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Cellular/Molecular

AQP4e-Based Orthogonal Arrays Regulate Rapid Cell
Volume Changes in Astrocytes

Marjeta Lisjak,'* Maja Potokar,"* “Bostjan Rituper,' “Jernej Jorgacevski,"> and Robert Zorec'>
"Laboratory of Neuroendocrinology-Molecular Cell Physiology, Institute of Pathophysiology, Faculty of Medicine, University of Ljubljana, 1000 Ljubljana,
Slovenia, and 2Celica Biomedical, 1000 Ljubljana, Slovenia

Water channel aquaporin 4 (AQP4) plays a key role in the regulation of water homeostasis in the brain. It is predominantly expressed in
astrocytes at the blood- brain and blood-liquor interfaces. Although several AQP4 isoforms have been identified in the mammalian brain, two,
AQP4a (M1) and AQP4c (M23), have been confirmed to cluster into plasma membrane supramolecular structures, termed orthogonal arrays of
particles (OAPs) and to enhance water transport through the plasma membrane. However, the role of the newly described water-conductive
mammalian isoform AQP4e is unknown. Here, the dynamics of AQP4e aggregation into OAPs and its role in the regulation of astrocyte water
homeostasis have been studied. Using super-resolution structured illumination, atomic force, and confocal microscopies, the results revealed
that, in female ratastrocytes, AQP4e isoform colocalizes with OAPs, affecting its structural dynamics. In hypoosmotic conditions, which elicit cell
edema, OAP formation was considerably enhanced by overexpressed AQP4e. Moreover, the kinetics of the cell swelling and of the regulatory
volume decrease was faster in astrocytes overexpressing AQP4e compared with untransfected controls. Furthermore, the increase in maximal
cell volume elicited by hypoosmotic stimulation was significantly smaller in AQP4e-overexpressing astrocytes. For the first time, this study
demonstrates an active role of AQP4e in the regulation of OAP structural dynamics and in water homeostasis.
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Water channel aquaporin 4 (AQP4) plays a key role in the regulation of water homeostasis in the brain. To date, only AQP4a and
AQP4c isoforms have been confirmed to enhance water transport through plasmalemma and to cluster into orthogonal arrays of
particles (OAPs). We here studied the dynamics, aggregation, and role in the regulation of astrocyte water homeostasis of the
newly described water-conductive mammalian isoform AQP4e. Our main findings are as follows: brain edema mimicking hypoos-
motic conditions stimulates the formation of new OAPs with larger diameters, due to the incorporation of additional cytoplasmic
AQP4 channels and the redistribution of AQP4 channels of the existing OAPs; and AQP4e affects the dynamics of cell swelling and
regulatory volume decrease in astrocytes exposed to hypoosmotic conditions. j

ignificance Statement

King et al., 2004; Tani et al., 2009; Nagelhus and Ottersen, 2013;
Badaut et al., 2014). It is expressed in ependymal cells lining the
ventricles, in the end feet of astrocytes of the perivessel and sub-
pial areas of the brain, and in astrocyte plasma membranes that
face synapses (Frigeri et al., 1995; Nielsen et al., 1997; Rash et al.,

Introduction
Aquaporin 4 (AQP4), the most abundant water channel in the
CNS, selectively transports water molecules (Jung et al., 1994;
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1998; Nagelhus et al., 2004). The abundant presence of AQP4 in
the plasma membrane of astrocytes associated with brain—liquor
or brain—blood interfaces is important for the regulation of brain
water homeostasis, the primary role of AQP4 in the brain (Agre et
al., 1995; Nielsen et al., 1997; Manley et al., 2000; King et al., 2004;
Verkman et al., 2006; Haj-Yasein et al., 2011; Nagelhus and Ot-
tersen, 2013; Badaut et al., 2014).

Several water-permeant isoforms of AQP4 have been de-
scribed in mammals. In addition to the classic and the most
studied, AQP4a (M1) and AQP4c (M23), the AQP4e (Mz) iso-
form has been identified in rat, mouse, pig, and human brains
(Hasegawa et al., 1994; Jung et al., 1994; Yang et al., 1995; Moe et
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al., 2004; Verkman et al., 2006; Nase et al.,
2008; Wolburg et al., 2012; Potokar et al.,
2013). Biochemical evidence suggests that
AQP4e also clusters into OAPs, as was
shown in cells that do not natively express
AQP4 (Sorbo et al., 2008; Strand et al., 2009;
Rossi et al., 2011). However, the properties
of AQP4e aggregation dynamics into the
plasma membrane OAPs and its role in the
water transport at the cellular level are com-

pletely unknown.
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Figure1. Measurements of AQP4 microdomains (MiDs) in astrocytes. A, The DICimage of a culture

of AQP4e increases the formation of
additional OAPs, and in hypoosmotic
conditions an additional doubling was re-
corded; enlargement of the diameter of
OAPs after hypoosmotic stimulation in-
dicates the incorporation of additional
cytoplasmic AQP4 channels and/or the
redistribution of AQP4 channels of the
existing OAPs; and the AQP4e isoform
affects the dynamics of cell swelling and
regulatory volume decrease (RVD) in
astrocytes exposed to hypoosmotic
conditions.

dratastrocyte. The whiteline

delineates the cell. Scale bar, 4 (for A, B), 10 yum. B, Fluorescence micrograph of the same astrocyte as in A, recorded with SIM, Materials and Methods

showing a punctiform pattern of MiDs labeled with AQP4 antibodies that labeled intracellular a
channels (AQP4 MiD). The arrow denotes an MiD (197 nm in diameter) enlarged in the framed i

nd plasma membrane AQP4  Cell cultures
nset. ¢, MiD diameters were  Astrocyte cultures were prepared by standard

determined by measuring the full-width at half-maximum (FWHM) of the fluorescence intensity profile along the equatorial line  procedure from cortices isolated from 3-d-old

(the length of the line, shown in B, is 500 nm) in the horizontal and vertical directions (here on

ly the horizontal direction is  female Wistar rats (Potokar et al., 2013) and

displayed). D, Histograms show diameter distributions for AQP4 MiDs (594 MiDs from 7 cells) and AQP4e MiDs (intracellularand  maintained in growth medium (high-glucose
plasma membrane MiDs in astrocytes expressing the recombinant AQP4e; 676 MiDs from 8 cells). £, AQP4e-expressing MiDswere: - DMEM containing 10% fetal bovine serum), 1
on average wider (237 = 1 nm) than AQP4-labeled MiDs (166 = 1 nm). ***p << 0.001. F, G, The DIC image of a cultured rat ~ mwm sodium pyruvate, 2 mum glutamine, and 25
astrocyte and corresponding fluorescent micrograph displaying recombinant AQP4e. Scale bar, F (for F, G), 10 wm. pg/ml penicillin/streptomycin) at 37°C, 95%

al., 2008; Rossi et al., 2011; Serbg et al., 2012). It is well established
that AQP4a and AQP4c are present in the plasma membrane where
they aggregate into orthogonal arrays of particles (OAPs; i.e., su-
pramolecular structures that may also be important for water
permeability through the plasma membrane; Hasegawa et al,,
1994; Jungetal., 1994; Yangetal., 1995, 1996; Rash et al., 1998; Crane
and Verkman, 2009; Crane et al., 2010).

Localization of the recently identified AQP4e isoform in the
plasma membrane has been confirmed in HeLa cell lines, human
malignant glioblastoma cell lines, rat brain lysates, and primary
cultured rat astrocytes (Moe et al., 2008; Sorbo et al., 2008; Rossi et
al., 2011; Potokar et al., 2013). Moreover, the abundance of AQP4e
in the plasma membrane dynamically responds to the extracellu-
lar milieu, as was shown in rat astrocytes exposed to conditions
mimicking hypoosmotic challenge and cerebral edema, which is
characteristic for several pathologies, including stroke, tumor,
infection, hydrocephalus, and traumatic brain injury (Papadopoulos et

air/5% CO,. For structured illumination mi-

croscopy (SIM) and confocal microscopy

experiments, astrocytes were plated onto 22-
mm-diameter glass coverslips coated with 1% poly-L-lysine adhesive so-
lution. For atomic force microscopy (AFM) experiments, cells were
plated onto poly-L-lysine-coated WPI FD35 FluoroDish cell culture
dishes. Chemicals for maintaining cell cultures and for experiments were
purchased from Sigma-Aldrich. All reagents were of the highest purity
available.

Aquaporin 4 labeling

Aquaporin 4 microdomains. Immunolabeling by AQP4 antibody or ex-
pressing recombinant AQP4e isoform in astrocytes results in a puncti-
form fluorescent signal representing clusters of AQP4 channels (Fig. 1).
These punctiform AQP4 assemblages were termed microdomains
(MiDs), where the distance between individual AQP4s is <100 nm (the
resolution limit of the SIM system; Fig. 1). MiDs were labeled either with
antibodies in permeabilized cells or were identified by a fluorescent signal
of pAQP4e-GFP (green fluorescent protein; AQP4e) in transfected cells.
However, these two approaches do not discriminate between the intra-
cellular and plasma membrane pools of MiDs. For immunolabeling of
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MiDs, we used commercially available primary antibodies against AQP4
(rabbit polyclonal antibody against intracellular amino acids 244-323 of
the C-terminal domain, 1:400; Santa Cruz Biotechnology; and rabbit
polyclonal antibody against intracellular amino acids 249-323 of the
C-terminal domain, 1:300; Alomone Labs). Briefly, astrocytes were
washed in PBS, fixed, and permeabilized in 4% formaldehyde solution
[15 min, room temperature (RT)], incubated in blocking buffer [3%
bovine serum albumin (BSA) and 10% goat serum in PBS] to prevent
background staining (1 h, 37°C), and labeled with primary antibodies
against AQP4 (overnight, 4°C) following by goat anti-rabbit IgG second-
ary antibodies conjugated to fluorescent dye Alexa Fluor 488 (1:600, 45
min, 37°C; Invitrogen). Samples were mounted onto glass slides with
Slowfade Gold antifade reagent (Invitrogen).

Recombinant AQP4e isoform was overexpressed by transfecting cells
with pAQP4e-GFP encoding the fusion protein between AQP4e and GFP
(a gift from O.P. Ottersen’s laboratory, University of Oslo, Oslo, Nor-
way). Cell transfection was performed with Lipofectamine LTX trans-
fecting reagent (Invitrogen) or with FuGENE 6 (Promega) in live cells,
according to the manufacturer instructions.

Orthogonal arrays of particles. OAPs in nonpermeabilized cells were
labeled with neuromyelitis optica (NMO) IgG antibodies that recognize
the extracellular AQP4 epitope, do not affect OAP size, and do not induce
AQP4 internalization (Lennon et al., 2004, 2005; Hiroaki et al., 2006;
Nicchia et al., 2009; Ratelade et al., 2011; Rossi et al., 2012a,b). These
antibodies are present in the serum of patients with NMO disorder where
they selectively bind to AQP4 at the abluminal face of microvessels and
meninges in CNS tissues recognizing the extracellular domains of AQP4
in the plasma membrane (Cheng et al., 1997; Takumi et al., 1998; Iorio et
al., 2013).

Labeling with NMO-IgG antibodies was performed in a manner sim-
ilar to that described previously (Potokar et al., 2008). Briefly, the cells
were washed in PBS, incubated in 3% BSA in PBS (3 min, RT) and labeled
with NMO-IgGs (1:200, 10 min, RT; a gift from A. Frigeri, University of
Bari, Bari, Italy) or heat inactivated (30 min, 56°C) NMO-IgG serum
(1:200, 10 min, RT; a gift from Vanda A. Lennon, Mayo Clinic, Roches-
ter, MN), followed by goat anti-human IgG secondary antibodies conju-
gated to fluorescent dye Alexa Fluor 546 (1:600, 20 min, RT; Invitrogen).

Hypoosmotic stimulation. Control samples were treated with isoosmo-
lar extracellular solution (300 mOsm) consisting of the following (in
mwm): 130 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 p-glucose, and 10 HEPES,
pH 7.2. Hypoosmotic conditions were obtained by reducing the osmo-
larity of the isoosmolar medium from 300 to 200 mOsm by the applica-
tion of 100 mOsm solution consisting of the following (in mm): 30 NaCl,
5 KCl, 2 CaCl,, 1 MgCl,, 10 p-glucose, and 10 HEPES, pH 7.2.

Measurements of cell volume changes

Live untransfected astrocytes and astrocytes transfected with pAQP4e-
GFP were loaded with cytosolic sulforhodamine 101 dye (SR101; 10 pum;
Invitrogen) for 15 min at 37°C and exposed to either isoosmotic or
hypoosmotic conditions (200 mOsm ). Images were recorded with a laser
confocal microscope (LSM 780, Zeiss) using an oil-immersion objective
(40X /numerical aperture 1.3). AQP4e-GFP transfected cells were con-
firmed by Ar laser excitation (488 nm), and emitted light was filtered with
a bandpass filter at 493-553 nm. SR101 was excited by a DPSS laser (561 nm),
and the emission light was filtered with a bandpass filter at 567—649 nm.
Time-series images were recorded with a DPSS laser (561 nm) every 2 s
for 30 s before and 90 s after hypotonic stimulation. Changes in the
fluorescence intensity of SR101 were analyzed with Zen 2010 software
(Zeiss) using the mean region of interest tool, which calculates the aver-
age fluorescence intensity. Detailed analysis and fitting of the data were
performed in SigmaPlot version 11.0 (SYSTAT). Changes in the fluores-
cence intensity of the cytosolic fluorescent probe were used as an indica-
tor of changes in the cell volume (Benfenati et al., 2011; Mola etal., 2016).

Structured illumination microscopy: the imaging and the analysis

Recordings were performed with a Zeiss ELYRA PS.1 super-resolution
microscope, with an oil-immersion Plan-Apochromat 63X/1.4 differen-
tial interference contrast (DIC) objective (Zeiss). Fluorescent dyes were
illuminated with 488 and 561 nm laser beams, and the emitted fluores-

Lisjak, Potokar et al. @ AQP4e Regulates OAPs and Cell Volume Dynamics

cence was collected through the bandpass emission filters (495-560 nm
and 570—650 nm, respectively); 500-nm-thick Z stacks were acquired
with an EMCCD camera (Andor iXon 885, Andor Technology) and
analyzed in ZEN 2011 software (Zeiss). MiD, OAP diameters, and fluo-
rescence intensities were measured as shown in Figure 1, Band C. If,in a
given z-plane, the MiD was out of focus (we compared the fluorescence
intensity of each MiD in at least three different z-planes), we performed
the measurement in the focal plane (maximal fluorescence intensity,
minimum full-width at half-maximum). We calculated the fraction of
plasma membrane-located MiDs as the percentage of OAP versus all
MiDs in a given z-plane.

Atomic force microscopy measurements and cell

volume determination

Nanowizard II (JPK Instruments) was used in conjunction with an in-
verted optical microscope (Observer.Z1, Zeiss). Images were acquired in
intermittent-contact mode at a 0.4 Hz line rate and 128 X 128 pixel
lateral resolution. We used thermally stabilized HYDRA6V-100NG
(AppNano) V-shaped cantilevers with a spring constant of 0.29 = 0.01
N/m, measured using the thermal noise method (Hutter and Bechhoefer,
1993). Free cantilever oscillating amplitude and the imaging set point
were maintained throughout the experiment, ensuring comparable sam-
ple indentation, and stimulus was applied as described in Figure 5. Cell
volume was calculated using the zero basis volume calculation protocol
(built into Gwyddion; Necas and Klapetek, 2012) in the region of interest
(i.e., the cell) of the leveled AFM images. Volume changes were normal-
ized to the initial cell volume and are expressed as a relative change.

Statistics

Statistical analysis was performed in SigmaPlot (SYSTAT). Results are
presented as the mean * SEM. First, a normality test was performed on
the data, then statistical significance was evaluated using ANOVA with
the Holm-Sidak post hoc test for normally distributed data and the Mann—
Whitney test or ANOVA on ranks with the Kruskal-Wallis or Dunn’s post
hoc test for non-normally distributed data. We considered significance with
the following symbols: *p < 0.05, **p < 0.01, and ***p < 0.001.

Results

AQP4 and AQP4e microdomains in rat astrocytes are variable
in size

The AQP4 water channel has diverse subcellular distribution in
isolated astrocytes; ranging from the plasma membrane to endo-
somes, lysosomes, and secretory vesicles (Nicchia et al., 2008;
Potokar et al., 2013). When AQP4 channels are fluorescently
labeled in isolated astrocytes, a dispersed punctiform pattern
reminiscent of vesicular structures is observed (Fig. 1A,B), as
described previously (Nicchia et al., 2008; Potokar et al., 2013).
Such punctiform pattern of AQP4 distribution was detected in
immunolabeled cells (Fig. 1B) and in cells expressing recombi-
nant AQP4e isoform (Fig. 1 F,G). To learn about the size of MiDs
that are present in various subcellular regions, we recorded sam-
ples with SIM and measured their diameters.

The diameter of an individual MiD was calculated as the av-
erage of two independent measurements in perpendicular direc-
tions, as indicated in Figure 1C. Distributions of MiD diameters
were in the range of 120—220 nm in AQP4-immunolabeled cells
(AQP4 MiDs) and 159—415 nm (AQP4e MiDs) in AQP4e trans-
fected cells (Fig. 1D). The diameter of AQP4e MiDs was on aver-
age about half wider than that of AQP4-immunolabeled MiDs
(p < 0.001; Fig. 1E), indicating that the overexpression of the
AQP4e isoform affects MiD size. However, these measurements
represent all cellular MiDs, since AQP4 antibodies target the in-
tracellular C-terminal AQP4 epitope, and, as such, they do not
discriminate between the intracellular MiDs and the OAPs resident
in the plasma membrane. Similarly, the recombinant AQP4e also
labeled MiDs throughout the cell. Therefore, to specifically label
OAPs, the only confirmed aggregation of AQP4 in the plasma
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Figure 2.  AQP4e is localized in OAPs, and it promotes their formation in hypoosmotic conditions. 4, Schematically depicted
double labeling of AQP4 channels at the plasma membrane OAPs. Primary NMO antibodies label the extracellular site of AQP4s
(secondary antibodies are conjugated to a red fluorescent dye) and are thus markers of OAPs, whereas primary commercial
antibodies label OAPs at the intracellular domain of the AQP4 channel (secondary antibodies are conjugated to a green fluorescent
dye). Recombinant AQP4e isoforms are tagged with GFP. Of note, commercial pan antibodies also label intracellular MiDs contain-
ing AQP4s (see E;;). B, Fluorescent micrographs of astrocytes labeled with NMO primary antibodies and delineated with white
lines. B; shows an equatorial plane of NMO-labeled impermeabilized astrocytes, where NMO labeling is restricted to the cell
surface. We used this type of labeling to assess 0APs. B;; shows an equatorial plane of NMO-labeled formaldehyde-permeabilized
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membrane of astrocytes (Yang et al., 1996;
Rash et al., 1998), we next used the NMO
antibodies, an ideal marker of the plasma
membrane OAPs in cell cultures (Nicchia
et al., 2009; see Materials and Methods).

AQP4e overexpression and hypoosmotic
stimulation affect the abundance of OAPs
Schematic depiction of dual-labeled AQP4
tetramers in OAPs is shown in Figure 2A.
NMO-IgGs colabeled with Alexa Fluor
564 (red) tagged OAPs from the extracel-
lular side and commercially available anti-
AQP4 IgGs colabeled with Alexa Fluor
488 (green) or GFP AQP4e tagged OAPs
from the intracellular side, as presented in
Figure 2. First, we confirmed that in our
experimental conditions (labeling of non-
permeabilized cells) NMO antibodies re-
mained close to the cell surface (Fig. 2B;),
therefore labeling plasma membrane OAPs.
In contrast, the signal of formaldehyde-
permeabilized cells was pan-cellular
(Fig. 2B;;).

When control untransfected astrocytes
were immunolabeled with commercial
AQP4 IgGs (Fig. 2D, E), 3.4 = 0.3% of all
AQP4s were detected in OAPs (Fig. 2G;).
In astrocytes overexpressing the AQP4e
isoform (Fig. 2F), the proportion of
AQP4s in OAPs was twofold higher (Fig.
2G;). To learn whether hypoosmotic con-
ditions trigger the redistribution of AQP4s
to the plasma membrane, we repeated the
experiments after 2 and 10 min exposures
of cells to the hypoosmotic milieu (Hypo). In
control untransfected cells, the percent-
age of OAPs (relative to all AQP4-positive
puncta in the cells) increased by one-third

<«

astrocytes, where NMO labeling is observed also in the cyto-
plasm. C, DICimage of a cultured rat astrocyte. The cell is de-
lineated with the white line. D, SIM fluorescence micrograph
of the same astrocyte as in B, labeled as schematically shown
in A. The squared area is enlarged in E, displaying OAPs extra-
cellularly labeled with NMO antibodies (E;), intracellularly la-
beled with commercial AQP4 antibodies (E;), and the overlay
of both signals (E;;;). The white line represents the edge of the
astrocyte, as determined on the DIC image. F, Section of an
astrocyte showing OAPs extracellularly labeled with NMO an-
tibodies (F;), the intracellular signal of AQP4e-GFP (F;), and
the overlay of both signals (F;;). The arrowheads point to co-
localized fluorescent signals of OAPs, labeled by NMO antibod-
ies, that were either colabeled by AQP4 antibodies (E;;) or
AQP4e-GFP (F;;). G, OAPs represented 3.4 = 0.3% of all
antibody-labeled AQP4 microdomains in untransfected cells.
Stimulation with Hypo solution increased the percentage of
0APs to 4.7 == 0.3% (2 min) and to 4.5 == 0.5% (10 min),
respectively (G;). Of all recombinant AQP4e-GFP MiDs in the
transfected cells, 7.6 = 1.3% were detected in 0APs. G;;, Stim-
ulation with Hypo increased the percentages to 12.3 = 2.2%
(2 min) and to 15.9 = 2.0% (10 min). Numbers in the bars
denote the number of cells analyzed. **p < 0.01.
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after a 2 min exposure to Hypo (p =
0.009; ANOVA followed by the Holm-Si-
dak method) and remained high after the
10 min exposure to Hypo (4.5 = 0.5%;
p = 0.712; Fig. 2G;). In astrocytes overex-
pressing the AQP4e isoform, the abun-
dance of OAPs increased by half after 2
min and by twofold after 10 min of expo-
sure to Hypo versus control AQP4e trans-
fected cells in isoosmotic conditions (p =
0.002; ANOVA followed by the Holm-Si-
dak method; Fig. 2G;)).

These results show that AQP4e is de-
tected in NMO-IgG-labeled OAPs, that
the hypoosmotic milieu increases the pro-
portion of AQP4s in OAPs, and that the
overexpression of the AQP4e isoform fur-
ther enhances the localization of OAPs at
the plasma membrane.

OAPs are enlarged after

hypoosmotic stimulation

Next, we asked whether the unitary OAP
size is affected in hypoosmotic conditions.
The measurements of OAP diameters
were performed in the same way as the
measurements of MiDs (Fig. 1C). A 2 min
exposure to Hypo did not affect OAP di-
ameters either in untransfected cells or in
AQP4e-overexpressing cells. On the other
hand, a 10 min exposure to Hypo resulted
in a statistically significant enlargement in
OAP diameters versus isoosmotic con-
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Figure3. Hypotonicity increases the average OAP diameter in astrocytes. A;, The average diameter of OAPs (in nanometers) in

rat astrocytes intracellularly colabeled with AQP4 antibodies was 170 == 1in isoosmotic conditions. After 2 min of Hypo stimula-
tion, it remained virtually unchanged (171 = 1) and increased to 188 == 1 after 10 min of Hypo stimulation. The corresponding
average fluorescence intensity in arbitrary units (A.U.) is shown in A;; it decreased from 13.8 = 0.6 in isoosmotic conditions to
13.1 % 0.6and 10.9 == 0.5 after 2 min and after 10 min of Hypo, respectively. B;, The average diameter of OAPs (in nm) containing
GFP-tagged AQP4e isoform was 178 == 1in isoosmotic conditions. After 2 min of Hypo stimulation, the average diameter did not
change (178 = 2), whileitincreased to 183 = 1 after 10 min of Hypo stimulation. B;;, The average fluorescence intensity (in A.U.)
of the same OAPs as in B; was 16.6 == 0.8 in isoosmotic conditions, transiently decreased to 12.3 == 0.8 after 2 min of Hypo
stimulation, and then increased to 16.1 = 0.5 after 10 min. (, The AQP4 density was measured as the ratio between the average
fluorescence intensity of OAP and the OAP diameter. The density of AQP4 (in A.U.) in OAPs (C;) was 83.8 == 3.5 in controls and
decreased to 77.5 == 2.9 (after 2 min Hypo stimulation) and to 56.6 == 1.9 (after 10 min of Hypo stimulation). C; The decrease in
the density of AQP4e in OAPs was transient, from 92.5 == 4.5 in controls, to 69.5 == 4.6 (after 2 min of Hypo stimulation), and to
88.5 = 2.7 (after 10 min of Hypo stimulation). Numbers in the bars or brackets represent the number of 0APs analyzed. *p << 0.05.

trols in untransfected cells (by ~10%)
and in AQP4e-overexpressing cells (by ~2.5%; p < 0.05, one-
way ANOVA on ranks followed by Dunn’s method; Fig. 3A,,B;).

Although the hypoosmotic conditions can affect the OAP size,
this may involve changes in the OAP AQP4 content as a result of
the redistribution of individual AQP4s. Therefore, we analyzed
the fluorescence intensity, a measure of the abundance of AQP4
molecules within the labeled OAPs. In untransfected cells, the
average fluorescence intensity decreased statistically signifi-
cantly by one-fifth after 10 min of exposure to Hypo versus con-
trol (p < 0.05, one-way ANOVA on ranks followed by Dunn’s
method; Fig. 3A;). In contrast, in AQP4e-overexpressing cells,
the fluorescence intensity of OAPs transiently decreased statisti-
cally significantly after 2 min versus control (26%), and after 10
min returned practically to the control level (p < 0.05, one-way
ANOVA on ranks followed by Dunn’s method; Fig. 3B;;). Then,
we measured the ratio between the average fluorescence intensity
of OAPs and OAP diameter (Fig. 3C) to learn about the density of
AQP4 molecules per individual OAP. If we consider that the
binding of antibodies to epitopes is constant, then this ratio rep-
resents the density of AQP4 molecules in OAPs. Following the
Hypo stimulation, the observed trends of AQP4 density in OAPs
were similar to the trends of fluorescence intensity, for AQP4 mole-
cules and the AQP4e isoform. The density of AQP4 in OAPs de-
creased significantly by 7% and by 32% after 2 and 10 min of Hypo,
respectively (Fig. 3C;). On the other hand, the density of AQP4e in
OAPs transiently decreased by 25% after 2 min of Hypo and subse-
quently increased to near control value after 10 min (Fig. 3C;;).

To summarize, a hypoosmotic milieu triggers the enlarge-
ment of OAP diameters followed by a delay. Differences in the

increase of the average OAP diameter were smaller when we over-
expressed AQP4e. Changes in the diameter with concomitant
changes in the fluorescence intensity and density of molecules in
OAPs in altered osmotic conditions indicate a structural reorga-
nization of OAPs. The density of immunolabeled AQP4 and the
density of the AQP4e isoform in OAPs changed versus pre-
hypoosmotic conditions, indicating that the insertion/retraction
and redistribution of the AQP4 molecules occurred.

Cell volume changes in hypoosmotic conditions

In general, cells respond to hypoosmotic conditions by rapid
swelling followed by an adaptive response, termed RVD, which
tends to recover the normal cell volume (Pasantes-Morales et al.,
2006). It has been reported that AQP4 channels mediate fast-
swelling kinetics, which plays a crucial role in triggering RVD in
astrocytes (Mola et al., 2016). For example, in wild-type (WT)
mouse astrocytes, in which only the presence of AQP4a (M1) and
AQP4c (M23) was assessed, the time constant of cell swelling was
shorter, and the kinetics of the RVD phase was faster with a larger
compensation amplitude in comparison with the astrocyte cell
line devoid of AQP4 (Mola et al., 2016).

However, it is unknown whether the recently described AQP4e
isoform (Mz) is also involved in the regulation of cell volume.
Therefore, we performed experiments to check whether AQP4e
affects the astrocyte-swelling kinetics and RVD. Untransfected
astrocytes and astrocytes overexpressing AQP4e were labeled
with SR101 cytosolic dye (Fig. 4A) and exposed to hypoosmotic
conditions. Cells overexpressing AQP4e exhibited faster cell
swelling, observed as SR101 fluorescence intensity changes, com-



Lisjak, Potokar et al. @ AQP4e Regulates OAPs and Cell Volume Dynamics J. Neurosci., November 1, 2017 - 37(44):10748 10756 * 10753

B C D E
0.4 —=0 | 02571 _,
® Ctr(n=6) | 20 T
0.3 v AQP4e (n=9) 1.0 1 | W\ g’ 27020
Vv =15 =
ik, M 2 90.15
v ® 10 &
08 : 5 O e 0.10
| i e 5 I <0.05
lo® % o L2t 0.00 L2119
£061{ | S oM RSN
i 3 le e &
0.4 + Hypo 2 I " F
0.3 ® Ctr(n=21) 0441 & 20 { ]+ R 50 =
= ’ v AQP4e (n =19) |. 045 g40
502 L | & 2
2 024 | 210 g 30
0.1 %W 4 g © 20
ve hd ecr Y 5 < 10
0.0 _ ' _ 0.0 %{_,f ¥ AQRde 21 19 < Lz g
0 30 60 90 120 30 60 90 NPRNZ RN
Time (s) Time (s) C’vg‘? 0\?0‘3

Figure4. Astrocytes overexpressing AQP4e exhibit a faster but smallerincrease in cell volume in hypoosmotic conditions. 4, An astrocyte labeled by SR101, before (t = 22 5) and after stimulation
with hypotonic milieu (att = 46 sand t = 90s, respectively). Graphs adjacent to the micrographs represent fluorescence intensity profiles obtained along the line denoted in respective micrographs.
Gray line represents fluorescence intensity profile at t = 22 5. B, The relative volume changes, obtained by measuring the average fluorescence intensity of SR101 of the whole cell, in control
untransfected (Ctr) and in AQP4e-overexpressing (AQP4e) astrocytes in isoosmotic (Iso; B;) and Hypo conditions (B;;). , Normalized time-dependent changes in the volume shown in B;;. B;;, €, Note
the smaller peak of the response (i.e., swelling; B;;) and the better recovery (of the cell volume in RVD) in cells overexpressing AQP4e compared with untransfected controls (C). The kinetics of the
volume change was faster in cells overexpressing AQP4e. The dashed line represents the application of hypotonic solution. D, Time constants (in seconds) of the swelling phase (D;) were on average
significantly smaller in cells overexpressing AQP4e (4.9 = 0.5) than in control untransfected cells (7.5 = 0.4). The RVD phase (D;;) occurred faster in transfected cells (11.4 = 0.7) than in control
untransfected cells (19.2 == 2.0). E, Maximal amplitude of the volume increase (AV swelling) was smaller in cells overexpressing AQP4e (0.16 == 0.01 A.U.) than in controls (0.22 = 0.02A.U.;p =
0.02). F, Recovery of the cell volume in the RVD phase was higher in cells overexpressing AQP4e (Ctr, 31.6 == 2.8%; AQP4e, 46.8 == 4.6%; p = 0.02). Numbers in the bars or brackets represent the

number of cells analyzed. Student’s t test was used for statistical comparison: *p << 0.05; ***p << 0.001.

pared with untransfected astrocytes (Fig. 4B,;,C), whereas the ad-
dition of an isoosmotic solution did not elicit any volume change
(Fig. 4B;). After the addition of Hypo, the cell-swelling kinetics
was ~50% faster in cells overexpressing AQP4e compared with
untransfected controls (Fig. 4D; p < 0.001), and the overall cell
swelling was approximately one-third smaller than in untrans-
fected controls (Fig. 4E; p < 0.05). In addition, the RVD kinetics
was almost twice as fast in cells overexpressing AQP4e compared
with untransfected cells (Fig. 4D;; p < 0.001), and the recovery of
the cell volume in the RVD phase was much more efficient (50%
better) in AQP4e-overexpressing cells (Fig. 4F; p < 0.05).

As seen in Figure 4, the basal cell volume was not completely
restored by RVD within a couple of minutes. We therefore mea-
sured the changes in cell volume for an extended time period
(21 min) in persisting hypoosmotic stimulation. Because fluores-
cent dyes are prone to bleaching, we used another super-resolution
technique, AFM. In hypoosmotic conditions, a steady, slow,
time-dependent increase in cell volume was observed, reaching
~8.5% increase after 21 min of recording in untransfected and
AQP4e-overexpressing cells in comparison with cells in nor-
mosmotic conditions (Fig. 5B). These results indicate that the
capacity to contain long-term hypotonic swelling of astrocytes is
limited and independent of the overexpression of the AQP4e
isoform.

Discussion

In this study, we assessed the effect of the newly described water-
conductive AQP4e isoform on the abundance and size of AQP4
microdomains in cultured rat astrocytes, with the focus on the
clusters of AQP4 molecules resident in the plasma membrane,
termed OAPs. Specifically, we measured OAP dynamics in isoos-
motic and brain edema mimicking hypoosmotic conditions to-

gether with the changes in cell volume. The results revealed for
the first time that AQP4e participates in rapid, short-term vol-
ume regulation of astrocytes with dynamic restructuring of
OAPs.

AQP4e isoform localizes in OAPs in astrocytes

Biochemical assays on HeLa cells and human glioblastoma-astro-
cytoma cells (Rossi et al., 2011) revealed that AQP4e likely incor-
porates into higher-order structures that resemble OAPs in size
(Sorbo et al., 2008; Strand et al., 2009; Rossi et al., 2011). Neither
of these cell types expresses AQP4 endogenously, and both were
cotransfected with AQP4a, AQP4c, and AQP4e to study OAP
composition in the cell lysates. The AQP4e isoform was reported
to be localized largely at the plasma membrane of single cultured
astrocytes (Moe et al., 2008; Sorbo et al., 2008; Rossi et al., 2011;
Potokar et al., 2013). However, its plasma membrane distribu-
tion in detail was not known. In our study, the results revealed for
the first time, using NMO-IgG labeling, that AQP4e also targets
OAPs in rat primary astrocytes that natively express several AQP4
isoforms.

Recently, a model that predicts OAP formation was proposed.
However, it takes into account only two AQP4 isoforms, predict-
ing that the AQP4c isoform probably forms the core of the OAP,
stabilizing the OAP through its N-terminal associations, while
AQP4a is preferentially localized at its periphery (Mitsuma et al.,
20105 Jin et al., 2011; Rossi et al., 2012a). Additionally, it was
shown that, in U§7MG cells, which natively do not express AQP4,
AQP4e associates with OAPs, similar to AQP4a in conditions
when these cells coexpress AQP4c (M23; Rossi et al., 2011). Our
results now show directly in a cell natively expressing AQP4e that
this is taking place. Therefore, an upgrade of the OAP formation
model should also take into account the assembly of AQP4e into
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triangles). Numbers in the brackets represent the number of cells analyzed. One-way ANOVA with the Holm—Sidak post hoc test versus control was used for statistical comparison.

OAPs and predict its role in the formation of OAPs. This is consis-
tent with the present results where the overexpression of AQP4e
clearly affects the abundance of OAPs in astrocytes.

In addition to OAPs that resemble a general plasmalemmal
structural cluster of AQP4, in cultured astrocytes a significant
intracellular pool of AQP4 is present, compared with the modest
intracellular pool observed in the perfusion-fixed brain (Nielsen
et al., 1997; Nicchia et al., 2008; Potokar et al., 2013). This intra-
cellular pool is observed as a punctiform pattern, resembling ves-
icles. The size of such intracellular puncta or MiDs has not been
determined before. The present study revealed their diameters.
MiD diameters from all cellular MiDs, comprising intracellular
AQP4 clusters and plasmalemmal OAPs, showed large variability
between the endogenous MiDs (166 = 1 nm) and AQP4e-over-
expressing MiDs (237 = 1 nm). Intracellular MiDs containing
endogenous AQP4 and intracellular MiDs with the recombinant
AQP4e are likely localized in the secretory and degradation sub-
cellular compartments, in which the overexpression of AQP4e
affects their size (Madrid et al., 2001; Moe et al., 2008; Potokar et
al., 2013). On the other hand, the diameters of endogenous OAPs
were similar to the diameters of OAPs that were overexpressing
AQP4e. Endogenous (188 = 1 nm) and AQP4e-overexpressing
OAPs (183 = 1 nm) are generally in line with the OAP diameters
measured in adult rat astrocyte cultures (150-500 nm) as imaged
by total internal reflection fluorescence microscopy (Nicchia et
al., 2009, 2010). Further, the OAP diameters recorded in this
study are also in line with the measurements obtained by other
super-resolution microscopy techniques (direct stochastic opti-
cal reconstruction microscopy and photo-activated localization
microscopy), where they were ~100 nm when expressing recom-
binant AQP4 isoforms (Rossi et al., 2012a). Some discrepancies
with our results can be explained by the fact that OAPs are diverse
in size, shape, and substructure and are subject to constant rear-
rangement in live cells (Sorbo et al., 2008). Diversity in the dy-
namics and size of OAPs can also be affected by the extracellular
milieu, as we considered further in this study.

AQP4e affects the cell abundance of OAPs in hypoosmotic
conditions

It was proposed for AQP4e that, like AQP4a, it may act as an acces-
sory isoform, regulating OAP assembly, whereas AQP4c represents
the core of OAP (Suzuki et al., 2008; Crane and Verkman, 2009;
Strand et al., 2009; Mitsuma et al., 2010; Tajima et al., 2010; Jin et
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Figure 6. A schematic drawing of rapid AQP4e-dependent changes in cell swelling and RVD

in astrocytes. Astrocytes in hypoosmotic conditions (marked by light gray) respond by rapid
swelling and by subsequent RVD, both of which are faster in cells overexpressing AQP4e. The
maximal volume increase at the end of the swelling phase is smaller in cells overexpressing
AQP4e compared with nontransfected cells (AV2 < AV1; changes in cell volume in different
phases can also be observed by comparing the cell area in dark gray compared with the initial
cell volume in white). In addition, the recovery of the cell volume during the RVD phase was
higher in cells overexpressing AQP4e compared with nontransfected cells.

al., 2011; Rossi et al., 2011). Here, we confirmed this hypothesis, as
the results revealed that AQP4e affects OAP dynamics in primary
astrocytes natively expressing all known water-permeable plasma
membrane AQP4 isoforms. Namely, the overexpression of AQP4e
resulted in a higher abundance of OAPs, an effect that was even more
pronounced in hypoosmotic conditions. It appears that AQP4e con-
tributes to the assembly of new OAPs and/or to the redistribution of
existing OAPs, consistent with reports of the reorganization and
slow mobility of OAPs (Rossi et al., 2012a).

In U87MG cells, it was shown that OAP size can be affected by
different expression ratios of AQP4a (M1), AQP4c (M23), and
AQP4e (Mz) isoforms. For example, at a higher ratio of AQP4a to
AQP4c, OAPs were smaller (Tajima et al., 2010; Jin et al., 2011).
This effect was attributed to AQP4a, which was proposed to block
the association of tetramers through coating of the outer surface
of OAPs (Tajima et al., 2010). Overexpression of AQP4e in-
creased the average OAP size only modestly (by 4%). This finding
suggests that although AQP4a and AQP4e are speculated to
regulate OAP assembly in a similar manner (Furman et al., 2003;
Strand et al., 2009; Rossi et al., 2011, 2012a), they may in fact have
different roles. Whereas AQP4a was shown to affect OAP size
more, AQP4e appears to primarily affect OAP reorganization and
assembly of new OAPs, especially in hypoosmotic conditions.
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Moreover, the results revealed that, in the hypoosmotic mi-
lieu, the density of immunolabeled AQP4 molecules and the den-
sity of recombinant AQP4e isoforms are altered in individual
OAPs. However, it is presently unclear and needs further consid-
eration whether this process is the consequence of altered ratios
of respective AQP4 isoforms or the reorganization of existing
molecules in OAPs.

The role of AQP4e in regulatory volume decrease

AQPs play a key role in astrocyte volume changes, as has been
demonstrated by several studies [i.e., by knocking down AQP4
channels or by the expression of AQP4a (M1) and AQP4c (M23)
isoforms in cells that do not natively express AQP4; Mitsuma et
al., 2010; Benfenati et al., 2011; Mola et al., 2016]. For example, it
has been reported that mouse astrocytes lacking AQP4 (AQP4
KO astrocytes) show slower kinetics in cell swelling than WT
mouse astrocytes (Mola et al., 2016). Moreover, the expression of
AQP4c (M23), the core OAP isoform, and the AQP4a (M1) iso-
form in the TNC1 astrocyte line reduced the cell-swelling kinetics
in hypoosmotic conditions severalfold (Benfenati et al., 2011;
Molaetal., 2016). In agreement, our data, highlighting the role of
AQP4e in cell-swelling kinetics, show that overexpression of the
AQP4e isoform triggers faster cell-swelling versus untransfected
astrocytes. We observed smaller potentiation of cell-swelling ki-
netics versus untransfected cells, compared with results pub-
lished previously (Benfenati et al., 2011; Mola et al., 2016). This
difference may arise from the fact that DI TNCI astrocytes na-
tively do not express AQP4 channels. The maximal cell volume
changes were smaller in AQP4e-overexpressing cells when
compared with AQP4a (M1)-expressing DITNC cells, but
were similar to those in AQP4c (M23)-expressing DITNC cells,
as reported previously (Benfenati et al., 2011).

In our experiments, the swelling phase in untransfected and in
AQP4e-overexpressing astrocytes was immediately followed by
an RVD phase, as observed previously (Benfenati et al., 2011;
Molaetal., 2016). The RVD phase observed by Mola et al. (2016)
was at least twice as fast in WT astrocytes as in AQP4 KO astro-
cytes as well as in the DI TNCI astrocyte line expressing AQP4c
(M23) compared with AQP4 KO lines, and had a larger ampli-
tude. Similarly, the RVD phase in AQP4e-overexpressing astro-
cytes in our experiments was approximately twofold faster than
in untransfected cells. Mola et al. (2016) showed that even after
~1 min of hypoosmotic stimulation, the cell volume did not
return to the basal level. Moreover, a steady increase in astrocyte
volume after prolonged hypoosmotic stimulation was reported
(Pangrsic et al., 2006; Hirrlinger et al., 2008). Our data support
this notion; in astrocytes exposed to hypotonicity for 21 min, a
slow and steady increase in cell volume was recorded that was
present in untransfected and AQP4e-overexpressing astrocytes.
Discrepancies in the extent of cell swelling between these data and
previously published data may arise from the different methods
used for cell volume determination, as well as from measurements at
different cell parts; we here measured the total cell volume. Namely,
cross-sectional area measurements of astrocyte soma yielded ~20—
40% increase in cultured cells after 200 s of hypoosmotic stimulation
(Pangrsic et al., 2006). Similarly, a substantial increase in soma areas
in tissue slices was observed after 30 min, whereas astrocyte processes
did not swell (Hirrlinger et al., 2008).

In conclusion, this study provides new insights into the role of
AQP4e in OAP assembly and cell volume regulation of astrocytes
(the latter is summarized in Fig. 6).
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