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Abstract
Background/Aims: The ability of astrocytes to control extracellular volume homeostasis is
critical for brain function and pathology. Uncovering the mechanisms of cell volume regulation
by astrocytes will be important for identifying novel therapeutic targets for neurological
conditions, such as those characterized by imbalances to hydro saline challenges (as in edema)
or by altered cell volume regulation (as in glioma). One major challenge in studying the astroglial
membrane channels involved in volume homeostasis in cell culture model systems is that the
expression patterns of these membrane channels do not resemble those observed in vivo. In
our previous study, we demonstrated that rat primary astrocytes grown on nanostructured
interfaces based on hydrotalcite-like compounds (HTlc) in vitro are differentiated and display
molecular and functional properties of in vivo astrocytes, such as the functional expression of
inwardly rectifying K+ channel (Kir 4.1) and Aquaporin-4 (AQP4) at the astrocytic microdomain.
Here, we take advantage of the properties of differentiated primary astrocytes in vitro to
provide an insight into the mechanism underpinning astrocytic cell volume regulation and its
correlation with the expression and function of AQP4, Transient Receptor Potential Vanilloid 4
(TRPV4), and Volume Regulated Anion Channel (VRAC). Methods: The calcein quenching
method was used to study water transport and cell volume regulation. Calcium imaging and
electrophysiology (patch-clamp) were used for functional analyses of calcium dynamics and
chloride currents. Western blot and immunofluorescence were used to analyse the expression
and localization of the channel proteins of interest. Results: We found that the increase in
water permeability, previously observed in differentiated astrocytes, occurs simultaneously
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with more efficient regulatory volume increase and regulatory volume decrease. Accordingly,
the magnitude of the hypotonic induced intracellular calcium response, typically mediated
by TRPV4, as well as the hypotonic induced VRAC current, was almost twice as high in
differentiated astrocytes. Interestingly, while we confirmed increased AQP4 expression in the
membrane of differentiated astrocytes, the expression of the channels TRPV4 and LeucineRich Repeats-Containing 8-A (LRRC8-A) were comparable between differentiated and nondifferentiated astrocytes. Conclusion: The reported results indicate that AQP4 up-regulation
observed in differentiated astrocytes might promote higher sensitivity of the cell to osmotic
changes, resulting in increased magnitude of calcium signaling and faster kinetics of the
RVD and RVI processes. The implications for cell physiology and the mechanisms underlying
astrocytic interaction with nanostructured interfaces are discussed.
© 2021 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Every cell is constantly challenged with osmolyte microgradient alterations as a result
of metabolic cellular activity, nearby cell function and cell processes such as cell migration,
proliferation, differentiation, signaling and apoptotic cell death. As a result, cell volume
perturbation occurs both locally and globally [1–5]. Accordingly, the homeostasis of cell
volume is efficiently preserved by processes referred to as Regulatory Volume Decrease
(RVD) and Regulatory Volume Increase (RVI), driving the efflux or influx of ions and water
for the cell to reach a new steady state.
A wealth of data indicates that astrocytes are essential for the maintenance of volume
homeostasis in the brain since they are in charge of maintaining ions, water and osmolytes
at their homeostatic concentrations [6–11]. In particular, astrocytes control ions and water
dynamics at processes contacting synapses and siphon the excess of osmolytes and water
to the blood vessels. Among protein channels involved in astrocytic regulation of the cell
volume, the roles of water channel aquaporin-4 (AQP4), of calcium channels (belonging to
the family of Transient Receptor potential Vanilloid 4 (TRPV4)), and of chloride channels
(Volume Regulated Anion channels (VRAC)) are particularly important [12–15]. AQP4 is
selectively expressed in astrocytic endfeet that face blood vessels, and it mainly accounts
for faster, hydrostatically and osmotically driven water transport and distribution in the
brain [16, 17]. TRPV4 is a polymodal sensor that can be gated by different stimuli, including
thermal stress, cell volume and anisotonic challenge across the plasma membrane [18–23].
In the cortex, TRPV4 is expressed mainly on astrocytic membranes that face blood vessels.
In astrocytes in vitro and in Müller cells in situ, TRPV4 mediates osmotically induced calcium
signaling involved in the cell volume regulation mechanism [6]. The efflux of Chloride (Cl-)
and organic osmolytes (such as taurine, glutamate, and aspartate) through VRAC allows for
the recovery of physiological cell volume during the RVD process [24–26]. Recent studies
have identified the protein called LRRC8-A in the plasma membrane of primary cortical
astrocytes and in situ at the perivascular interface with endothelial cells. Moreover, LRRC8-A
protein expression is essential for proper VRAC mediated osmolyte release [27] and currents
as well as for astrocytic RVD and is a key factor for astroglial volume homeostasis [9, 28].
Cooperation between different molecular players has also been reported in vitro. TRPV4
cooperates with AQP4 in RVD in astrocytes [19, 20], possibly by molecular partnerships that
occur in specific domains in situ [19]. The VRAC and AQP4 functional interaction has been
demonstrated in primary astrocytes [26]. Notably, the alteration in expression and function
of AQP4, TRPV4 and VRAC is widely recognized as pathogenic in neurological conditions
characterized by dysregulation of astrocytic homeostatic control of volume [25]. All this
evidence highlights that uncovering the mechanisms of cell volume regulation in astrocytes
is of great interest. However, major technical issues arise in the study of astroglial cell volume
regulation that limit the knowledge acquired thus far on the mechanisms behind it. To reach
the resolution required for studying dynamics of microdomains in two photon-imaging
experiments in vivo, higher power exposure is required that can lead to phototoxicity [29]. On
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the other hand, a major pitfall in the study of astroglial membrane channels involved in volume
homeostasis in vitro is that, in standard cell culture conditions, their expression pattern
does not resemble that observed in vivo [30–32]. In this context, we have demonstrated that
plating astrocytes on a nano-structured interface, called hydrotalcite (HTlc), is an efficient
method to obtain differentiated astrocytes in vitro, in terms of morphology differentiation
and both molecular and functional features [33, 34]. In particular, HTlc astrocytes displayed
highly branched morphology, accompanied with increased expression of Kir4.1 protein
and conductance and overexpression of AQP4, that was paralleled with increased swellinginduced water permeability [32].
Given the peculiarity of this cell culture approach, which allows for the study of
astrocytes in vitro in a way that recapitulates important features of astrocytes in vivo, we
sought to study cell volume regulation mechanisms in these differentiated astrocytes. In
particular, we aimed to investigate the functional and molecular roles of the increased AQP4
mediated-water permeability associated with astrocyte differentiation, on TRPV4 mediated
Ca2+ dynamics and on VRAC conductance in the so-called RVD and RVI mechanisms.
We found that RVD and RVI were more efficient in differentiated astrocytes. Moreover,
while the expression of AQP4 is increased in the cell membrane, the expression of VRAC and
TRPV4 is not. Surprisingly, swelling induced calcium increase as well as volume regulated
chloride conductance are higher in magnitude in differentiated astrocytes compared to
polygonal ones. The results presented here indicate that differentiated astrocytes respond
to exposure to anisosmotic conditions with larger cell volume changes and larger restorative
effects because overexpression of AQP4 channels leads to larger volume changes that in turn
activate the volume regulatory effector mechanisms. Collectively, these data confirmed that
AQP4 expression is critical for VRAC and TRPV4 function [18–20] and support the hypothesis
that AQP4 upregulation in the cell membrane might serve as a driver for improved sensing
and effector mechanisms responsible for astrocytic involvement in RVD and RVI.
Materials and Methods

Primary astrocyte culture preparation and plating
Primary cultures of cortical astrocytes were isolated from brains of postnatal Wistar rats, as described
in [35]. Cells were grown in cell culture flasks containing DMEM-GlutaMAX medium supplemented with
10% fetal bovine serum (FBS) and penicillin/streptomycin (100 U/mL and 100 μg/mL, respectively).
Astrocytes were maintained for 3-4 weeks in culture, and the medium was changed twice per week.
Microglia and oligodendrocyte contaminating cells were removed by gently shaking the flasks, when
necessary. Glial fibrillary acidic protein (GFAP) immunolabeling demonstrated that cells were >95%
type-1 cortical astrocytes [5, 31, 35]. Once confluent, astrocytes were detached using trypsin-EDTA 0.025%
and replated as a single-cell suspension onto either Poly-D-lysine (PDL) or hydrotalcite (HTlc) -coated
petri dishes or glass coverslips, depending on the need. HTlc films were prepared according to protocols
described previously [32]. Experiments were performed 5 days after re-plating. Astrocytes were seeded at a
high density for western blot and calcein quenching experiments (104 cells/cm2). For immunofluorescence
experiments, cells were plated at a low density (2 x 103 cells/cm2). All cell culture products were purchased
from Euroclone (Milan, Italy).

Antibodies and Dyes
The following primary antibodies were used: rabbit anti-AQP4 (Cat: sc-20812; Santa Cruz,
Biotechnology, Dallas, Texas, USA) dilution 1:500, mouse anti-GFAP (Cat: G3893; Sigma, Saint Louis,
Missouri, USA) dilution 1:500, rabbit anti-TRPV4 (Cat: ACC-034; Jerusalem BioPark, Israel) dilution 1:200,
rabbit anti-LRRC8A (generated by Twin Helix, [28]; Western blot 8 μg/ml; immunofluorescence 0.8 μg/ml).
The following secondary antibodies were used at dilutions of 1:1000 for immunofluorescence: AlexaFluor
488-conjugated donkey anti-mouse IgG (Cat: A21202) and AlexaFluor 488-conjugated donkey anti-rabbit
IgG (Cat: A21206), both purchased from Thermo Fisher Scientific, Waltham, Massachusetts, USA. The
following secondary antibodies were used at dilutions of 1:5000 for Western blots: horseradish peroxidase
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(HRP)-conjugated goat anti-rabbit IgG (sc-2004) and goat anti-mouse IgG (Cat: sc-2005), both purchased
from Santa Cruz, Biotechnology, Dallas, Texas, USA. AlexaFluor 647-phalloidin (Cat: A22287) diluted 1:1000
was used to stain F-actin.
Protein sample preparation for SDS-PAGE, Western blotting and densitometric analysis
Astrocytes grown for 5 days on 60 mm petri dishes coated with either PDL or HTlc-films were
washed once in ice-cold phosphate-buffered saline (PBS) and dissolved in five volumes of RIPA lysis buffer
(10 mM Tris-HCl, pH 7.4, 140 mM NaCl, 1% Triton X-100, 1% Na deoxycholate, 0.1% SDS, 1mM Na3VO4,
1 mM NaF, 1 mM EDTA and 1× Protease Inhibitor Cocktail). Cell lysis was performed on ice for 1 h, and
the samples were then centrifuged at 22,000g for 30 min at 4°C. Supernatants were collected and their
protein content was measured using a bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). 20 ug of membrane proteins/lane was dissolved in Laemmli Sample Buffer
(Bio-Rad, Hercules, California, USA) and 50 mM dithiothreitol, heated to 37°C for 10 min, resolved on a
10% polyacrylamide gel, and transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore,
Burlington, Massachusetts, USA) for immunoblot analysis. Blocked membranes were incubated with
primary antibodies, washed, then incubated with the appropriate peroxidase-conjugated IgG secondary
antibodies. Reactive bands were revealed using enhanced chemiluminescence (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) and visualized on a Chemidoc imaging system (Bio-Rad, Hercules, California,
USA). The density values of target bands were quantified with Image Lab software 5.2.1 and normalized to
the Coomassie blue-stained membrane.

Immunofluorescence and confocal microscopy analysis
Cultured astrocytes grown on 12 mm diameter glass coverslips coated with PDL or HTlc were fixed in
4% paraformaldehyde solution, rinsed 3 times in PBS (Euroclone, Milan, Italy) and permeabilized for 15 min
with 0.3% Triton X-100 (Sigma, Saint Louis, Missouri, USA) in PBS. After blocking with 0.1% gelatin (Sigma,
Saint Louis, Missouri, USA) in PBS (blocking solution), cells were incubated for 1 h with primary antibodies,
washed with blocking solution, and incubated for 45 min with the appropriate Alexa Fluor-conjugated
secondary antibodies or AlexaFluor 647-phalloidin. Cover-slips were mounted on slides, using a medium
containing 50% Glycerol and 0.01% N-Propylgallate in PBS, and immunostained cells were observed with a
confocal laser‐scanning microscope (Leica TSC‐SP8, Leica-Microsystems, Wetzlar, Germany). Single or wellspread cells were preferentially imaged for the analysis under 100X magnification. Fluorescence emission
was obtained by laser excitation of Alexa Fluor 488 at 488 nm and for Alexa Fluor 647 at 640 nm. Emission
was collected between 510 and 540 nm and 670 to 720 nm, respectively. Two empty areas with no cells
in the field were also acquired and collected as sample background images for each condition. The auto
contrast function was applied to the captured images as a whole using Adobe Photoshop CS6 software to
improve the visual quality of images in terms of colour and contrast.
Confocal microscopy analysis
Image analysis was performed using Fiji software (NIH). After background subtraction, a minimum of
three square-shaped ROIs with an area of 100 μm2 was drawn at the edge of single and isolated astrocytes
or on their processes, when expressed. The two-channel ROIs were analysed using the JACoP plug-in. The
software defines an automatic threshold for each single-channel image and allows calculation of Pearson’s
coefficient r, which is a measure of correlation between actin (red channel) and membrane proteins (green
channel). Pearson’s coefficient values range from +1 to -1, where +1 indicates a perfect positive relationship,
-1 indicates a perfect negative relationship, and a 0 indicates no relationship. In this work, a high degree of
correlation has been ascribed to the values lying between + 0.50 and + 1, while coefficients lying between
+0.1 and +0.49 have been interpreted as a moderate or poor degree of correlation. The results are the
average of three independent experiments where 3 ROIs were analysed for each cell.
Fluorescence-quenching Assay
Cell-volume changes in primary cultured astrocytes were assessed using calcein-quenching
fluorescence assay as described previously [35]. Astrocytes were seeded on black, clear-bottom, 96-well
plates (Corning, New York, USA) coated with either PDL or HTlc at a density of 3,500 cells per well, and
water permeability measurements were taken 5 days after plating.
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Nearly 90% confluent cells were loaded with 10 μM membrane permeable calcein-AM (Molecular
Probes, Eugene, Oregon, USA), which is trapped intra-cellularly after cleavage by esterases and exhibits
a fluorescence intensity directly proportional to changes in cell volume. Calcein fluorescence kinetics in
response to altered extracellular osmolarity were recorded on a FlexStation3 plate reader, equipped with
a liquid handling module (Molecular Devices, San Jose, California, USA) able to transfer reagents from a
source plate to the read plate during data acquisition. Fluorescence was excited at 490 nm and detected at
520 nm using dual monochromators.
Cells were rinsed in isotonic PBS, and the osmotic shift was applied by automated addition of an
appropriate volume of hypotonic (NaCl-free PBS) or hypertonic (D-mannitol 0.5 M) solution in order to
obtain the required final extracellular osmolarity [20, 35–39]. Calcein fluorescence intensity increased upon
addition of hypotonic media due to water influx and cell swelling and decreased in response to hypertonic
stimulation due to water efflux and cell shrinkage. Data acquisition was performed by SoftMax Pro software,
and the data were analysed with Prism software (GraphPad Software, La Jolla, CA, USA).
The time constants of cell volume changes upon either the osmotic stimuli or regulatory volume
decrease (RVD) were obtained by fitting the data with an exponential function. The time constant of the
regulatory volume increase (RVI) kinetics registered after the hypertonic-induced cell shrinkage was
calculated by the linear fitting of the tangent line to the initial region of the recovery curve and expressed as
1/slope (s). The percentage of volume recovery was calculated from the maximum intensity of fluorescence
reached after the osmotic shock (the amplitude of cell volume variation) and the level of fluorescence
reached after the regulatory mechanism.

Intracellular Calcium Measurements
Intracellular calcium changes in response to hypotonic gradient were measured using the FlexStation3
plate reader, as previously described [20]. Astrocytes were seeded on black, clear-bottom, 96-well plates
(Corning, New York, USA) coated with either PDL or HTlc at a density of 3,500 cells per well, and calcium
measurements were done 5 days after plating. Cells were loaded with the ratiometric calcium indicator
Fura-2-AM (8 μM; Molecular Probes, Eugene, Oregon, USA) in DMEM for 30 min at 37°C. Cells were then
washed with DPBS and stabilized in the same buffer for 10 min at 37°C. The hypotonic stimulus was induced
20 s after the beginning of the data acquisition by adding an appropriate volume of hypotonic solution (NaClfree DPBS) in order to obtain the required final extracellular osmolarity, and the fluorescence was recorded
for 100 s. Intracellular calcium level was monitored by the ratio of the fluorescence intensity at 510 nm
excited alternatively by 340 nm and 380 nm (F340/F380). The fluorescence ratio F340/F380 was used as
an indicator of cytosolic [Ca2+] changes, and the maximum intensity of F340/F380 ratio reached after the
osmotic shock corresponds to the peak of calcium response. The relative time to reach this maximum was
also measured. Data analysis was performed using SoftMaxPro and Prism 5 (Graph Pad).

Electrophysiology
Whole-cell recordings of swelling-activated Cl- currents were performed in cultured astrocytes as
previously described [26]. Astrocytes plated both on PDL and HTlc were mounted on an inverted microscope
(Nikon Diaphot; Nikon Italy, Firenze, Italy). Currents were recorded with the patch-clamp technique in a
whole-cell configuration [40]. Patch pipettes were prepared from thin-walled borosilicate glass capillaries
to obtain a tip resistance of 2–4 MΩ. Membrane currents were amplified with an EPC-7 amplifier (List
Electronic, Darmstadt, Germany) and low-pass filtered at 2 kHz (3 dB). Data were acquired with a sample
rate of 5 kHz. Traces were analysed offline with pClamp 6 software (Axon Instrument, Foster City, CA, USA)
and Origin 6.0 (MicroCal, Northampton, MA, USA). Experiments were performed at room temperature (22–
24°C).
Saline solutions for patch-clamp experiments were prepared with salts of the highest purity grade
deionized and sterilized water (Millipore Sigma, Merck KGaA, Darmstadt, Germany). For electrophysiological
recordings, the standard bath solution was the following (mM): 140 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10
HEPES, 10 glucose, pH 7.4 adjusted with NaOH, and the osmolarity was adjusted to 315 mOsm/L with
mannitol. To isolate the Cl- current, the external bath perfusion, termed control saline, was the following
(mM): 120 CsCl, 2 MgCl2, 2 CaCl2, 10 2-[Tris (hydroxymethyl)-methylamino]-ethanesulfonic acid (TES),
10 glucose, pH 7.4 adjusted with CsOH, and the osmolarity was adjusted to 320 mOsm/L with mannitol
(60 mM). The intracellular (pipette) solution consisted of the following (mM): 126 CsCl, 2MgCl2, 1 EGTA,
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10 TES, pH 7.2 adjusted with CsOH, and the osmolarity was adjusted to 300 mOsm/L with mannitol. The
hypotonic extracellular solution of 260 mOsm/L was obtained by omitting mannitol in the control solution.
To block VRAC currents selectively, carbenoxolone (CBX) was freshly added to the hypotonic solution at a
concentration of 100 μM [41].
Statistical analysis
Three independent experiments were performed on different astrocyte primary culture preparations
for quantitative analysis. Statistically significant differences between PDL and HTlc astrocyte cultures
exposed to a range of osmotic gradients were computed using one-way ANOVA analysis with a subsequent
Newman-Keuls Multiple Comparison Test. Shapiro–Wilk normality test was performed on Pearson’s
correlation coefficients; then statistical significance between conditions per channel was evaluated using
the unpaired t-test. Data are shown as mean ± SEM by using GraphPad Prism 5 software, and the level of
significance was set at p <0.01.

Results

HTlc astrocytes displayed faster cell volume changes and higher efficiency of cell volume
regulation compared to PDL astrocytes
The availability of a reliable in vivo-like model of astrocytes [32] allowed us to study the
AQP4-mediated water transport considering the well-known molecular up-regulation of this
channel promoted by the HTlc interface. Measurements were made on primary cultures of
rat astrocytes 5 days after re-plating on poly-D-Lysine (PDL) or HTlc.
The impact of HTlc nanoparticles on osmotically induced changes in cell volume was
characterized by calcein quenching-based assay [32, 35]. The osmotic behaviour of astrocytes
grown on HTlc with respect to those grown on PDL was compared for their responsiveness
in both hypotonic and hypertonic conditions. We also evaluated the dependence of water
permeability parameters on the osmotic pressure gradient. Fig. 1A and B show representative
data for the time courses of cell swelling in response to a series of hypotonic gradients
between 20 and 100 mOsm/L recorded in PDL and HTlc plated astrocytes, respectively. Each
shown kinetic includes a swelling phase related to the osmotic water influx and a regulatory
volume phase that reached a steady-state cell volume (RVD phase). The time course of
fluorescence signal was analysed in terms of swelling and RVD rate, swelling magnitude and
percentage of volume recovery and measured parameters were compared between cells
grown on PDL and HTlc substrates.
The analysis of the swelling phase revealed that HTlc astrocytes exhibited faster
osmotic swelling compared to PDL astrocytes and that the measured swelling rate values
were independent of the extracellular osmolarity in both growing substrates, as expected
(Fig. 1C) [35, 42]. In agreement with previous studies [20, 37, 42, 43], we found a linear
dependence of calcein signal (ΔF/F0) on the relative change in cell volume in the whole range
of osmotic gradients tested on both PDL and HTlc substrates (Supplementary Fig. S1A –
for all supplementary material see www.cellphysiolbiochem.com). Interestingly, astrocytes
plated on HTlc films showed a significantly higher maximal amplitude of cell swelling for
all osmotic gradient size compared to PDL astrocytes (Fig. 1D). Looking at the RVD phase, a
higher efficiency of cell volume regulation in terms of rate of recovery (Fig. 1E) was detected
in differentiated astrocytes in all hypotonic challenges. Similar to the trend observed in the
swelling phase, the rate of the RVD phase was insensitive to the size of the osmotic gradient
in both growing substrates. However, the percentage of volume recovery (Fig. 1F) was
significantly enhanced at low osmotic gradients (20 and 25 mOsm/L) in differentiated cells.
In parallel, the impact of HTlc nanoparticles on the glial functional response to hypertonic
shock was explored. Fig. 2A and B show representative time courses of cell shrinking in
response to a range of hypertonic gradients between 20 and 100 mOsm/L recorded in PDL
and HTlc plated astrocytes, respectively. Each shown kinetic response includes a shrinking
phase triggered by the osmotic water efflux and a regulatory volume phase that tends to
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Fig. 1. Comparison between water transport
properties of PDL and HTlc plated astrocytes under hypotonic conditions. a, b) Representative
time courses of cell swelling (swelling phase) followed by RVD kinetic (RVD phase) recorded from
calcein-AM loaded PDL (a) and HTlc (b) astrocytes.
The time course shows changes in fluorescence
(F, expressed in arbitrary units, RFU) over time
(s) induced by the indicated hypotonic gradients
applied. The arrows indicate the switch in the external osmolarity. c, d) Quantitative analysis of the
cell swelling time constants (τ) and of the swelling
amplitude (in RFU) in astrocytes plated on PDL
(white bars) and HTlc (gray bars) for each gradient size (20, 25, 60,100 in mOsm/L). e, f) Quantitative analysis of values of the time constants (e)
and of the extent of volume recovery (%) of the
RVD phase (f) at the indicated hypotonic gradients. Note that AQP4 upregulation promotes faster
swelling and RVD kinetics and higher efficiency of
RVD. Data were obtained from 20 to 24 different
measurements of three independent experiments
performed using different astrocyte cultures.
Significant differences of the means were calculated by One-way ANOVA and Newman-Keuls Multiple Comparison Test. ***P<0.0001; **P<0.001;
*P<0.01. Different letters on top of each bar indicate significant difference between them and equal letters
indicate no significant difference.

restore cell volume (RVI phase). The cell shrinking rates, computed from the time course
data, were found to be remarkably enhanced in HTlc astrocytes compared to PDL astrocytes.
Again, both PDL and HTlc astrocytes were insensitive to the entity of the osmotic shock
(Fig. 2C). As observed in hypotonic conditions, the maximal amplitude of cell shrinkage
was enhanced in differentiated astrocytes (Fig. 2D) and linearly related to the extracellular
buffer osmolarity both in HTlc and PDL astrocytes (Supplementary Fig. S1B). Finally, HTlc
films also promoted RVI efficiency in terms of rate (Fig. 2E) and extent of volume recovery
at all hypertonic osmolarities in HTlc compared to PDL plated astrocytes (Fig. 2F). Similar
to the RVD, the RVI response was also independent of the extracellular osmolarity in both
differentiated and undifferentiated cells.
Swelling-induced calcium and chloride current response was up-regulated in astrocytes
grown on HTlc nanoparticles
The osmotic swelling of cultured astrocytes in response to hypotonic stress has
been associated with a transient rise in cytosolic calcium [19, 20]. Here, we used HTlcdifferentiated astrocytes to evaluate whether faster cell swelling and higher volume increase
observed in HTLc cells could have an effect on hypotonicity induced calcium influx (Fig.
3A and B). To this end we exposed astrocytes plated on PDL and HTlc plated astrocytes
to hypotonic challenge (Osm=60mOsm/L) at room temperature, a condition essential to
distinguish the response of TRPV4 to diverse modalities of activation [44]. Notably, the
hypotonic challenge induces comparable calcium increase in PDL and HTlc (Fig. 3A, B). The
role of TRPV4 in hypotonic induced calcium signaling in astrocytes was evaluated by adding
the TRPV4 activator 4-alpha-phorbol-12,13-didecanoate (4αPDD) [18, 19] and then the
TRPV4 antagonist RN1734 to the hypotonic solution [45, 46]. We demonstrate that both
PDL and HTlc astrocytes respond to the addition of TRPV4 agonist 4αPDD to the hypotonic
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Fig. 2. Comparison of water transport properties
of PDL and HTlc plated astrocytes under hypertonic conditions. a, b) Representative time courses
of calcein-AM loaded cells during the shrinking
phase followed by RVI kinetic (RVI phase) recorded on PDL (a) and HTlc (b) substrates and showing changes in fluorescence signal (F, expressed
in arbitrary units, RFU) elicited by hypertonic
stimulations, as indicated. The arrows indicate the
switch in the external osmolarity. c, d) Quantitative analysis of the cell shrinking time constants (τ)
and of the shrinking amplitude (in RFU) measured
in astrocytes plated on PDL (white bars) and HTlc
(gray bars) for each gradient size (20, 25, 60, 100
in mOsm/L). e, f) Quantitative analysis of the rate
of the RVI phase (1/slope, s) (e) and of the extent of
volume recovery (%) (f) at the applied hypertonic
gradients. Note that AQP4 upregulation promotes
faster shrinking and RVI kinetics and higher efficiency of RVI. Data were obtained from 21 to 24
different measurements of three independent experiments performed using different astrocyte cultures. A One-way Anova and Newman-Keuls Multiple Comparison Test were performed. ***P<0.0001;
**P<0.001; *P<0.01. Different letters on top of each
bar indicate significant difference between them
and equal letters indicate no significant difference.

solution with an increase in intracellular calcium signaling. Notably, the magnitude of the
increase in calcium response, observed after application of the agonist 4αPDD to hypotonic
solution, was significantly higher in HTlc-differentiated cells compared to PDL cells (Fig.
3A, B). Accordingly, the increase induced by the TRPV4 agonist is significantly reduced after
sequential addition of TRPV4 antagonist RN1734. Next, we studied intracellular calcium
variations induced by hypotonic challenge at a physiological temperature of 37°C, at which
TRPV4 is constitutively activated in heterologous system and in cortical astrocytes in situ
[21, 45]. We found that hypotonicity induced calcium increase was higher in amplitude in
HTlc differentiated astrocytes than in PDL astrocytes at all the hypotonic gradients tested
between 20 and 100 mOsm/L. The magnitude of the response increases proportionally
with osmotic challenge. On the other hand, the time-to-peak values remained unaffected
(Supplementary Fig. S2).
To analyze hypotonicity-activated current, we applied protocols previously reported
[26, 28]. Accordingly, astrocytes were clamped at the holding potential (Vh) of 0 mV, next
to the astrocyte zero-current potential under our experimental conditions, and stimulated
with voltage ramps of 1-s duration from -80 to 80 mV (Fig. 4A, B). Whole-cell membrane
conductance recorded in extracellular isotonic saline (Fig. 4A, trace 1) was small in
magnitude and increased upon exposure to hypotonic solution (ΔOsm = 60 mOsm) in PDL
astrocytes [46], (Fig. 4A, trace 2). Of note, steady-state ramp currents were inhibited by a
micromolar concentration of VRAC inhibitor carbenoxolone (Fig. 4A, trace 3) [39]. In HTlc
plated astrocytes, hypotonic challenge proved to elicit a significant increase in the magnitude
of whole-cell currents compared to PDL plated astrocytes (Fig. 4B, E).
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Fig. 3. Hypotonicity-induced calcium increase in PDL and HTlc
differentiated astrocytes. a) Representative trace of hypotonicityinduced Ca2+ response recorded
from cells grown on PDL and HTlc
films observed after exposing the
cells to hypotonic solution (∆Osm=
60 mOsm/L, lane 1) or to hypotonic solution with TRPV4 agonist
4αPDD or with 4αPDD +TRPV4
antagonist RN1734. The arrows
indicate the time at which solutions were added to the control saline. Experiments were performed
at RT. b) Barplot showing the
mean±SE values of the increased
Ca2+ amplitudes measured in the conditions reported in A. Data were obtained from 12 to 15 different
measurements of three independent experiments performed using 3 different astrocyte cultures. One-way
ANOVA and Newman-Keuls Multiple Comparison Tests were performed. ***P<0.0001; **P<0.001; *P<0.01.
c) Representative traces reflecting variations of cytosolic calcium Ca2+ concentration recorded in cells grown
on PDL and on HTlc films. Experiments were performed at 37°C. The osmotic challenges were obtained by
addition of NaCl-free PBS in order to apply the indicated osmotic gradient size, at the timepoint indicated
by the arrow. d) Bar plot showing the mean±SE values of calcium variations measured in the conditions
reported in c. Data were obtained from 20 to 24 different measurements of three independent experiments
performed using different astrocyte cultures. One-way ANOVA and Newman-Keuls Multiple Comparison
Tests were performed. ***P<0.0001; **P<0.001; *P<0.01.
Fig. 4. VRAC-mediated current in astrocytes plated
on PDL and HTlc. Representative current traces recorded in astrocytes plated on PDL (a) and HTlc
(b) in response to ramp current protocol (inset).
The reported current traces were recorded in isotonic solution (trace 1), at the maximal amplitude
observed after exposure to the hypotonic solution (trace 2, Δ = 60 mOsm/L), and after addition
of [100µM] CBX, a VRAC inhibitor [44] to the hypotonic solution (trace 3). Dashed lines represent
the zero-current value. c,d) Representative current
traces of hypotonic-challenge-activated current recorded in astrocytes plated on PDL (c) and HTlc (d)
in response to family of voltage steps protocol (inset). Astrocytes were voltage clamped at the holding potential (Vh) of 0 mV, and families of voltage
steps of 20 mV increments were delivered from -80
mV to +80 mV, every 10 sec. Hypotonic-challengeactivated current traces were obtained by digital
subtraction of the steady-state current, recorded
in isotonic condition, from the maximal value of
current amplitude, recorded after exposure of the
cell to hypotonic saline (Δ = 60 mOsm/L). e) Bar plot of maximal hypotonicity-activated current densities
recorded at -80 and +80 mV in PDL (white bars) and HTlc plated astrocytes (gray bars). Data are expressed
as mean±SE (n=6; **p<0.01, with Student’s t test).
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In order to analyze whether HTlc plating affects biophysical properties of VRAC, the
voltage- and time-dependency of VRAC was analyzed in PDL (Fig. 4C) and in HTlc (Fig. 4D)
plated astrocytes. To this end, Cl- currents were elicited with a voltage step protocol (Fig.
4C, inset), consisting of a family of voltage steps from Vh 0 mV from -80 to +80 mV in 20 mV
increments delivered every 10 sec.
Hypotonicity-activated currents were obtained by digital subtraction of current traces
recorded after 5–7 min of exposure to hypotonic saline from the currents recorded in control
saline (Fig. 4C). Consistently with the VRAC biophysical profile, the currents in HTlc astrocytes
activated instantaneously at all voltages and did not inactivate at potentials between -40 and
+40 mV (Fig. 4D). At membrane potentials higher than +40 mV, the hypotonicity-evoked
currents displayed a typical time-dependent inactivation, the rate and extent of which
became larger at more depolarized potentials.

The expression levels of TRPV4 and VRAC channels are not altered in HTlc differentiated
astrocytes
In line with our previous results, GFAP staining (Fig. 5A) revealed a polygonal shape
in astrocytes grown on PDL and a remarkable morphological differentiation in HTlc plated
astrocytes. Immunoblotting analysis confirmed comparable expression levels of GFAP, a wellknown gliotic inflammatory marker (Fig. 5B and C) in cells grown on both substrates as well
as the molecular up-regulation of AQP4 in HTlc-plated astrocytes. On the other hand, TRPV4
and VRAC protein expression levels remained unaltered in cells grown on HTlc compared to
those grown on PDL.
To assess whether a gain in functionality was associated with a different expression
pattern of the channels in the membrane, fixed astrocytes labelled for F-actin and the three
aforementioned proteins were imaged using confocal microscopy (Fig. 6). The F-actin label
was chosen in order to easily discriminate between differentiated and undifferentiated
astrocytes as well as to identify the median focal planes within the cells with well-defined cell
edges. Pearson’s coefficients obtained from co-localization analysis between the membrane
channels and F-actin showed that, while TRPV4 and VRAC were similarly distributed in both
differentiated and undifferentiated cells without correlation to the F-actin distribution, AQP4
localization exhibited a profound rearrangement in differentiated star-shaped astrocytes
grown on HTlc with a continuous plasma membrane staining strongly colocalized with
cortical actin.
Fig. 5. Expression of GFAP, AQP4,
TRPV4 and LRRC8-A proteins in
astrocytes plated on PDL and HTlc.
a) GFAP staining of PDL and HTlc
astrocytes. (Scale bar: 50 μm).
b) Representative Western blot
analysis of GFAP, AQP4, TRPV4
and LRRC8-A expression in primary astrocytes grown on PDL and
HTlc. c) Comparative densitometric analysis of GFAP, AQP4, TRPV4
and LRRC8-A corresponding signal
in PDL and HTlc samples, normalized to the Coomassie blue-stained
membrane. Data are means±SE,
***p<0.001.
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Fig. 6. AQP4, VRAC and TRPV4 protein expression and localization.
a) Single-plane confocal images
of astrocytes grown on PDL (upper panel) and HTlc (lower panel)
immunostained for the channels
(green) and F-actin (red) (Scale bar:
25 um). b) Magnification of the yellow-boxed regions from (a) (insets:
10 um x 10 um). c) Pearson’s Correlation Coefficients resulting from
colocalization analysis between
membrane proteins and F-actin. In
HTlc-grown astrocytes, AQP4 and
F-actin colocalize with a greater
extent compared to undifferentiated cells/ controls (Pearson’s coefficient (r) = 0.65 ± 0.01, n = 27 for
HTlc; r= 0.21 ± 0.02, n = 45 for PDL).
No changes in the degree of overlap
between VRAC or TRPV4 and Factin were detected in differentiated astrocytes (r VRAC HTlc = 0.382
± 0.03, n = 45; r VRAC PDL = 0.31
± 0.02, n = 45; r TRPV4 HTlc = 0.229
± 0.03, n = 48; r TRPV4 PDL = 0.24
± 0.02, n = 45). Unpaired t-test;
***P ≤ 0.0001.

Discussion

Several studies highlight that the astroglial syncytium strategically regulates homeostasis
within the brain environment through a pool of ion and water channel proteins specifically
distributed in microdomains facing diverse fluid-filled spaces [1, 47]. Astrocytic cell volume
regulation in response to anisotonicity results from 1) sensing anisotonic environment and
cell volume changes caused by osmotically driven water flux across the cell membrane; and
2) activation of effector mechanisms that restore the original cell volume. However, the
mechanism behind cell volume regulation needs further insights.
In this work, we sought to investigate cell volume regulating mechanisms in differentiated
astrocytes in vitro [32], that recapitulate morphological, molecular and functional features of
astrocytes in situ. We confirm that AQP4-overexpression is accompanied with enhanced rate
of water transport in astrocytes under hypotonic conditions and, as herein demonstrated,
also under hypertonic conditions. Notably, the amplitude of the anisotonicity-induced cell
volume responses of glial cells were considerably higher in differentiated astrocytes. One
of the major novel findings of the present work is the improved response of differentiated
astrocytes in terms of volume recovery.
To obtain insight into this phenomenon, we studied the hypotonicity induced calcium
signalling and volume regulated anion conductance in PDL and HTlc astrocytes because
they are mainly responsible for the cell sensing and effector mechanisms activated by
anisotonicity.
We found that hypotonicity induced calcium signals is increased in its magnitude in
differentiated astrocytes only when TRPV4 is activated by the selective agonist (Fig. 4A,
B) or by temperature above 25°C. Thus, the upregulation might be either dependent or
independent of the higher swelling observed in experiments performed at 22°C.
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Notably, the amplitude of the swelling kinetics was half as large as the amplitude of
shrinking kinetics [48]. Cell swelling processes are more complex than cell shrinkage as the
plasma membrane exhibits a very limited stretch capacity and is constrained by extensive
cytoskeletal networks [10].
Astrocytes grown on HTlc films display faster active RVD and RVI together with a more
efficient volume recovery compared to undifferentiated cells.
It can be argued that the different surface-to-volume ratio between flat and stellate
astrocytes should be taken into account with respect to the increased water transport kinetic
properties measured in cells grown on HTlc. However, in line with previous manuscripts
published by our group in which a morphological change of astrocytes was obtained, [31, 32,
49, 50] we have considered here the time constant of cell swelling or cell shrinkage a sufficient
indicator of the water flux rate. In general, we have demonstrated that cell differentiation
promotes the polarized expression of AQP4 on the cell plasma membrane associated with
an increased water transport rate, suggesting that the selective AQP4 plasma membrane
localization positively affects the permeability and the cell volume recovery mechanism in
differentiated astrocytes.
It is plausible that AQP4 dependent increases in the plasma membrane stretching
abilities are able to drive higher sensitivity of the cell to osmotic changes, thereby resulting
in increased magnitude of osmotic induced calcium signaling (Fig. 3A and B) and faster
kinetics of the RVD and RVI processes. Accordingly, we previously demonstrated [19, 20]
that the hypotonicity-induced calcium transients recorded from WT and KO astrocytes were
significantly different in terms of amplitudes and kinetics, indicating that the more rapid cell
swelling provided by AQP4-mediated water influx plays a major modulatory role on TRPV4mediated calcium signalling events.
Recent works have also indicated that TRPV4 is more of a volume-sensor than an
osmo-sensor [51]. The results provided at room temperature are, however, more in favor
of the ability of TRPV4 increased magnitude to sense osmolarity more than the cell volume.
Indeed, increased magnitude of calcium signal in HTLc is observed only when TRPV4 is
already activated by temperature or by an agonist, two conditions where discrimination
among stimuli cannot be achieved [44, 52]. Our results support the tenet that AQP4 is
a crucial player in the RVD and RVI mechanisms and that a molecular and functional
interaction with TRPV4 exists in differentiated astrocytes [19, 20, 33, 53]. Our results have
also demonstrated a dramatic increase in VRAC current in response to hypotonic challenge
in differentiated astrocytes. The result observed might explain the more efficient kinetics of
RVD observed in these cells following rapid osmotic influx or efflux of water in response to
an anisotonic stimulus. The result is not surprising since, indeed, VRAC channels are known
to be critical contributors to the cell volume regulation in astrocytes [27, 28, 34]. Moreover,
in a previous work we found that AQP4-KD induced a down regulation of VRAC current [26].
Thus, a functional cooperation between AQP4 mediated swelling and VRAC is confirmed in
differentiated astrocytes. We recently found that the expression of LRRC8A subunit of VRAC
was essential for the amplitude of astrocytic VRAC conductance and RVD. However, in the
present work, the increase in magnitude of VRAC current was not paralleled by an increase
in LRRC8A total protein amount nor by higher expression in the astrocytic membrane. Thus,
it is plausible that, in the case of VRAC, the higher cell volume achieved is linked to the
higher expression of AQP4 in the cell membrane, resulting in a more effective stimulus for
the activation of VRAC.
Cell volume regulation nanostructure induced differentiation
The herein reported nano-scale interface, HTlc, is known to promote differentiation of
astrocytes with mechanisms involving the cytoskeleton rearrangement [32, 55, 56]. The tight
interaction of the cell with the nano-scale environment might continuously challenge the
cell, locally, to rearrange its surface and volume. Thus, RVD and RVI molecular and functional
components could be improved. In this regard, a prominent role for RVD and AQP4 in
glioma cells has been highlighted [57, 58]. The latter condition is typically characterized by
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alterations in mechanical properties of the extracellular environment, and AQP4 mediated
water flux seems to play a key role orienting glioma cell fate toward increased migration
properties (AQP4 dependent increase in cell migration) or apoptosis (AQP4 dependent
apoptotic volume decrease) [57]. In addition, it has been recently shown that TRPV4 might
act as mechano-sensor in astrocytes. Thus, the increased response of TRPV4 in differentiated
astrocytes might be a consequence of the nanomechanical challenge induced by HTlc. This,
on turn, might set a lower threshold to activate TRPV4 in response to osmotic challenge or
to cell volume. In this respect, the data herein provided and the growth of astrocytes on HTlc
will be useful to understand the molecular mechanisms of differentiation and migration, as
two typical traits of astrocytes in health and disease.
We can also speculate that the cell/material interface induces gene expression driving
a molecular and functional phenotype that is more similar to the one observed in vivo, as
previously described, which includes recapitulation of microdomains serving homeostatic
function to which AQP4, Kir4.1 [32], TRPV4 and, more recently, VRAC have been demonstrated
to belong [26, 28]. In this view, our work provides new insight into cell physiology and
biophysics by controlled in vivo-mimicking - in vitro cell culture model.
Conclusion

Here we demonstrate that the differentiation of astrocytes is associated with an increased
AQP4 dependent water permeability. We hypothesized that the enhanced transmembrane
osmotic water flux, conferred by the upregulated water channel protein and function,
might drive higher sensitivity of the cell to osmotic changes. This enhanced flux results in
increased magnitude of calcium signaling and faster kinetics of the RVD and RVI processes
by functionally recruiting both TRPV4 and VRAC ion channels, even though the total protein
levels of both TRPV4 and VRAC remain unaltered.
The present in vitro cell culture method to obtain differentiated astrocytes represents an
important tool to study the dynamics underpinning the cellular localization and functionality
of channel proteins belonging to astrocytic microdomains and has allowed us to test the
hypothesis that volume transmission is a new communication path in non-excitable cells.
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