AQP4~/~/TRPV4~/~ animals. The
extracellular potassium concentration ([K*],) was measured
by double-barreled K™ -sensitive microelectrodes, as previously
described in detail (Svoboda and Sykova, 1991). Briefly, the
tip of the K™ -selective barrel of the microelectrode was filled
with the liquid ion-exchanger IE 190 [WPI, Inc., Sarasota,
USA (see text footnote 2)] and back-filled with 100 mM
KCl, whereas the reference barrel contained 150 mM NaClL
Electrodes were calibrated in a sequence of solutions containing
2, 5, 8, 20, 50, and 80 mM KCI, with a background of either
148, 145, 142, 130, 100, or 70 mM NaCl, to keep the ionic
strength of the solution constant. The data were fitted to
the Nikolsky equation to determine the electrode slope. The
measurements were performed in the cortex in situ and to
activate the TRPV4 channels and maintain viable slices, we
raised the temperature of the bath solution to 33°C. After
the stabilization of the [KT], values, we began the 20-min
application of OGD solution followed by a 20-min washout
in aCSF. The voltage was captured every 1 min. Based on the
electrode characteristics, the measured voltage was converted to
extracellular concentrations by implementing modified Nernst
equation. Data are presented as the mean £+ SEM. Statistical
analyses were performed by two-way ANOVA with Tukey’s
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post-test. Differences between the groups were considered
statistically significant when p < 0.05, very significant when
p < 0.01, and extremely significant when p < 0.001.

Results

In this study, we used MRI to quantify the impact of
pMCAO on the size of ischemic brain damage in mice
lacking AQP4, TRPV4, or AQP4/TRPV4; the observed results
were verified by immunohistochemistry. To elucidate function
of AQP4 and TRPV4 in different models of acute edema,
we employed the RTI method to determine changes of the
ECS diffusion parameters induced by hypoosmotic stress,
hyperkalemia or OGD.

The impact of AQP4 and TRPV4
deletion on the volume of the ischemic
lesion

of the

mice,

We
lesion

quantified here the volume ischemic
in AQP4~/~ and TRPV4~/~
mice with the simultaneous deletion of both channels
(AQP4~/~/TRPV4~/~) employing T2-weighted MRI at
D1 and D7 following pMCAO (Figure 1), to assess their role
in edema formation and the post-ischemic outcome of the

and in

brain tissue. The results were compared to those obtained in
the Ctrl mice. Our experiments showed that the AQP4~/~
as well as the TRPV4~/~ mice develop about a twice larger
lesion volume 1D after pMCAO when compared to the
Ctrl. Similarly, the volume of the lesion at D7 after pMCAO
was significantly enlarged in both the TRPV4~/~ as well as
AQP4_/ ~ mice, when compared to the Ctrl. The decrease in
the lesion volume between D1 and D7 was comparable in both
the single knockouts, and did not significantly differ from that
in the Ctrl mice (Table 2).

Interestingly, quantification of a lesion volume in the
AQP4~/~/TRPV4~/~ mice brought quite the opposite
results, revealing a markedly smaller lesion volume at D1
when compared to both the single knockouts (Figure 1
and Table 2). The lesser impact of ischemic injury on the
AQP4~/~/TRPV4~/~ mice at DI was also confirmed by
the DW-MRI. While in the AQP4_/ ~/TRPV4~/~ mice, the
ADCy values on the ipsilateral side (609 £ 16 pm?s~!)
did not significantly differ from the contralateral side
(601 4+ 13 pm?s™1), in the Ctrl mice, the ADCy on the
ipsilateral side was significantly lower than on the contralateral
side (481 £ 17 umzs_1 and 665 + 18 umzs_l, respectively;
p < 0.001). Compared to the Ctrl, the values of the lesion
volume in the AQP4~/~/TRPV4~/~ at D7 were not
significantly different, (Figure 1 and Table 2). However,
they were still significantly smaller when compared to both
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B Aqp4”[Trpv4”

D Aqp4”[Trpv4”

Quantification of the ischemic lesion volume using T,-weighted magnetic resonance imaging of the mouse brain 1 day (D1) and 7 days (D7)

after pMCAO. (A) Bar graph showing an average volume of the ischemic lesion in the AQP4

, TRPV4~/~, and AQP4~/~/TRPV4 mice

compared to the Ctrl at D1 after pMCAO. Note that mice lacking AQP4 or TRPV4 channels showed significantly higher lesion volume, whereas
the volume of the lesions in the mice lacking both channels was significantly reduced when compared to the single knockouts

(B) Representative T,-weighted images of the brains of the Ctrl, AQP4

, TRPV4

,and AQP4~/~/TRPV4 mice at D1 after pMCAO. The

lesion is visible as a mild hyperintense area in the left hemisphere (yellow arrowheads). (C) Bar graph showing an average volume of the
ischemic lesion in the AQP4~/—, TRPV4~/~, and AQP4~/~/TRPV4~/~ mice compared to the Ctrl at D7 after pMCAQ. Note that at D7 after

pMCAO the lesion volume remains larger in the AQP4

as well as TRPV4

mice compared to the Ctrl, but in the AQP4 /TRPV4 , the

lesion size is comparable to Ctrl. (D) Representative T»-weighted images of the brains of the Ctrl, AQP4~/~, TRPV4~/~, and
AQP4~/~/TRPV4~/~ mice at D7 after pMCAO. The lesion is visible as a mild hyperintense area in the left hemisphere (yellow arrowheads). Data

are presented as mean + SEM. Asterisks indicate significant differences between the AQP4

/TRPV4 mice and the Ctrl (*p < 0.05,

**p < 0.01, ***p < 0.001). Ctrl, control; AQP4~/~, AQP4-deficient mice; TRPV4~/~, TRPV4-deficient mice; AQP4~/~/TRPV4~/~, AQP4- and
TRPV4-deficient mice; pMCAO, permanent middle cerebral artery occlusion.

the single knockouts. The decrease in the lesion volume
in AQP4~/~/TRPV4~/~ mice between D1 and D7 was
comparable to that observed in both the single knockouts and
Ctrl mice.

The differences in the extent of the tissue damage observed
between the single knockouts, AQP4~/~/TRPV4~/~ and
Ctrl, were confirmed using immunohistochemical staining
performed at D7 after pMCAO (Figure 2). We used antibodies
against GFAP and Ibal to visualize reactive astrocytes and
microglia, respectively. Consistent with the MRI results, we
observed comparable damage in the AQP4~/~/TRPV4~/~
as in the Ctrl mice, and significantly larger damage in the
AQP4~/~ or TRPV4~/~ mice (Figure 2).

In summary, similarly to the deletion of TRPV4 (Pivonkova
et al,, 2018), the deletion of AQP4 also worsens the impact of
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ischemic injury in the acute (D1), as well as chronic, phase (D7)
following pMCAO. On the contrary, the simultaneous deletion
of AQP4 and TRPV4 channels appears to be protective in the
acute phase, while in the chronic phase the outcomes of ischemic
injury in the Ctrl and double knockouts are comparable.

The effect of AQP4 and TRPV4
deletion on the diffusion parameters of
the extracellular space in response to
pathological stimuli

To assess how the post-ischemic alterations on the whole

brain level (MRI data) correspond with the changes on the
tissue and cellular level, we employed the RTI method for
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TABLE 2 Absolute values of the lesion volume (mm3) determined by
T,-weighted magnetic resonance imaging of the mouse brain 1 day
(D1) and 7 days (D7) after pMCAO.

D1 D7 % of decrease N
Ctrl 24.85+£7.29 3.32+£1.50 87.52 £2.31 6
Aqpd~/~ 41.51 £ 3.90 12.35 £ 2.30 70.61 £ 4.57 5
Trpva~/~ 47.37 £2.70 14.08 £ 2.42 71.11 £ 13.47 5
Aqpa~/~/ 415+ 1.29 1.64 £ 0.56 54.05 £ 14.79 5
Trpva=/~
Ctrl, control; Aqp4~ /=, AQP4-deficient mice; Trpv4~/~, TRPV4-deficient mice;

Aqp4~/~/Trpv4~/~, AQP4- and TRPV4-deficient mice; N represents the number of
animals in the group.

measurements of the ECS diffusion parameters: o, A, and K.
At the beginning of each experiment in acute brain slices, the
control values of a, A, and k’ were obtained from the cortex
bathed in 22-24°C aCSF and averaged. When these values
indicated that the slice is viable (see section “Materials and
methods”), the temperature of aCSF was increased to 33°C to
activate the TRPV4 channels. The resting values of &, X, or kK’
in the AQP4~/~/TRPV4~/~ mice in either 22-24°C or 33°C
matched the values in the Ctrl ( ). Our
previously published data ( , ), confirmed
also by this study, showed a significantly higher resting value
of a in the mice deficient for AQP4 in comparison with
the Ctrl, which persisted on the lower level of significance
when the temperature was increased. On the other hand, the
resting o values from TRPV4~/~ and the Ctrl mice did not
differ significantly. We did not detect any significant alterations
among the experimental groups in the resting values of \ or kK’

( )

Oxygen-glucose deprivation

Oxygen-glucose deprivation is frequently used as a model
of stroke in situ because of its similarity to models of cerebral
ischemia in vivo ( , ). To study the developing
tissue changes evoked by an acute cell swelling, we recorded
the values of ECS diffusion parameters every 5 min during a
20-min application of OGD, as well as during the subsequent
). During OGD, we detected a
significant decrease in o (p < 0.001) in the Ctrl mice, in

20-min washout (

comparison with its resting values but no changes in A or
K ( and ). Surprisingly, in
AQP4~/~/TRPV4~/~ the a, N, and kK’ remained unaffected
by OGD application throughout the whole time-course of the
experiment (p > 0.99, p > 0.98, and p > 0.86, respectively;
evaluated in the 20th minute of application; and

). It should be noted that we already
described in our previous publication that a decrease in o evoked
by OGD in AQP4~/~ mice is comparable to the Ctrl; however a
decrease in the TRPV4~/~ mice was significantly smaller than
in the Ctrl ( R ). The a values in the Ctrl as
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FIGURE 2

Immunohistochemical staining of the brains 7 days (D7) after
pMCAO. Staining with antibodies against GFAP (A) and Ibal (B)
showed that the extent of the damage in Aqp4~/~/Trpv4~—/—
mice is comparable to the Ctrl. Conversely, significantly greater
damage was observed in the Agp4 /or Trpv4 compared
to the Ctrl and the Agp4~/~/Trpv4~/~ mice. The white dotted
lines show the original size of the tissue slices in the places,
where due to the extent of the ischemic damage some parts of
the slices fell out. Details of the pictures showing GFAP or Ibal
expression are shown at right in white frames. Ctrl, control;
AQP4~/~, AQP4-deficient mice; TRPV4~/~, TRPV4-deficient
mice; AQP4~/~/TRPV4~/~, AQP4- and TRPV4-deficient mice;
GFAP, glial fibrillary acidic protein; Ibal, ionized Ca2* -binding
adapter molecule

well as in both single knockout strains remained decreased even
during 20 min of washout ( , ).

Since ischemia is accompanied by a profound increase
in [KT],, we also estimated extracellular K* concentrations
evoked by OGD, with the expectation that they may differ
in the Ctrl and AQP4~/—/TRPV4~/~ mice. The value
of [KT], at room temperature was similar in both the
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FIGURE 3

The effect of oxygen-glucose deprivation (OGD) on the ECS
diffusion parameters and extracellular potassium concentration
[K*]o in situ. (A) Representative diffusion curves with the
corresponding values of the ECS volume fraction («) and
tortuosity (1) recorded in the Ctrl, AQP4~/~, TRPV4~/~, and
AQP4~/~/TRPV4~/~ mice. Averaged data of o (B) and x (C)
measured in the Ctrl, AQP4 , TRPV4~/~, and
AQP4~/~/TRPV4~/~ mice at resting conditions (22-24°C),
33°C and at 5-min intervals during and after (washout) OGD.
Asterisks indicate significant differences between Ctrl and
AQP4~/=, TRPV4~/~, or AQP4~/~/TRPV4~/~ mice (*p < 0.05,
**p < 0.01, ***p < 0.001). (D) Values of [K*], recorded in 1-min
intervals in the Ctrl, AQP4 , TRPV4 ,and
AQP4~/~/TRPV4~/~ mice. Data are presented as mean 4 SEM.
Asterisks indicate significant differences between
AQP4~/~/TRPV4~/~ mice and AQP4~/~, TRPV4~/~, or Ctrl
(*p < 0.05, **p < 0.01, ***p < 0.001). Ctrl, control; AQP4~/—,
AQP4-deficient mice; TRPV4 , TRPV4-deficient mice;
AQP4~/~/TRPV4~/~, AQP4- and TRPV4-deficient mice; OGD,
oxygen-glucose deprivation; n, number of slices; ECS,
extracellular space.

Ctrl and AQP4~/~/TRPV4~/~ mice (45 + 0.4 mM and
4.2 £ 0.3 mM). Significant differences in [K*], between the
Ctrl and AQP4~/~/TRPV4~/~ appeared at the elevation of
bath temperature to 33°C, and were pronounced during OGD
with a maximum increase in the Ctrl mice to 8.4 + 0.5 mM
and in the AQP4~/~/TRPV4~/~ animals to 5.9 &+ 0.5 mM.
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These differences also persisted during washout (Figure 3D).
To improve understanding of such low [K*], in the cortex of
the AQP4~/~/TRPV4~/~ mice, we also estimated [K*], in the
cortex of the single AQP4 or TRPV4 knockouts during OGD.
There were no significant differences in [K™], between the
single knockouts and Ctrl during OGD, with maximum values
of 7.3 + 1.0 mM in AQP4~/~ mice, and 8.1 + 0.6 mM in
TRPV4~/~ mice (Figure 3).

Hypoosmotic stress

Hypoosmotic stress was used as another model of the
conditions inducing cytotoxic edema. Two different solutions
modeling either mild (aCSFy_50) or severe (aCSFH—100)
hypoosmotic stress were used (Supplementary Table 1). In all
the experimental groups, o was significantly reduced by the
application of both aCSFy_s59 and aCSFy_199 (p < 0.001 in
all groups) but no significant changes between the Ctrl and
AQP4~/~/TRPV4~/~ were observed. Hypoosmotic conditions
did not induce any significant changes in \ or k' (Figures 4A,B
and Supplementary Table 1). In our previous publications, we
already demonstrated that neither AQP4 nor TRPV4 deletion
alone had an impact on the maximal decrease of o values during
hypoosmotic stress (Pivonkova et al,, 2018; Chmelova et al,,
2019). During washout, the o gradually returned to the resting
values in slices from the Ctrl and AQP4~/~/TRPV4~/~ mice.
Similar behavior during the washout period was also observed
in the TRPV4~/~ and AQP4~/~ (Chmelova et al,, 2019).

Hyperkalemic conditions

As the last ischemia mimicking model we employed
extracellular hyperkalemia, induced by the application of
50 mM potassium solution (aCSFk, Supplementary Table 1).
Similarly, as in hypoosmotic stress, a values significantly
decreased during the application of aCSFg. solution in both
the experimental groups (p < 0.001), but no differences were
observed between the AQP4~/~/TRPV4~/~ mice and Ctrl.
Hyperkalemic conditions did also not induce any significant
changes in \ or k" in any of the experimental groups (Figure 4C
and Supplementary Table 1). During washout, a gradually
returned to the resting values.

We conclude that the simultaneous deletion of the AQP4
and TRPV4 channels leads to reduced swelling of the cellular
components of the brain tissue caused by OGD, which is
manifested as having no reduction in extracellular space volume.
Moreover, we showed that [K*], concentration reaches lower
values in the AQP4~/~/TRPV4~/~ mice than in the Ctrl during
OGD. These results are consistent with the data we obtained
from MRI, which show that the extent of ischemic damage is
significantly lower in the AQP4~/~/TRPV4~/~ mice than in
the Ctrl at D1 after pMCAO. Therefore, our findings support
the hypothesis that the AQP4 and TRPV4 cooperate in OGD-
induced cell swelling, and are responsible for the development
of cerebral edema and ischemic brain damage.
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FIGURE 4

The effect of hypoosmotic stress (A,B) and hyperkalemia (C) on the ECS diffusion parameters in situ. Representative diffusion curves with the
corresponding values of the ECS volume fraction (a) and tortuosity (») recorded in the Ctrl, AQP4~/~, TRPV4~/~, and AQP4~/~/TRPV4~/~ mice
(upper panels). Averaged data of a (middle panels) and X (bottom panels) measured in the Ctrl, AQP4~/~, TRPV4~/~, and AQP4~/~/TRPV4~/~
mice at resting conditions (22-24°C), 33°C and at 5-min intervals during and after (washout) applications of aCSFy_s50, aCSFy_100., and aCSFy
solutions. Data are expressed as mean + SEM. No significant differences were detected between the AQP4~/~/TRPV4~/~ and control animals.
Ctrl, control; AQP4~/~, AQP4-deficient mice; TRPV4~/~, TRPV4-deficient mice; AQP4~/~/TRPV4~/~, AQP4- and TRPV4-deficient mice;
aCSFH_50, 250 mOsmol hypotonic solution; aCSFH_ 100, 200 mOsmol hypotonic solution; aCSFy., 50 mM K* solution.

Discussion

In this study, we demonstrate that both AQP4 and TRPV4
channels, particularly their interaction, play an important role in
edema formation after ischemia in vivo and under ischemia-like
conditions such as OGD in situ.

The deteriorating effect of AQP4 or
TRPV4 deletion on the size of ischemic
lesion

The quantification of MRI images revealed that mice lacking
either AQP4 or TRPV4 channels display significantly enlarged
ischemic lesions after pMCAO, when compared to mice
carrying both channels. In addition, our immunohistochemical
analyses employing antibodies against GFAP and Ibal
supported MRI data, by revealing enlarged ischemic lesions
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in both the single knockouts, and the presence of reactive
astrocytes and microglia within the damaged hemisphere. Our
single knockout data suggest a protective role of AQP4 and
TRPV4 during the development of brain edema, especially
in the acute phase of ischemic injury (D1). Furthermore, the
deletion of either AQP4 or TRPV4 has a strong impact on
the final extent of ischemic damage as seen in D7. A similar
finding was demonstrated by Zheng and co-authors and others
(Shi et al,, 2012; Zeng et al,, 2012), who described that AQP4
knockout aggravates ischemia/reperfusion injury in mice. In
contrast, our data do not fully correspond with those showing a
reduced lesion size in the TRPV4~/~ mice (Tanaka et al., 2020),
and those reporting reduced brain edema and infarct volume in
AQP4-deficient mice (Yao et al.,, 2015). It must be noted that in
these studies transient MCAO (tMCAO) was employed, which
results in more severe ischemic injury when compared to our
model of pMCAO (Kriska et al,, 2021). Such discrepancies may
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dwell from employing different types of knockout mice as well
as the type of MCAO.

In general, there are controversies in the literature
concerning the protective or detrimental effect of AQP4 deletion
in different pathologies where brain edema occurs. Katada
et al. (2014) showed reduced brain swelling after bilateral
transient carotid artery occlusion, and Manley et al. (2000)
demonstrated reduced brain swelling after water intoxication.
An improved long-term outcome, including decreased mortality
and increased motor recovery associated with decreased lesion
volume, neuronal cell death, and neuroinflammation, was
also described in the AQP4~/~ mice after transient cerebral
ischemia (Hirt et al., 2017). However, the opposite effect of
AQP4 deletion was shown during the development of brain
edema associated with bacterial infection, where the deletion of
AQP4 led to an increase in the brain water content as well as
increased brain swelling (Bloch et al., 2005). Such discrepancies
in the effect of AQP4 deletion on brain swelling are very
likely caused by the different mechanisms of tissue swelling
employed in each model, and by the contribution of vasogenic
and cytotoxic types of brain edema. Moreover, the contribution
of AQP4 channels to cell swelling can vary in different models
of cytotoxic edema. For example, in our previous studies in a-
syntrophin (a-syn) knockout mice with reduced AQP4 levels
in perivascular and subpial membranes, we observed reduced
edema formation as well as slower volume recovery under severe
pathological conditions or in states associated with elevated
KT (Dmytrenko et al,, 2013; Anderova et al,, 2014). Similarly,
AQP4 deletion slowed down the development of brain ADCw
changes in terminal ischemia in vivo, but did not affect changes
in diffusion parameters during hypoosmotic stress or OGD in
tissue slices (Chmelova et al,, 2019). According to these studies,
it seems that the protective mechanism of AQP4 deletion
includes the prevention of water accumulation in the tissue that
reduces the extent of brain edema.

A number of studies have shown that AQP4 co-localizes
with
significantly deteriorates the functions of Kir4.1, type 2
chloride channels (CIC2), VRAC and glutamate uptake (Amiry-
Moghaddam et al., 2004; Benfenati et al., 2007; Zeng et al., 2007;
McCoy et al, 2010; Reed and Blazer-Yost, 2022) involved in

ion, volume and glutamate homeostasis. Thus, the resulting

various  channels/transporters and its knockout

detrimental or beneficiary effect of AQP4 deletion might depend
on the prevailing activity of different transport mechanisms
that may vary in time. Moreover, it has been shown that AQP4
channels play an inhibitory role in post-ischemic inflammation
caused by microglia (Shi et al., 2012). Aggravated inflammation
in AQP4~/~ may thus significantly enlarge post-ischemic
lesion especially in the late phase of ischemia (D7).

The role of TRPV4 in the brain edema formation was
reported in the TRPV4~/~ animals, where TRPV4 deficiency
led to the reduction of cell swelling and amelioration of
peri-infarct depolarization (Jie et al, 2015; Rakers et al,
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2017; Hoshietal, 2018), as well as to the decrease in
ischemia-induced lesion volume and milder neurological
symptoms (Tanaka et al., 2020). Similarly, a TRPV4 blockade
by antagonists in a model of intracerebral hemorrhage
preserved the BBB and attenuated neurological deficits (Zhao
et al, 2018). The neuroprotective effect of TRPV4 inhibition
was also confirmed in a tMCAO model, where improved
microcirculation and BBB function were observed in the
TRPV4~/~ mice compared to the controls (Tanaka et al., 2020).
On the contrary, our recent study showed that TRPV4 deletion
aggravated the extent of brain edema as was evaluated 1 and
7 days after pMCAO (Pivonkova et al, 2018). This finding
was confirmed in the current study, and similar aggravation
after pMCAQ was detected in the AQP4~/~ mice. In a recent
work, Rosenkranz et al. (2020) observed no protection in
mice lacking TRPV4 in various pathological models, such as
multiple sclerosis, experimental autoimmune encephalomyelitis
and transient MCAO. Of note, they found no differences in a
size of the lesion (Rosenkranz et al., 2020).

It has been shown that increased TRPV4 activity affects and
changes the expression/function of several membrane proteins
such as BKCa channels, NMDA receptors, a-amino-3-hydroxy-
5-methyl-4-isoxazole-propionate receptors (AMPARs), inositol
1,4,5-trisphosphate receptors (IP3Rs), ryanodine receptors
(RyRs), AQP4, and other potential cooperative receptors in
the brain (Liu et al, 2020). As TRPV4 is expressed on the
plasma membrane, it may interact with other channels and
play a crucial role in the nervous system activity. Since TRPV4
co-localizes with AQP4 (Benfenati et al, 2007; Jo et al,
2015), TRPV4 knockout may also affect the function of the
AQP4-co-expressing channels (Mola et al., 2021). Under some
pathological conditions such as ischemia, TRPV4 channels are
upregulated (Butenko et al, 2012) and sensitized via cellular
signaling pathways, and this can cause additional tissue damage.

Unlike AQP4, which is expressed predominantly in
astrocytes (Saadoun et al, 2005; Verkman, 2013), TRPV4
channels are expressed more widely. In neurons, TRPV4 is
involved in the modulation of neuronal excitability (Shibasaki
et al, 2015). In astrocytes they are abundant at astrocytic
endfeet processes, which wrap around blood vessels and
thus might play a key role in brain volume homeostasis
(Benfenati et al, 2007, 2011). Recent research discovered
TRPV4 channels on oligodendrocyte precursor cells (OPC),
where their activation promotes OPC proliferation (Ohashi
et al, 2018). It has also been shown that TRPV4 regulates
the activity of microglia (Konno et al, 2012) and plays
a role in the regulation of cerebral perfusion through its
effect on smooth muscles (Diaz-Otero et al,, 2019). Due to
its broad expression in various cell types, TRPV4 may be
activated during ischemia by multiple stimuli, and involved
in various functions. For example, TRPV4-mediated Ca?t
influx in astrocytic endfeet contributes to the response to
neuronal activation, enhances the accompanying vasodilation
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and contributes to neurovascular coupling (Dunn et al., 2013).
Activated endothelial and smooth muscle TRPV4 channels can
mediate the activation of large-conductance calcium-activated
potassium channels (BKCa) leading to cerebral arterial dilation,
which can improve hypoperfusion in the infarcted area (Han
et al,, 2018). On the other hand, blocking TRPV4 channels
by their antagonist HC-067047 decreases cerebral ischemic
injury in mice through the prevention of N-methyl-D-aspartate
(NMDA) receptors-induced glutamate excitotoxicity (Li et al,,
2013). It has been shown that heat-sensitive TRPV4 and cold-
sensitive TRPMS ion channels are involved in microglial activity
regulation (Chakraborty and Goswami, 2022). Redmon et al.
(2021) demonstrated that the TRPV4 channel may represent
a primary retinal microglial sensor of osmo-challenges under
physiological and pathological conditions and suggested that
TRPV4 inhibition might be a useful strategy to suppress
microglial overactivation in the swollen and edematous CNS.
Thus, changes in TRPV4 expression and its activity as
possible treatments for cerebral ischemia remain unclear. It
appears that several channels/transporters can serve as TRPV4
effector proteins and a dual effect of TRPV4 blockage (especially
in the acute or delayed phase of ischemia) may be caused by
a “switch” between various effectors. Furthermore, we must
consider that reduced transmembrane water transport, due to
AQP4 deficiency, may slow down the development of cytotoxic
edema, but it also slows down the volume regulation during
reperfusion. Thus, the early “beneficial” effect may become
“detrimental” due to prolonged cell swelling and delayed

normalization of volume and ion conditions in the tissue.

The simultaneous deletion of AQP4
and TRPV4 strongly attenuates brain
edema formation in the acute
post-ischemic phase

Interestingly, the simultaneous deletion of both channels
had quite the opposing effect than in the single knockouts,
resulting in a significant reduction of the size of ischemic
lesion 1 day after pMCAO and less affected ADCyw in the
AQP4_/ ~/TRPV4~/~ mice, when compared to the Ctrl.
However, after 7 days the lesions in the AQP4~/~/TRPV4~/~
mice were comparable to those observed in the Ctrl mice. Of
note, employing several behavioral tests (Rotarod, Cylinder and
Tape removal test) one and 7 days (resp. 8 days) after pMCAO
revealed that both groups (Ctrl and AQP4~/~/TRPV4~/")
performed similarly (unpublished data). The question still
remains as to whether employed behavioral tests have
adequate sensitivity to disclose even subtle differences between
the Ctrl and double knockout mice, following pMCAO
(Ruan and Yao, 2020).

This response of the AQP4~/~/TRPV4~/~ mice to
pMCAO indicates an interplay between these two channels,
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which was previously suggested in the experiments using
cultured glia (Benfenati et al, 2011; Jo et al, 2015; Redmon
et al, 2021) or in meningiomas (Faropoulos et al, 2021),
where AQP4-mediated water fluxes promote the activation
of TRPV4, whereas Ca?* entry through TRPV4 channels
reciprocally modulates volume regulation, swelling, and Aqp4
gene expression (Jo et al, 2015). This interplay is especially
prominent during the acute phase of ischemia, because after
7 days the damage detected in the AQP4~/~/TRPV4~/~ mice
was comparable to that observed in the Ctrl. Therefore, we
conclude that the deletion of both AQP4 and TRPV4 channels
may have a protective role during the acute stages of ischemic
injury (D1), mostly during the development of brain edema.

The mechanism underlying the interaction between TRPV4
and AQP4 is still not well understood. It is well established that
TRPV4 and AQP4 are co-expressed in the plasma membranes
of astrocytes and jointly trigger RVD (Benfenati et al,, 2011).
Moreover, a recent study provided evidence that high expression
of TRPV4 and AQP4 induces cell swelling in brain slices
under ischemic conditions, while TRPV4 and AQP4 deficits
decelerate extracellular space shrinkage (Chmelova et al., 2019).
After rapid entry of water through AQP4, swelling-induced
Ca?* influx via TRPV4 channels and Ca’*-induced Ca’*
release from the endoplasmic reticulum is modulated by IP3R2
receptors in different astrocytic territories (Eilert-Olsen et al,,
2019). The influx of Ca?T through TRPV4 channels quickly
increases the osmotic gradient, resulting in the movement
of water through AQP4. However, another study reported
that for osmosensation, TRPV4 activation is independent of
osmolality-associated AQP4 permeability (Wang and Parpura,
2018). Therefore, further studies of the interaction between
TRPV4 and AQP4 would be beneficial.

The simultaneous deletion of AQP4
and TRPV4 block changes of the
extracellular space diffusion
parameters during oxygen-glucose
deprivation

In this study, we also employed the RTI method in situ
models of acute cell swelling, which allows the detection of
changes in the ECS diffusion parameters that indirectly reflect
swelling and/or cell volume regulation, as the increase of the
cellular volume is accompanied by a compensatory shrinkage
of the ECS volume and vice versa. Volume fraction o reflects
volume changes in all cellular elements of the tissue, which
may swell and regulate their volume in a different way than
astrocytes (Andrew et al,, 2007; Caspi et al,, 2009; Murphy
et al, 2017). In our previous study, we demonstrated that the
lack of either AQP4 or TRPV4 slows down the development
of cytotoxic edema in terminal ischemia and TRPV4 deletion
attenuates the ECS volume decrease induced by OGD treatment
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in situ. Nevertheless, AQP4 deletion had no impact on tissue
diffusivity during OGD (Chmelova et al,, 2019). We confirmed
these results here in both the single knockout strains and,
most importantly, we disclosed that the simultaneous deletion
of AQP4 and TRPV4 channels completely blocks the tissue
response to OGD treatment in acute brain slices.

Oxygen-glucose deprivation treatment became a widely
used in situ model of ischemia, as several studies reported
that the perfusion of the slices with low oxygen and glucose-
free solution mimics fairly accurately the ischemic conditions
occurring in vivo (Richard et al,, 2010; Holloway and Gavins,
2016). However, in contrast to in vivo conditions, in situ
perfusion of the slices with the bath solution allows the removal
of the toxic metabolites, which could alleviate tissue damage.
During OGD treatment, we observed a smaller o decrease
in TRPV4~/~ than in the Ctrl or AQP4~/~ mice, with no
observed recovery of o within 20 min of washout in all three
groups (Supplementary Table 2; Chmelova et al,, 2019). Similar
findings were shown in the study of Pivonkova et al. (2018),
who employed 3D morphometry to quantify single astrocyte
volume changes. These results indicate that TRPV4 is involved
in OGD induced cell swelling, however, not necessarily through
the activation of AQP4 channels. Several studies implied that
TRPV4 collaborates with AQP4 channels in the process of
RVD when non-physiological osmotic gradients are applied
externally (Liedtke and Friedman, 2003; Ryskamp et al., 2014;
Jo et al, 2015), but not in the case of electrical stimulation-
induced cell swelling (Toft-Bertelsen et al, 2017). A similar
difference between the TRPV4~/~ and AQP4~/~ animals was
seen in the rodent stroke model, where the deletion of TRPV4
ameliorated peri-infarct depolarization (reduced influx of Ca®*
and lower extracellular accumulation of glutamate), however,
the deletion of AQP4 did not have a similar effect (Rakers et al.,
2017). It implies stronger involvement of neuronal rather than
glial swelling. Furthermore, it was previously shown that TRPV4
activation following stroke increases NMDA receptor function,
which may facilitate glutamate excitotoxicity (Li et al,, 2013).
Contradictory to the findings that detected slower changes of
brain diffusivity in AQP4~/~ during acute ischemia in vivo
(Yao et al., 2015; Hirt et al., 2017; Chmelova et al., 2019), we
did not observe a similar influence of AQP4 deletion during
OGD in situ (Chmelova et al., 2019). This could be associated
with the previously seen protective effect of hypothermic (32-
33°C) preconditioning that is present in situ (Jiang et al., 2018;
Kreisman et al., 2020). Moreover, we previously demonstrated
that severe pathological conditions are needed to reveal the role
of AQP4 in cell swelling (Dmytrenko et al, 2013; Anderova
et al,, 2014). It is, therefore, possible that in the OGD model
with a small oxygen content and removal of toxic metabolites by
perfusion, the effect of AQP4 channel deletion may be beyond
the discriminative ability of the RTT method.

TRPV4 deletion resulted in a partial protective effect during
OGD manifested as a smaller decrease of o as compared to the
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Ctrl mice (Supplementary Table 2; Chmelova et al,, 2019). In
this study, OGD application in AQP4~/~/TRPV4~/~ mice did
not result in any a decrease, which is in full agreement with the
early phase of in vivo experiments, where the lesion area in the
double knockouts is markedly reduced 1 day after pMCAO. The
potentiating effect of the deletion of both TRPV4 and AQP4
channels may be explained by their mutual influence. It was
shown that the protective effect of TRPV4~/~ deletion could be
associated with the lower expression of AQP4 (Jo et al, 2015).
Therefore, the complete deletion of both channels could have
a more distinctive protective effect than the deletion of TRPV4
and merely a downregulation of the AQP4 expression.

The changes of the ECS diffusion parameters during OGD
treatment in different strains correspond with the changes of
[K*]o. While in the AQP4~/~ or TRPV4~/~ mice, the levels
of [K™], did not differ from those in the Ctrl mice, the peak
values during OGD in the AQP4~/~/TRPV4~/~ mice were
significantly smaller. This finding suggests a role of neuronal
activation due to TRPV4 deletion, as well as a contribution
of impaired KT channels functions due to AQP4 deletion.
Shibasaki et al. (2007, 2015) showed that the influx of cations
through TRPV4 in neurons may control neuronal excitability
by regulating the resting membrane potential. The deletion of
AQP4, which co-localizes with Kir4.1 channels, reduces the
[K*], elevation in the AQP4~/~ mice as well as in a—syn*/ -
mice (Amiry-Moghaddam et al., 2003b, Dmytrenko et al., 2013).
In comparison with the Ctrl, we did not observe a significant
difference in an increase of the [K*], during OGD between the
AQP4~/~ or TRPV4~/~ and Ctrl mice. It is plausible that the
concomitant deletion of both the AQP4 and TRPV4 channels
was necessary to increase this difference to a significant level.

The increase of [K™], during OGD treatment in the control
animals reached the maximum of about 8 mM, which is rather
low compared to ischemia in vivo with a typical rise in [K™],
exceeding 70 mM (Vorisek and Sykova, 1997; Chmelova et al,,
2019). As aforementioned, the OGD model of ischemia in tissue
slices cannot fully mimic real ischemic conditions in vivo, as it
allows the removal of the toxic metabolites, and the perfusing
solutions contain 5% of oxygen. Other studies have certainly also
reported a much lower increase of [K*], during OGD than in
ischemia in vivo (Rice and Nicholson, 1991; Perez-Pinzon et al,,
1995). Moreover, the magnitude of [K*], increase considerably
varied depending on the specific experimental conditions during
OGD in these studies.

The deletion of AQP4 or TRPV4 does
not affect changes in the extracellular
space diffusion parameters evoked by
hypoosmotic stress or hyperkalemia

Even though fast osmotic changes in the tissue occur
very rarely in reality, the model of hypoosmotic stress is
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useful in determining the alterations in cell volume regulation
in situ (Toft-Bertelsen et al, 2018). Our previous studies in
oc-syn_/ ~ mice (Dmytrenko et al, 2013; Anderova et al,
2014) showed that a 30-min application of aCSFy_s59 was
and the Ctrl

mice, neither in a nor in astrocyte volume changes. On the

not sufficient to differentiate between a-syn~/~

other hand, aCSFy_199 resulted in a significantly smaller o
decrease as well as a smaller astrocyte volume increase in
the ot-syn_/_ mice (Dmytrenko et al.,, 2013; Anderova et al,,
2014). In contrast to our study, Thrane et al. (2011) observed

a reduced swelling in the AQP4~/~ astrocytes when compared

10.3389/fncel.2022.1054919

to the Ctrl ones, after exposure to only mild hypoosmotic
stress but not after a more severe one. This discrepancy
could be explained by the differences in glial homeostatic
functions in different stages of maturity, as Thrane’s results
are from 10- to 20-day old mouse pup slices. Since the AQP4
channels are highly permeable to water in the presence of
high osmotic gradients (Ryskamp et al, 2014; Mola et al,
2016), the water permeability of astrocytes in AQP4 knockout
(Solenov et al., 2004) or knock-down mice (Nicchia et al., 2003)
is reduced by only about 50%. Presumably, other membrane

proteins, such as glutamate transporters or other co-transporters

A AQP4+/TRPV4:

- fast swelling
RVD

.

- fast swelling
« limited RVD

FIGURE 5

B AQP4-/TRPV4+

« slow swelling
« limited RVD

EAATs

AQP4-/TRPV4-

« slow swelling
« limited RVD

EAATs -

o H,0
. Na'/K'/CI or Glu transporters

. AQP4
II TRPV4

sAC

Scheme of the main mechanisms involved in astrocyte volume changes and volume regulation in the acute post-ischemic phase, effect of
AQP4 and TRPV4 channel deletion. Proposed mechanisms explaining the changes in the lesion size observed in the Ctrl (A), AQP4~/~ (B),
TRPV4~/= (C), and AQP4~/~/TRPV4~/~ (D) mice. We propose that the absence of AQP4 in single (B) or double knock-outs (D) leads to slowed
swelling that is insufficient to trigger regulatory volume decrease (RVD). Such a decrease in RVD presumably occurs due to low activity of
TRPV4 channels, which is unable to activate SACs in panel (B), or lack of TRPV4 channels in panel (D). Water entry into the cell occurs via
jon/glutamate transporters, while its efflux occurs besides ion channels by simple diffusion. Deletion of TRPV4 results in the absence of RVD
activated by cell membrane stretch. Both slower swelling and limited RVD in double knock-outs, lead to less edema in the acute post-ischemic
phase compared to control. Panels (B,D) both display limited swelling as well as RVD however in AQP4~/~ (B) functional TRPV4 channels in
neurons prolong neuronal activity with further neurotoxic impact on nervous tissue. A, astrocyte; N, neuron; Ctrl, control; AQP4~/,
AQP4-deficient mice; TRPV4~/~, TRPV4-deficient mice; AQP4~/~/TRPV4~/~, AQP4- and TRPV4-deficient mice; RVD, regulatory volume
decrease; NKCC, Nat/K*/Cl~ co-transporter; SAC, stretch activated ion channel; EAAT, excitatory amino acid transporter; AQP4, aquaporin-4
channel; TRPV4, Transient receptor potential cation channel subfamily V. member 4.
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(MacAulay et al., 2004; Kahle et al,, 2015), participate in cell
swelling and volume regulation.

In this study, we did not observe any difference in
o after a 20-min application of aCSFy_s9 or aCSFy_ig0
either in the AQP4~/~, TRPV4~/~, or AQP4~/~/TRPV4~/~
mice, compared to the Ctrl. Of note, the differences in o
that we described previously between the a-syn™/~ mice
and the Ctrl, during the application of aCSFy_jg9, were
not distinguishable before the 20th minute of application
either. In contrast, the volume of single astrocytes differed
as early as the 10th minute of exposure to hypoosmotic
stress (Anderova et al, 2014). We can assume that the
volume regulation in astrocytes precedes the ECS volume
changes, and that longer hypoosmotic stimulation might be
required to detect the more pronounced effect of AQP4
deficiency. Moreover, since the lower temperature than the
physiological one led to an increase in surface localization
of AQP4 in human astrocytes (Salman et al, 2017), the
different temperature conditions used in the current (close to
physiological temperature) and previous (room temperature)
studies could also explain the discrepancy in the results. In
several studies of cell cultures lacking TRPV4 or AQP4, the
results are inconsistent (Benfenati et al.,, 20115 Jo et al., 2015;
Pivonkova et al, 2018). We did not observe RVD in any
experimental group in our study. However, several studies
indicated that RVD, as described in cell cultures, was mostly
absent in situ (Pivonkova et al, 2018). The slower swelling
kinetics also seen in the AQP4~/~ and TRPV4~/~ were
observed within the 1-min range (Jo et al,, 2015). We are not
able to detect changes in « in such short intervals with the
RTI method.

Due to the co-localization of AQP4 with Kir4.1, functional
coupling between these proteins has been proposed (Nagelhus
etal,, 1999; Amiry-Moghaddam et al., 2003a). Previous research
on a-syn~/~ mice revealed reduced astrocyte swelling induced
by the application of a 50 mM K* solution, but not by
the application of milder 10 mM K* solution (Anderova
et al,, 2014), suggesting the important role of AQP4 in K*
homeostasis under pathological conditions. The reciprocal
regulation of the gene expression of Trpv4, Aqp4 and Kir4.1
has also been described. It has further been shown in the
mouse retina that the deficiency of both AQP4 and TRPV4,
leads to the reduced expression of Kir4.1 (Jo et al, 2015).
Their findings are in agreement with lower [K*], in this study.
Interestingly, we report no difference in o changes after a 20-
min application of 50 mM K solution, either in the AQP4~/—,
TRPV4~/~or AQP4_/ ~/TRPV4~/~ mice as compared with
the Ctrl. This may be explained by the increased expression of
astrocytic gap junctions that occurs due to the lack of AQP4
(Katoozi et al,, 2017), leading to more efficient K+ buffering.
The protective effect of the interplay between AQP4 and Kir
4.1 was also shown by Posati et al. (2016), while other studies
denied functional coupling of AQP4 and Kir 4.1 channels
(Zhang and Verkman, 2008).
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Conclusion and hypotheses

Our findings add to a growing body of literature on
the functional involvement of the AQP4/TRPV4 complex
in pathological cell swelling. This is the first study that
describes the impact of AQP4/TRPV4 deletion on the size
of the ischemic lesion (MRI) and ECS diffusion parameters
in experimental models of ischemia, OGD, hyperkalemia, and
hypotonic stress in AQP4~/~/TRPV4~/~ mice. The results
obtained in this study indicate that the interplay between AQP4
and TRPV4 channels may play a crucial role in the size of
early edema development following ischemia. Protective effect
of simultaneous deletion of AQP4 and TRPV4 in development
of acute ischemia (OGD model) and in early phase following
ischemia in vivo is highly probably a complex mechanism
involving functional alteration of several cell types, including
astrocytes, neurons, endothelial cells and microglia. Presumably,
the most important mechanism in the acute post-ischemic phase
is alteration of astrocytic swelling as suggested by Mola et al.
(2016). According to their model, speed of water influx in the
absence of AQP4 is decreased and results in slow cell swelling
that is incapable to trigger RVD, a process leading to cell volume
restoration. Thus, smaller lesion observed in double knock-out
animals in the acute phase after MCAO dwells primarily from
slower swelling of astrocytes. In addition, this protective effect
may be further potentiated by a lower neuronal excitability and
lower extracellular potassium concentration in the absence of
TRPV4. On the contrary, inefficient RVD and involvement of
microglia activation may play a role in the worsened outcome in
late (chronic) post-ischemic phase, as both AQP4 and TRPV4
are involved in regulation of microglial activity and post-
ischemic inflammation. For details see schematic representation
of this hypothesis (Figure 5).

Moreover, it is highly probable that besides AQP4, the
TRPV4 channel might collaborate with other effector proteins.
This research has given rise to many questions in need
of further investigation to reveal new targets for potential
therapeutic interventions.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

All procedures involving the use of laboratory animals
were performed in accordance with the Council Directive
2010/63EU of the European Parliament and the Council of
22 September 2010, on the protection of animals used for
scientific purposes and animal care guidelines approved by the
Institute of Experimental Medicine, Academy of Sciences of the

frontiersin.org


https://doi.org/10.3389/fncel.2022.1054919
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Sucha et al.

Czechia (Animal Care Committee on 7 April 2011; approval
number 49/2019).

Author contributions

PS and ZH analyzed and interpreted the data, wrote
the manuscript, and prepared the figures. PS, ZH, and MC
cross-bred the experimental mice. PS and MC performed the
real-time iontophoretic method. DK and SC performed the
PMCAO surgery. ES and DJ performed the MRI and processed
and analyzed the data. IV performed DW-MRI. ZH and
VM performed the IHC. JT, LV, and MA revised and edited
the manuscript. LV and MA conceived and supervised the
study. All authors contributed to the article and approved the
submitted version.

Funding

This study was supported by the Czech Science Foundation
(registration number 20-05770S), the European Union’s
Horizon 2020 Research and Innovation Program (registration
number 956325), the Operational Programme Research,
Development and Education in the framework of the project
“Center of Reconstructive Neuroscience,” (registration number
CZ.02.1.01/0.0./0.0/15_003/0000419)  Czech Academy of
Sciences—Strategy AV21 (VP29), a joint project with Czech
Centre for Phenogenomics (CCP, Vestec, Czechia), and the
MH CR-DRO (Institute for Clinical and Experimental Medicine
IKEM, IN00023001).

References

Amiry-Moghaddam, M., Frydenlund, D. S., and Ottersen, O. P. (2004).
Anchoring of aquaporin-4 in brain: Molecular mechanisms and implications
for the physiology and pathophysiology of water transport. Neuroscience 129,
999-1010. doi: 10.1016/j.neuroscience.2004.08.049

Amiry-Moghaddam, M., Williamson, A., Palomba, M., Eid, T., De Lanerolle,
N. C,, Nagelhus, E. A, et al. (2003b). Delayed K+ clearance associated with
aquaporin-4 mislocalization: Phenotypic defects in brains of alpha-syntrophin-
null mice. Proc. Natl. Acad. Sci. U.S.A. 100, 13615-13620. doi: 10.1073/pnas.
2336064100

Amiry-Moghaddam, M., Otsuka, T., Hurn, P. D., Traystman, R. J., Haug,
F. M., Froehner, S. C,, et al. (2003a). An alpha-syntrophin-dependent pool of
AQP4 in astroglial end-feet confers bidirectional water flow between blood and
brain. Proc. Natl. Acad. Sci. U.S.A. 100, 2106-2111. doi: 10.1073/pnas.04379
46100

Anderova, M., Benesova, J., Mikesova, M., Dzamba, D., Honsa, P., Kriska,
J., et al. (2014). Altered astrocytic swelling in the cortex of alpha-syntrophin-
negative. GFAP/EGFP mice. PLoS One 9:e113444. doi: 10.1371/journal.pone.
0113444

Anderova, M., Vorisek, L, Pivonkova, H., Benesova, J., Vargova, L., Cicanic,
M., et al. (2011). Cell death/proliferation and alterations in glial morphology
contribute to changes in diffusivity in the rat hippocampus after hypoxia-
ischemia. J. Cereb. Blood Flow Metab. 31, 894-907. doi: 10.1038/jcbfm.20
10.168

Frontiers in Cellular Neuroscience

16

10.3389/fncel.2022.1054919

Acknowledgments

We would like to thank Helena Pavlikova and Marketa
Hemerova for their excellent technical assistance and Frances
Zatrepalkova for proofreading the manuscript.

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be of
interest.

construed as a potential conflict

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/

fncel.2022.1054919/full#supplementary- material

Andrew, R. D., Labron, M. W., Boehnke, S. E., Carnduff, L., and Kirov, S. A.
(2007). Physiological evidence that pyramidal neurons lack functional water
channels. Cereb. Cortex 17, 787-802. doi: 10.1093/cercor/bhk032

Benfenati, V., Amiry-Moghaddam, M., Caprini, M., Mylonakou, M. N.,,
Rapisarda, C., Ottersen, O. P., et al. (2007). Expression and functional
characterization of transient receptor potential vanilloid-related channel 4
(TRPV4) in rat cortical astrocytes. Neuroscience 148, 876-892. doi: 10.1016/j.
neuroscience.2007.06.039

Benfenati, V., Caprini, M., Dovizio, M., Mylonakou, M. N, Ferroni, S., Ottersen,
O. P, et al. (2011). An aquaporin-4/transient receptor potential vanilloid 4
(AQP4/TRPV4) complex is essential for cell-volume control in astrocytes. Proc.
Natl. Acad. Sci. U.S.A. 108, 2563-2568. doi: 10.1073/pnas.1012867108

Bloch, O., Papadopoulos, M. C., Manley, G. T., and Verkman, A. S. (2005).
Aquaporin-4 gene deletion in mice increases focal edema associated with
staphylococcal brain abscess. J. Neurochem. 95, 254-262. doi: 10.1111/j.1471-4159.
2005.03362.x

Butenko, O., Dzamba, D., Benesova, J., Honsa, P., Benfenati, V., Rusnakova,
V., et al. (2012). The increased activity of TRPV4 channel in the astrocytes of
the adult rat hippocampus after cerebral hypoxia/ischemia. PLoS One 7:€39959.
doi: 10.1371/journal.pone.0039959

Caspi, A., Benninger, F., and Yaari, Y. (2009). KV7/M channels mediate osmotic

modulation of intrinsic neuronal excitability. J. Neurosci. 29, 11098-11111. doi:
10.1523/JNEUROSCI.0942-09.2009

frontiersin.org


https://doi.org/10.3389/fncel.2022.1054919
https://www.frontiersin.org/articles/10.3389/fncel.2022.1054919/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2022.1054919/full#supplementary-material
https://doi.org/10.1016/j.neuroscience.2004.08.049
https://doi.org/10.1073/pnas.2336064100
https://doi.org/10.1073/pnas.2336064100
https://doi.org/10.1073/pnas.0437946100
https://doi.org/10.1073/pnas.0437946100
https://doi.org/10.1371/journal.pone.0113444
https://doi.org/10.1371/journal.pone.0113444
https://doi.org/10.1038/jcbfm.2010.168
https://doi.org/10.1038/jcbfm.2010.168
https://doi.org/10.1093/cercor/bhk032
https://doi.org/10.1016/j.neuroscience.2007.06.039
https://doi.org/10.1016/j.neuroscience.2007.06.039
https://doi.org/10.1073/pnas.1012867108
https://doi.org/10.1111/j.1471-4159.2005.03362.x
https://doi.org/10.1111/j.1471-4159.2005.03362.x
https://doi.org/10.1371/journal.pone.0039959
https://doi.org/10.1523/JNEUROSCI.0942-09.2009
https://doi.org/10.1523/JNEUROSCI.0942-09.2009
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Sucha et al.

Chakraborty, R., and Goswami, C. (2022). Both heat-sensitive TRPV4 and cold-
sensitive TRPMS ion channels regulate microglial activity. Biochem. Biophys. Res.
Commun. 611, 132-139. doi: 10.1016/j.bbrc.2022.04.032

Chmelova, M., Sucha, P., Bochin, M., Vorisek, 1., Pivonkova, H., Hermanova,
Z., etal. (2019). The role of aquaporin-4 and transient receptor potential vaniloid
isoform 4 channels in the development of cytotoxic edema and associated
extracellular diffusion parameter changes. Eur. J. Neurosci. 50, 1685-1699. doi:
10.1111/ejn.14338

Clement, T., Rodriguez-Grande, B., and Badaut, J. (2020). Aquaporins in brain
edema. J. Neurosci. Res. 98, 9-18. doi: 10.1002/jnr.24354

D’Agostino, R. B. (1986). “Tests for normal distribution,” in Goodness-of-fit
techniques, eds R. B. D’Agostino and M. A. Stepenes (New York, NY: Marcel
Dekker).

Diaz-Otero, J. M., Yen, T. C., Ahmad, A., Laimon-Thomson, E., Abolibdeh,
B., Kelly, K., et al. (2019). Transient receptor potential vanilloid 4 channels are
important regulators of parenchymal arteriole dilation and cognitive function.
Microcirculation 26:€12535. doi: 10.1111/micc.12535

Dmytrenko, L., Cicanic, M., Anderova, M., Vorisek, I, Ottersen, O. P., Sykova,
E., et al. (2013). The impact of alpha-syntrophin deletion on the changes in
tissue structure and extracellular diffusion associated with cell swelling under
physiological and pathological conditions. PLoS One 8:e68044. doi: 10.1371/
journal.pone.0068044

Dunn, K. M., Hill-Eubanks, D. C., Liedtke, W. B., and Nelson, M. T. (2013).
Trpv4 channels stimulate Ca2+-induced Ca2+ release in astrocytic endfeet and
amplify neurovascular coupling responses. Proc. Natl. Acad. Sci. U.S.A. 110,
6157-6162. doi: 10.1073/pnas.1216514110

Eilert-Olsen, M., Hjukse, J. B., Thoren, A. E., Tang, W., Enger, R,, Jensen, V.,
etal. (2019). Astroglial endfeet exhibit distinct Ca(2+) signals during hypoosmotic
conditions. Glia 67, 2399-2409. doi: 10.1002/glia.23692

Faropoulos, K., Polia, A., Tsakona, C., Pitaraki, E., Moutafidi, A., Gatzounis,
G., et al. (2021). Evaluation of AQP4/TRPV4 channel co-expression, microvessel
density, and its association with peritumoral brain edema in intracranial
meningiomas. J. Mol. Neurosci. 71, 1786-1795. doi: 10.1007/s12031-021-01801- 1

Formaggio, F., Saracino, E., Mola, M. G., Rao, S. B., Amiry-Moghaddam, M.,
Muccini, M., et al. (2019). LRRC8A is essential for swelling-activated chloride
current and for regulatory volume decrease in astrocytes. FASEB J. 33, 101-113.
doi: 10.1096/£1.201701397RR

Han, J., Xu, H. H., Chen, X. L., Hu, H. R,, Hu, K. M., Chen, Z. W, et al. (2018).
Total flavone of rhododendron improves cerebral ischemia injury by activating
vascular TRPV4 to induce endothelium-derived hyperpolarizing factor-mediated
responses. Evid. Based Complement. Alternat. Med. 2018:8919867. doi: 10.1155/
2018/8919867

Hellas, J. A., and Andrew, R. D. (2021). Neuronal swelling: A non-osmotic
consequence of spreading depolarization. Neurocrit. Care 35, 112-134. doi: 10.
1007/s12028-021-01326-w

Hirt, L., Fukuda, A. M., Ambadipudi, K., Rashid, F., Binder, D., Verkman,
A, et al. (2017). Improved long-term outcome after transient cerebral ischemia
in aquaporin-4 knockout mice. J. Cereb. Blood Flow Metab. 37, 277-290. doi:
10.1177/0271678X15623290

Ho, M. L, Rojas, R,, and Eisenberg, R. L. (2012). Cerebral edema. AJR Am. ].
Roentgenol. 199, W258-W273. doi: 10.2214/AJR.11.8081

Holloway, P. M., and Gavins, F. N. (2016). Modeling ischemic stroke
in vitro: Status QUO and future perspectives. Stroke 47, 561-569. doi: 10.1161/
STROKEAHA.115.011932

Hoshi, Y., Okabe, K., Shibasaki, K., Funatsu, T., Matsuki, N., Ikegaya, Y., et al.
(2018). Ischemic brain injury leads to brain edema via hyperthermia-induced
TRPV4 activation. J. Neurosci. 38, 5700-5709. doi: 10.1523/J]NEUROSCI.2888-17.
2018

Jiang, S., Wu, Y., Fang, D. F, and Chen, Y. (2018). Hypothermic
preconditioning but not ketamine reduces oxygen and glucose deprivation
induced neuronal injury correlated with downregulation of COX-2 expression in
mouse hippocampal slices. J. Pharmacol. Sci. 137, 30-37. doi: 10.1016/j.jphs.2018.
04.001

Jie, P., Tian, Y., Hong, Z., Li, L., Zhou, L., Chen, L., et al. (2015). Blockage of
transient receptor potential vanilloid 4 inhibits brain edema in middle cerebral
artery occlusion mice. Front. Cell. Neurosci. 9:141. doi: 10.3389/fncel.2015.00141

Jo, A. O., Ryskamp, D. A., Phuong, T. T., Verkman, A. S., Yarishkin, O.,
Macaulay, N., et al. (2015). TRPV4 and AQP4 channels synergistically regulate
cell volume and calcium homeostasis in retinal Muller glia. ] Neurosci 35, 13525
13537. doi: 10.1523/JNEUROSCI.1987-15.2015

Kahle, K. T., Khanna, A. R, Alper, S. L., Adragna, N. C,, Lauf, P. K., Sun, D., et al.
(2015). K-Cl cotransporters, cell volume homeostasis, and neurological disease.
Trends Mol. Med. 21, 513-523. doi: 10.1016/j.molmed.2015.05.008

Frontiers in Cellular Neuroscience

17

10.3389/fncel.2022.1054919

Katada, R., Akdemir, G., Asavapanumas, N., Ratelade, J., Zhang, H., and
Verkman, A. S. (2014). Greatly improved survival and neuroprotection in
aquaporin-4-knockout mice following global cerebral ischemia. FASEB J. 28,
705-714. doi: 10.1096/1j.13-231274

Katoozi, S., Skauli, N., Rahmani, S., Camassa, L. M. A., Boldt, H. B., Ottersen,
O.P,, etal. (2017). Targeted deletion of AQP4 promotes the formation of astrocytic
gap junctions. Brain Struct. Funct. 222, 3959-3972. doi: 10.1007/s00429-017-
1448-5

Konno, M., Shirakawa, H., Iida, S., Sakimoto, S., Matsutani, I., Miyake, T., et al.
(2012). Stimulation of transient receptor potential vanilloid 4 channel suppresses
abnormal activation of microglia induced by lipopolysaccharide. Glia 60, 761-770.
doi: 10.1002/glia.22306

Kreisman, N. R., Wooliscroft, L. B., Campbell, C. F., Dotiwala, A. K., Cox, M. L.,
Denson, A. C,, etal. (2020). Preconditioning hippocampal slices with hypothermia
promotes rapid tolerance to hypoxic depolarization and swelling: Mediation by
erythropoietin. Brain Res. 1726:146517. doi: 10.1016/j.brainres.2019.146517

Kriska, J., Hermanova, Z., Knotek, T., Tureckova, J., and Anderova, M. (2021).
On the common journey of neural cells through ischemic brain injury and
Alzheimer’s disease. Int. ]. Mol. Sci. 22:9689. doi: 10.3390/ijms22189689

Li, L., Qu, W., Zhou, L., Lu, Z., Jie, P., Chen, L., et al. (2013). Activation
of transient receptor potential vanilloid 4 increases NMDA-activated current in
hippocampal pyramidal neurons. Front. Cell. Neurosci. 7:17. doi: 10.3389/fncel.
2013.00017

Liang, D., Bhatta, S., Gerzanich, V., and Simard, J. M. (2007). Cytotoxic edema:
Mechanisms of pathological cell swelling. Neurosurg. Focus 22:E2.

Liedtke, W. (2007). TRPV channels’
mechanotransduction.  Handb.  Exp.
10.1007/978-3-540-34891-7_28

in osmotransduction and
179, 473-487. doi:

role
Pharmacol.

Liedtke, W., and Friedman, J. M. (2003). Abnormal osmotic regulation in
trpv4-/- mice. Proc. Natl. Acad. Sci. U.S.A. 100, 13698-13703. doi: 10.1073/pnas.
1735416100

Liu, N, Wu, J., Chen, Y., and Zhao, J. (2020). Channels that cooperate with
TRPV4 in the brain. J. Mol. Neurosci. 70, 1812-1820. doi: 10.1007/s12031-020-
01574-z

MacAulay, N., Hamann, S., and Zeuthen, T. (2004). Water transport in
the brain: Role of cotransporters. Neuroscience 129, 1031-1044. doi: 10.1016/j.
neuroscience.2004.06.045

Manley, G. T., Fujimura, M., Ma, T., Noshita, N., Filiz, F., Bollen, A. W.,
et al. (2000). Aquaporin-4 deletion in mice reduces brain edema after acute water
intoxication and ischemic stroke. Nat. Med. 6, 159-163. doi: 10.1038/72256

McCoy, E. S., Haas, B. R., and Sontheimer, H. (2010). Water permeability
through aquaporin-4 is regulated by protein kinase C and becomes rate-limiting
for glioma invasion. Neuroscience 168, 971-981. doi: 10.1016/j.neuroscience.2009.
09.020

Mola, M. G., Saracino, E., Formaggio, F., Amerotti, A. G., Barile, B., Posati, T.,
et al. (2021). Cell volume regulation mechanisms in differentiated astrocytes. Cell.
Physiol. Biochem. 55, 196-212.

Mola, M. G., Sparaneo, A., Gargano, C. D,, Spray, D. C,, Svelto, M., Frigeri, A,
et al. (2016). The speed of swelling kinetics modulates cell volume regulation and
calcium signaling in astrocytes: A different point of view on the role of aquaporins.
Glia 64, 139-154. doi: 10.1002/glia.22921

Murphy, T. R,, Davila, D., Cuvelier, N., Young, L. R,, Lauderdale, K., Binder,
D. K,, et al. (2017). Hippocampal and cortical pyramidal neurons swell in parallel
with astrocytes during acute hypoosmolar stress. Front. Cell. Neurosci. 11:275.
doi: 10.3389/fncel.2017.00275

Nagelhus, E. A., and Ottersen, O. P. (2013). Physiological roles of aquaporin-4
in brain. Physiol. Rev. 93, 1543-1562.

Nagelhus, E. A., Horio, Y., Inanobe, A., Fujita, A., Haug, F. M., Nielsen, S.,
et al. (1999). Immunogold evidence suggests that coupling of K+ siphoning and
water transport in rat retinal Muller cells is mediated by a coenrichment of Kir4.1
and AQP4 in specific membrane domains. Glia 26, 47-54. doi: 10.1002/(sici)1098-
1136(199903)26:1&lt;47::aid- glia5&gt;3.0.co;2-5

Nicchia, G. P., Frigeri, A., Liuzzi, G. M., and Svelto, M. (2003). Inhibition
of aquaporin-4 expression in astrocytes by RNAi determines alteration in cell
morphology, growth, and water transport and induces changes in ischemia-related
genes. FASEB J. 17, 1508-1510. doi: 10.1096/1j.02-1183fje

Nicholson, C., and Hrabetova, S. (2017). Brain extracellular space: The final
frontier of neuroscience. Biophys. J. 113, 2133-2142.

Nicholson, C., and Phillips, J. M. (1981). Ion diffusion modified by tortuosity
and volume fraction in the extracellular microenvironment of the rat cerebellum.
J. Physiol. 321, 225-257. doi: 10.1113/jphysiol.1981.sp013981

frontiersin.org


https://doi.org/10.3389/fncel.2022.1054919
https://doi.org/10.1016/j.bbrc.2022.04.032
https://doi.org/10.1111/ejn.14338
https://doi.org/10.1111/ejn.14338
https://doi.org/10.1002/jnr.24354
https://doi.org/10.1111/micc.12535
https://doi.org/10.1371/journal.pone.0068044
https://doi.org/10.1371/journal.pone.0068044
https://doi.org/10.1073/pnas.1216514110
https://doi.org/10.1002/glia.23692
https://doi.org/10.1007/s12031-021-01801-1
https://doi.org/10.1096/fj.201701397RR
https://doi.org/10.1155/2018/8919867
https://doi.org/10.1155/2018/8919867
https://doi.org/10.1007/s12028-021-01326-w
https://doi.org/10.1007/s12028-021-01326-w
https://doi.org/10.1177/0271678X15623290
https://doi.org/10.1177/0271678X15623290
https://doi.org/10.2214/AJR.11.8081
https://doi.org/10.1161/STROKEAHA.115.011932
https://doi.org/10.1161/STROKEAHA.115.011932
https://doi.org/10.1523/JNEUROSCI.2888-17.2018
https://doi.org/10.1523/JNEUROSCI.2888-17.2018
https://doi.org/10.1016/j.jphs.2018.04.001
https://doi.org/10.1016/j.jphs.2018.04.001
https://doi.org/10.3389/fncel.2015.00141
https://doi.org/10.1523/JNEUROSCI.1987-15.2015
https://doi.org/10.1016/j.molmed.2015.05.008
https://doi.org/10.1096/fj.13-231274
https://doi.org/10.1007/s00429-017-1448-5
https://doi.org/10.1007/s00429-017-1448-5
https://doi.org/10.1002/glia.22306
https://doi.org/10.1016/j.brainres.2019.146517
https://doi.org/10.3390/ijms22189689
https://doi.org/10.3389/fncel.2013.00017
https://doi.org/10.3389/fncel.2013.00017
https://doi.org/10.1007/978-3-540-34891-7_28
https://doi.org/10.1007/978-3-540-34891-7_28
https://doi.org/10.1073/pnas.1735416100
https://doi.org/10.1073/pnas.1735416100
https://doi.org/10.1007/s12031-020-01574-z
https://doi.org/10.1007/s12031-020-01574-z
https://doi.org/10.1016/j.neuroscience.2004.06.045
https://doi.org/10.1016/j.neuroscience.2004.06.045
https://doi.org/10.1038/72256
https://doi.org/10.1016/j.neuroscience.2009.09.020
https://doi.org/10.1016/j.neuroscience.2009.09.020
https://doi.org/10.1002/glia.22921
https://doi.org/10.3389/fncel.2017.00275
https://doi.org/10.1002/(sici)1098-1136(199903)26:1&lt;47::aid-glia5&gt;3.0.co;2-5
https://doi.org/10.1002/(sici)1098-1136(199903)26:1&lt;47::aid-glia5&gt;3.0.co;2-5
https://doi.org/10.1096/fj.02-1183fje
https://doi.org/10.1113/jphysiol.1981.sp013981
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Sucha et al.

Nolte, C., Matyash, M., Pivneva, T., Schipke, C. G., Ohlemeyer, C., Hanisch,
U. K, et al. (2001). GFAP promoter-controlled EGFP-expressing transgenic mice:
A tool to visualize astrocytes and astrogliosis in living brain tissue. Glia 33, 72-86.

Ohashi, K., Deyashiki, A., Miyake, T., Nagayasu, K., Shibasaki, K., Shirakawa,
H., et al. (2018). TRPV4 is functionally expressed in oligodendrocyte precursor
cells and increases their proliferation. Pflugers Arch. 470, 705-716. doi: 10.1007/
500424-018-2130-3

Ordaz, B., Tuz, K., Ochoa, L. D., Lezama, R., Pena-Segura, C., and Franco, R.
(2004). Osmolytes and mechanisms involved in regulatory volume decrease under
conditions of sudden or gradual osmolarity decrease. Neurochem. Res. 29, 65-72.

Papadopoulos, M. C., and Verkman, A. S. (2007). Aquaporin-4 and brain
edema. Pediatr. Nephrol. 22, 778-784.

Pasantes-Morales, H., and Morales Mulia, S. (2000). Influence of calcium on
regulatory volume decrease: Role of potassium channels. Nephron 86, 414-427.

Pasantes-Morales, H., Franco, R., Torres-Marquez, M. E., Hernandez-Fonseca,
K., and Ortega, A. (2000). Amino acid osmolytes in regulatory volume decrease
and isovolumetric regulation in brain cells: Contribution and mechanisms. Cell.
Physiol. Biochem. 10, 361-370. doi: 10.1159/000016369

Perez-Pinzon, M. A., Tao, L., and Nicholson, C. (1995). Extracellular potassium,
volume fraction, and tortuosity in rat hippocampal CA1, CA3, and cortical slices
during ischemia. J. Neurophysiol. 74, 565-573. doi: 10.1152/jn.1995.74.2.565

Pivonkova, H., Hermanova, Z., Kirdajova, D., Awadova, T., Malinsky, J.,
Valihrach, L., et al. (2018). The Contribution of TRPV4 channels to astrocyte
volume regulation and brain edema formation. Neuroscience 394, 127-143.

Posati, T., Pistone, A., Saracino, E., Formaggio, F., Mola, M. G., Troni, E., et al.
(2016). A nanoscale interface promoting molecular and functional differentiation
of neural cells. Sci. Rep. 6:31226.

Rakers, C., Schmid, M., and Petzold, G. C. (2017). TRPV4 channels contribute
to calcium transients in astrocytes and neurons during peri-infarct depolarizations
in a stroke model. Glia 65, 1550-1561. doi: 10.1002/glia.23183

Redmon, S. N., Yarishkin, O., Lakk, M., Jo, A., Mustafic, E., Tvrdik, P., et al.
(2021). TRPV4 channels mediate the mechanoresponse in retinal microglia. Glia
69, 1563-1582. doi: 10.1002/glia.23979

Reed, M. M., and Blazer-Yost, B. (2022). Channels and transporters in astrocyte
volume regulation in health and disease. Cell. Physiol. Biochem. 56, 12-30.

Rice, M. E., and Nicholson, C. (1991). Diffusion characteristics and extracellular
volume fraction during normoxia and hypoxia in slices of rat neostriatum.
J. Neurophysiol. 65, 264-272. doi: 10.1152/jn.1991.65.2.264

Richard, M. J., Saleh, T. M., El Bahh, B., and Zidichouski, J. A. (2010). A novel
method for inducing focal ischemia in vitro. J. Neurosci. Methods 190, 20-27.

Risher, W. C., Andrew, R. D., and Kirov, S. A. (2009). Real-time passive volume
responses of astrocytes to acute osmotic and ischemic stress in cortical slices and
in vivo revealed by two-photon microscopy. Glia 57, 207-221. doi: 10.1002/glia.
20747

Rosenkranz, S. C., Shaposhnykov, A., Schnapauff, O., Epping, L., Vieira, V.,
Heidermann, K., et al. (2020). TRPV4-mediated regulation of the blood brain
barrier is abolished during inflammation. Front. Cell Dev. Biol. 8:849. doi: 10.3389/
fcell.2020.00849

Ruan, J., and Yao, Y. (2020). Behavioral tests in rodent models of stroke. Brain
Hemorrhages 1, 171-184.

Ryskamp, D. A, Jo, A. O., Frye, A. M., Vazquez-Chona, F., Macaulay, N.,
Thoreson, W. B., et al. (2014). Swelling and eicosanoid metabolites differentially
gate TRPV4 channels in retinal neurons and glia. J. Neurosci. 34, 15689-15700.
doi: 10.1523/JNEUROSCI.2540-14.2014

Saadoun, S., Papadopoulos, M. C., Watanabe, H., Yan, D., Manley, G. T., and
Verkman, A. S. (2005). Involvement of aquaporin-4 in astroglial cell migration
and glial scar formation. J. Cell Sci. 118, 5691-5698.

Salman, M. M., Kitchen, P., Woodroofe, M. N., Brown, J. E., Bill, R. M., Conner,
A.C,etal. (2017). Hypothermia increases aquaporin 4 (AQP4) plasma membrane
abundance in human primary cortical astrocytes via a calcium/transient receptor
potential vanilloid 4 (TRPV4)- and calmodulin-mediated mechanism. Eur. J.
Neurosci. 46, 2542-2547. doi: 10.1111/ejn.13723

Shi, W. Z., Zhao, C. Z., Zhao, B., Shi, Q. J., Zhang, L. H.,, Wang, Y. F,,
et al. (2012). Aggravated inflammation and increased expression of cysteinyl
leukotriene receptors in the brain after focal cerebral ischemia in AQP4-deficient
mice. Neurosci. Bull. 28, 680-692.

Shibasaki, K., Sugio, S., Takao, K., Yamanaka, A., Miyakawa, T., Tominaga,
M,, et al. (2015). TRPV4 activation at the physiological temperature is a critical
determinant of neuronal excitability and behavior. Pflugers Arch. 467, 2495-2507.

Frontiers in Cellular Neuroscience

18

10.3389/fncel.2022.1054919

Shibasaki, K., Suzuki, M., Mizuno, A., and Tominaga, M. (2007). Effects of
body temperature on neural activity in the hippocampus: Regulation of resting
membrane potentials by transient receptor potential vanilloid 4. J. Neurosci. 27,
1566-1575. doi: 10.1523/JNEUROSCI.4284-06.2007

Solenov, E., Watanabe, H., Manley, G. T., and Verkman, A. S. (2004). Sevenfold-
reduced osmotic water permeability in primary astrocyte cultures from AQP-4-
deficient mice, measured by a fluorescence quenching method. Am. J. Physiol. Cell
Physiol. 286, C426-C432. doi: 10.1152/ajpcell.00298.2003

Sommer, C. J. (2017). Ischemic stroke: Experimental models and reality. Acta
Neuropathol. 133, 245-261.

Song, M., and Yu, S. P. (2014). Ionic regulation of cell volume changes and cell
death after ischemic stroke. Transl. Stroke Res. 5, 17-27. doi: 10.1007/s12975-013-
0314-x

Steffensen, A. B., Sword, J., Croom, D., Kirov, S. A, and Macaulay, N.
(2015). Chloride cotransporters as a molecular mechanism underlying spreading
depolarization-induced dendritic beading. J. Neurosci. 35, 12172-12187. doi: 10.
1523/JNEUROSCI.0400-15.2015

Svoboda, J., and Sykova, E. (1991). Extracellular space volume changes in the rat
spinal cord produced by nerve stimulation and peripheral injury. Brain Res. 560,
216-224. doi: 10.1016/0006-8993(91)91235-5

Sykovd, E. (1992). “Ton-selective electrodes,” in Monitoring neuronal cells: A
practical approach, ed. J. Stamford (New York, NY: Oxford University Press).

Sykovd, E., and Jendelova, P. (2005). Magnetic resonance tracking of implanted
adult and embryonic stem cells in injured brain and spinal cord. Ann. N. Y. Acad.
Sci. 1049, 146-160. doi: 10.1196/annals.1334.014

Sykova, E., and Nicholson, C. (2008). Diffusion in brain extracellular space.
Physiol. Rev. 88, 1277-1340.

Sykova, E., and Vargova, L. (2008). Extrasynaptic transmission and the diffusion
parameters of the extracellular space. Neurochem. Int. 52, 5-13.

Tanaka, K., Matsumoto, S., Yamada, T., Yamasaki, R., Suzuki, M., Kido, M. A,,
et al. (2020). Reduced post-ischemic brain injury in transient receptor potential
vanilloid 4 knockout mice. Front. Neurosci. 14:453. doi: 10.3389/fnins.2020.
00453

Thorne, R. G., and Nicholson, C. (2006). In vivo diffusion analysis with quantum
dots and dextrans predicts the width of brain extracellular space. Proc. Natl. Acad.
Sci. U.S.A. 103, 5567-5572. doi: 10.1073/pnas.0509425103

Thrane, A. S., Rappold, P. M., Fujita, T., Torres, A., Bekar, L. K., Takano, T.,
et al. (2011). Critical role of aquaporin-4 (AQP4) in astrocytic Ca2+ signaling
events elicited by cerebral edema. Proc. Natl. Acad. Sci. U.S.A. 108, 846-851.
doi: 10.1073/pnas.1015217108

Toft-Bertelsen, T. L., Krizaj, D., and Macaulay, N. (2017). When size matters:
Transient receptor potential vanilloid 4 channel as a volume-sensor rather than an
osmo-sensor. J. Physiol. 595, 3287-3302. doi: 10.1113/JP274135

Toft-Bertelsen, T. L., Larsen, B. R, and Macaulay, N. (2018). Sensing
and regulation of cell volume - we know so much and yet understand so
little: TRPV4 as a sensor of volume changes but possibly without a volume-
regulatory role? Channels (Austin) 12, 100-108. doi: 10.1080/19336950.2018.14
38009

Verkman, A. S. (2013). Aquaporins. Curr. Biol. 23, R52-R55.

Vizi, E. 8., Kiss, J. P., and Lendvai, B. (2004). Nonsynaptic communication in the
central nervous system. Neurochem. Int. 45, 443-451.

Vorisek, I, and Sykova, E. (1997). Ischemia-induced changes in the extracellular
space diffusion parameters, K+, and pH in the developing rat cortex and corpus
callosum. J. Cereb. Blood Flow Metab. 17, 191-203. doi: 10.1097/00004647-
199702000-00009

Wang, Y. F., and Parpura, V. (2018). Astroglial modulation of hydromineral
balance and cerebral edema. Front. Mol. Neurosci. 11:204. doi: 10.3389/fnmol.
2018.00204

Wilson, C. S., and Mongin, A. A. (2018). Cell volume control in healthy brain
and neuropathologies. Curr. Top. Membr. 81, 385-455.

Wolburg, H., Wolburg-Buchholz, K., Fallier-Becker, P., Noell, S., and Mack,
A. F. (2011). Structure and functions of aquaporin-4-based orthogonal arrays of
particles. Int. Rev. Cell Mol. Biol. 287, 1-41. doi: 10.1016/B978-0-12-386043-9.
00001-3

Yao, X., Derugin, N., Manley, G. T., and Verkman, A. S. (2015). Reduced
brain edema and infarct volume in aquaporin-4 deficient mice after transient
focal cerebral ischemia. Neurosci. Lett. 584, 368-372. doi: 10.1016/j.neulet.2014.
10.040

frontiersin.org


https://doi.org/10.3389/fncel.2022.1054919
https://doi.org/10.1007/s00424-018-2130-3
https://doi.org/10.1007/s00424-018-2130-3
https://doi.org/10.1159/000016369
https://doi.org/10.1152/jn.1995.74.2.565
https://doi.org/10.1002/glia.23183
https://doi.org/10.1002/glia.23979
https://doi.org/10.1152/jn.1991.65.2.264
https://doi.org/10.1002/glia.20747
https://doi.org/10.1002/glia.20747
https://doi.org/10.3389/fcell.2020.00849
https://doi.org/10.3389/fcell.2020.00849
https://doi.org/10.1523/JNEUROSCI.2540-14.2014
https://doi.org/10.1111/ejn.13723
https://doi.org/10.1523/JNEUROSCI.4284-06.2007
https://doi.org/10.1152/ajpcell.00298.2003
https://doi.org/10.1007/s12975-013-0314-x
https://doi.org/10.1007/s12975-013-0314-x
https://doi.org/10.1523/JNEUROSCI.0400-15.2015
https://doi.org/10.1523/JNEUROSCI.0400-15.2015
https://doi.org/10.1016/0006-8993(91)91235-s
https://doi.org/10.1196/annals.1334.014
https://doi.org/10.3389/fnins.2020.00453
https://doi.org/10.3389/fnins.2020.00453
https://doi.org/10.1073/pnas.0509425103
https://doi.org/10.1073/pnas.1015217108
https://doi.org/10.1113/JP274135
https://doi.org/10.1080/19336950.2018.1438009
https://doi.org/10.1080/19336950.2018.1438009
https://doi.org/10.1097/00004647-199702000-00009
https://doi.org/10.1097/00004647-199702000-00009
https://doi.org/10.3389/fnmol.2018.00204
https://doi.org/10.3389/fnmol.2018.00204
https://doi.org/10.1016/B978-0-12-386043-9.00001-3
https://doi.org/10.1016/B978-0-12-386043-9.00001-3
https://doi.org/10.1016/j.neulet.2014.10.040
https://doi.org/10.1016/j.neulet.2014.10.040
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Sucha et al.

Zeng, X. N, Sun, X. L, Gao, L, Fan, Y, Ding, J. H, and Hu, G.
(2007). Aquaporin-4 deficiency down-regulates glutamate uptake and Glt-1
expression in astrocytes. Mol. Cell. Neurosci. 34, 34-39. doi: 10.1016/j.mcn.2006.
09.008

Zeng, X. N, Xie, L. L., Liang, R,, Sun, X. L., Fan, Y., and Hu, G. (2012). AQP4
knockout aggravates ischemia/reperfusion injury in mice. CNS Neurosci. Ther. 18,
388-394. doi: 10.1111/j.1755-5949.2012.00308.x

Frontiers in Cellular Neuroscience

19

10.3389/fncel.2022.1054919

Zhang, H., and Verkman, A. S. (2008). Aquaporin-4 independent Kir4.1 K+
channel function in brain glial cells. Mol. Cell. Neurosci. 37, 1-10. doi: 10.1016/
j.mcn.2007.08.007

Zhao, H., Zhang, K., Tang, R., Meng, H., Zou, Y., Wu, P,, et al. (2018). TRPV4
Blockade preserves the blood-brain barrier by inhibiting stress fiber formation
in a rat model of intracerebral hemorrhage. Front. Mol. Neurosci. 11:97. doi:
10.3389/fnmol.2018.00097

frontiersin.org


https://doi.org/10.3389/fncel.2022.1054919
https://doi.org/10.1016/j.mcn.2006.09.008
https://doi.org/10.1016/j.mcn.2006.09.008
https://doi.org/10.1111/j.1755-5949.2012.00308.x
https://doi.org/10.1016/j.mcn.2007.08.007
https://doi.org/10.1016/j.mcn.2007.08.007
https://doi.org/10.3389/fnmol.2018.00097
https://doi.org/10.3389/fnmol.2018.00097
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

	The absence of AQP4/TRPV4 complex substantially reduces acute cytotoxic edema following ischemic injury
	Introduction
	Materials and methods
	Transgenic mice
	Permanent middle cerebral artery occlusion
	Magnetic resonance imaging
	Immunohistochemistry
	Experimental solutions
	The preparation of acute brain slices
	Measurements of the extracellular space diffusion parameters
	Measurements of extracellular K+ concentration

	Results
	The impact of AQP4 and TRPV4 deletion on the volume of the ischemic lesion
	The effect of AQP4 and TRPV4 deletion on the diffusion parameters of the extracellular space in response to pathological stimuli
	Oxygen-glucose deprivation
	Hypoosmotic stress
	Hyperkalemic conditions


	Discussion
	The deteriorating effect of AQP4 or TRPV4 deletion on the size of ischemic lesion
	The simultaneous deletion of AQP4 and TRPV4 strongly attenuates brain edema formation in the acute post-ischemic phase
	The simultaneous deletion of AQP4 and TRPV4 block changes of the extracellular space diffusion parameters during oxygen-glucose deprivation
	The deletion of AQP4 or TRPV4 does not affect changes in the extracellular space diffusion parameters evoked by hypoosmotic stress or hyperkalemia

	Conclusion and hypotheses
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References




