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Abstract

In the adult brain, the water channel aquaporin-4 (AQP4) is expressed in astrocyte

endfoot, in supramolecular assemblies, called “Orthogonal Arrays of Particles” (OAPs)

together with the transient receptor potential vanilloid 4 (TRPV4), finely regulating

the cell volume. The present study aimed at investigating the contribution of AQP4

and TRPV4 to CNS early postnatal development using WT and AQP4 KO brain and

retina and neuronal stem cells (NSCs), as an in vitro model of astrocyte differentia-

tion. Western blot analysis showed that, differently from AQP4 and the glial cell

markers, TRPV4 was downregulated during CNS development and NSC differentia-

tion. Blue native/SDS-PAGE revealed that AQP4 progressively organized into OAPs

throughout the entire differentiation process. Fluorescence quenching assay indi-

cated that the speed of cell volume changes was time-related to NSC differentiation

and functional to their migratory ability. Calcium imaging showed that the amplitude

of TRPV4 Ca2+ transient is lower, and the dynamics are changed during differentia-

tion and suppressed in AQP4 KO NSCs. Overall, these findings suggest that early

postnatal neurodevelopment is subjected to temporally modulated water and Ca2+

dynamics likely to be those sustaining the biochemical and physiological mechanisms

responsible for astrocyte differentiation during brain and retinal development.

Antonio Cibelli and Maria Grazia Mola should be considered joint first authors.

Received: 6 September 2023 Revised: 15 January 2024 Accepted: 19 January 2024

DOI: 10.1002/glia.24512

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Authors. GLIA published by Wiley Periodicals LLC.

938 Glia. 2024;72:938–959.wileyonlinelibrary.com/journal/glia

https://orcid.org/0000-0001-5689-9885
https://orcid.org/0000-0002-4421-9237
https://orcid.org/0000-0001-9140-3128
https://orcid.org/0000-0002-5093-6662
https://orcid.org/0000-0003-0423-5942
https://orcid.org/0000-0002-6650-3976
https://orcid.org/0000-0002-5284-2934
https://orcid.org/0000-0002-4257-514X
mailto:graziapaola.nicchia@uniba.it
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/glia
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fglia.24512&domain=pdf&date_stamp=2024-02-16


K E YWORD S

aquaporin-4, astrocytes, CNS development, glia differentiation, neuronal stem cells, orthogonal
arrays of particles, transient receptor potential vanilloid 4

1 | INTRODUCTION

Central nervous system (CNS) development is an intricate process

involving glial and neuronal differentiation and the formation of vas-

cular plexuses, specific neuronal pathways, and functional synapses

that underlie brain functions (Bautch & James, 2009; Rice &

Barone, 2000; Saunders et al., 2012; Wise & Jones, 1976). Rodent

brain development begins in the embryo at E11 and E9 in rats and

mice, respectively, reaching �90% of its adult weight at the end of

the third week after birth (Rice & Barone, 2000; Semple et al., 2013).

In the brain and retina, neurogenesis and gliogenesis originate from

radial glia progenitors that guide the migration of young neurons and

astrocytes toward their target layer (Beattie & Hippenmeyer, 2017;

Bentivoglio & Mazzarello, 1999; Bringmann et al., 2006; Rakic, 2003;

Raymond et al., 2006; Zecevic, 2004).

At birth, both the brain and retina are characterized by a large

volume of extracellular space (ECS) that gradually decreases during

postnatal development, due to cell proliferation (Nicholson &

Hrabětová, 2017; Syková et al., 1998). The establishment of synapses

and the intense neuronal activity alter ion and water homeostasis

(Gardner-Medwin, 1983; Lehmenkühler et al., 1993). Astrocytes are

actively involved in a large range of functions including the maintenance

of homeostasis, metabolic support, regulation of blood flow, as well as

neurotransmitter uptake and recycling during synaptic transmission

(reviewed in Sofroniew & Vinters, 2010). Time course studies in postna-

tal rat cerebellum have indicated that the astrocytic water channel

aquaporin-4 (AQP4) might play a crucial role in water and K+ homeosta-

sis from the second week of development when its expression markedly

increases, specifically around blood vessels (Wen et al., 1999). Further-

more, AQP4 emerged as a crucial player in the multistep process of adult

neurogenesis such as in cell migration, axonal sprouting, and synaptogen-

esis (Zheng et al., 2010), since its deletion greatly impairs cell prolifera-

tion and neuronal differentiation in adult stem cells (Kong et al., 2008;

Küppers et al., 2008). AQP4 is a constitutively open water channel allow-

ing bidirectional transport of water in response to osmotic gradients

(Verkman et al., 2014) and it is expressed as well-ordered protein assem-

blies called “Orthogonal Arrays of Particles (OAPs)”, visible by freeze-

fracture electron microscopy (FFEM) (Furman et al., 2003), and more

recently by super-resolution microscopy (Ciappelloni et al., 2019; Crane

et al., 2008; Verkman et al., 2012). OAPs are formed by two isoforms

called M1- and M23-AQP4 with similar water permeability but a differ-

ent role in the OAP formation with M23-AQP4 selectively being the

OAP forming isoform (de Bellis et al., 2021; Neely et al., 1999; Rash

et al., 2004; Silberstein et al., 2004). Single-molecule tracking studies

indicated that the M1-AQP4 isoform exhibits significantly greater mobil-

ity compared to M23-AQP4, which is confined to the core with low dif-

fusion, influencing the overall structure and packing of OAPs. At OAP

edges, a dynamic equilibrium exists between M1-AQP4 and M23-AQP4

tetramers, preventing excessive growth, and maintaining array organiza-

tion (Ciappelloni et al., 2019; Crane et al., 2008; Verkman et al., 2012).

Different-sized OAPs play different roles in dynamic cellular

events such as cell adhesion and migration (Hiroaki et al., 2006; Smith

et al., 2014). Being motile in the cell plasma membrane, the

M1-AQP4-based tetrameric form diffuses in lamellipodial regions,

improving cell migration in physiological and pathological conditions

(Smith et al., 2014). On the other hand, M23-AQP4 enriched OAPs

promote cell adhesion and AQP4 polarization at the glial endfoot

(Smith et al., 2014) and can influence the fate of glioma cells (Simone

et al., 2019). Our recent studies on a CRISPR/Cas9 mouse model lack-

ing the M23-AQP4 isoform and therefore unable to form OAPs (OAP-

null mice) demonstrated that the absence of the M23 isoform not only

leads to a complete depletion of OAPs but also a significant reduction

in the total AQP4, highlighting the crucial role of OAP formation to

ensure the physiological AQP4 expression level at glial endfeet

(de Bellis et al., 2021).

AQP4 plays a central role in regulatory volume mechanisms by

swiftly promoting water influx and efflux (Mola et al., 2016) occurring dur-

ing cell swelling, shrinking as well as regulatory volume decrease (RVD)

and increase (RVI). A range of studies have indicated that AQP-mediated

cell swelling is required for the activation of the cation-permeable ion

channel transient receptor potential vanilloid member-4 (TRPV4)

(Benfenati et al., 2011; Jo et al., 2015; Liu et al., 2006; Mola et al., 2016;

Toft-Bertelsen et al., 2017) co-expressed with AQP4 at glial endfeet.

However, volume regulation is not exclusive of AQP4 and TRPV4 func-

tional complex being TRPV4 a volume-sensor (Ritzmann et al., 2023;

Toft-Bertelsen et al., 2017, 2018) reacting to cell volume increases irre-

spective of the specific molecular mechanisms triggering cell swelling,

which can be prompted by osmotic changes via AQPs or other factors

leading to an influx of water into the cell (Toft-Bertelsen et al., 2017). The

coupling between TRPV4-mediated calcium influx and RVD is still unclear

but likely coupled to downstream unidentified effectors, promoting the

loss of electrolytes and water (Mola et al., 2016; Toft-Bertelsen

et al., 2018). Furthermore, it has been shown that TRPV4 can affect

AQP4 expression and modulate its gene transcription in vitro and in vivo

(Jo et al., 2015; Lafrenaye & Simard, 2019; Salman et al., 2017).

The hypothesis of the present study is that the coordination

between AQP4 expression level and aggregation state and TRPV4

plays a key role in astrocyte differentiation during CNS development.

We have therefore investigated the early stages of brain and retina

development and we have taken advantage of neural progenitor cells

(NSCs) derived from striata of embryonic day 14 (E14) as a simplified

in vitro model of astrocyte differentiation (Duval et al., 2002;

Reynolds & Weiss, 1996; Von Visger et al., 1994). We here report that

a progressive increase in AQP4 expression level and the consequent

assembly into growing OAPs characterizes astrocytes during

their early postnatal development and their differentiation. As a
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consequence, astrocytes improve their water transport and migration

properties. Furthermore, we show that TRPV4 expression follows an

opposite expression pattern, being progressively downregulated dur-

ing early CNS development and astrocyte differentiation and that its

functionality is greatly dependent on AQP4 expression given that

intracellular Ca2+ dynamics mediated by TRPV4 are profoundly

affected by the temporal expression profile of AQP expression levels.

2 | MATERIALS AND METHODS

2.1 | Mice

Experiments were performed in accordance with the European direc-

tive on animal use for research and the Italian law on animal care

(Italian Health Department Approved Project n 710/2017-PR). Mice

and rats were kept under a 12 h dark-to-light cycle, constant room

temperature and humidity (22 ± 2�C, 75%), with food and water ad

libitum, and supplied with environmental enrichment materials, such

as toys and shelters. All experiments were designed to minimize the

number of animals used and their suffering. CD1 wild-type (WT) and

AQP4 knock-out (KO) mice, and Wistar rats from postnatal day 7 (P7),

P14, P21, and 4 months (adult) were used. For protein sample prepa-

ration, eight rats or mice, both WT and AQP4 KO were examined at

each of the specified time points. For immunofluorescence analysis,

four adult (4 M) WT and AQP4 KO mice were used.

2.2 | Antibodies

The following primary antibodies were used: goat polyclonal anti-AQP4

(Santa Cruz, Dallas, TX, USA) diluted to 1:500 for immunoblot and

immunofluorescence analyses; mouse monoclonal anti-GFAP (clone

G-A-5, Millipore, Burlington, MA, USA) at 1:500 for immunoblot and

immunofluorescence; rabbit polyclonal anti-TRPV4 (Alomone, Jerusalem,

Israel) at 1:200 for immunoblot and immunofluorescence; rabbit polyclonal

anti-Nestin (Sigma-Aldrich, Saint Louis, MO, USA) at 1:1000 for immuno-

blot and 1:500 for immunofluorescence; mouse monoclonal anti-GS (clone

GS-6, Millipore, Burlington, MA, USA). The following secondary antibodies

(all from Invitrogen, Waltham, MA, USA) were used for immunofluores-

cence at dilution of 1:1000: donkey anti-goat Alexa Fluor594, donkey

anti-rabbit Alexa Fluor488, donkey anti-mouse Alexa Fluor488, donkey

anti-rabbit Alexa Fluor647, donkey anti-mouse Alexa Fluor647. The follow-

ing secondary antibodies (all from Santa Cruz, Dallas, TX, USA) were used

forWestern blot diluted to 1:5000: goat anti-mouse IgG-horse- radish per-

oxidase (HRP); goat anti-rabbit IgG-HRP; donkey anti-goat IgG-HRP.

2.3 | Brain and retina isolation and protein sample
preparation

Brain and eyes were harvested from Wistar rats, CD1 WT, and AQP4

KO mice and immediately dissected in ice-cold PBS. After the removal

of excessive liquid, the brain and retina were snap-frozen in liquid

nitrogen and stored at �80�C. Proteins were extracted from stored

explanted brain and retina in 7–10 volumes of RIPA buffer (10 mM

Tris HCl, pH 7.4; 140 mM NaCl; 1% Triton X-100; 1% Na deoxycho-

late; 0.1% SDS; 1 mM Na3VO4; 1 mM NaF and 1 mM EDTA) added

with a cocktail of protease inhibitors (Roche, Indianapolis, IN, USA).

The lysis was performed on ice for 1 h and the samples were then

centrifuged at 21,000g for 1 h. The protein content of the superna-

tant was measured with a bicinchoninic acid (BCA) Protein Assay Kit.

2.4 | SDS-PAGE and Western blot analysis

30 μg protein samples were separated by NuPAGE 4%–12% Bis-Tris

Gel (Invitrogen, Waltham, MA, USA) or 8%, 10%, 12% SDS/PAGE gel

and transferred to polyvinylidene difluoride membranes (Millipore,

Burlington, MA, USA), as described previously (de Bellis et al., 2021).

Membranes with blotted proteins were incubated with primary anti-

bodies, washed, and incubated with peroxidase-conjugated secondary

antibodies (Nicchia et al., 2016). Reactive proteins were revealed

using an enhanced chemiluminescent detection system (ECL Plus,

Thermo Scientific, Rockford, IL, USA) and visualized on a Versadoc

imaging system (BioRad, Hercules, CA, USA). Protein levels were

expressed as the ratio of densitometric value to whole proteins in

Coomassie blue–stained membranes. Densitometry analysis was per-

formed using ImageJ Software (National Institute of Mental Health,

Bethesda, Maryland, USA) or Image Lab (BioRad, Hercules, CA, USA)

and analyzed by GraphPad Prism 7 (GraphPad, San Diego, CA, USA).

2.5 | Neurosphere culture preparation

Primary cultures of neurospheres were prepared from WT and AQP4

KO mice, as previously described (Duval et al., 2002; Scemes

et al., 2003) with minor modifications. Briefly, neural progenitor cells

were isolated from the forebrain tissue of 14-day-old (E14) mouse

embryos and mechanically dissociated into single cells in ice-cold

Phosphate Buffered Saline (PBS Ca2+ and Mg2+- free). Cells were

centrifuged at 500g � 5 min, the supernatant discarded, and the pel-

let well resuspended in Dulbecco Modified Eagle Medium Nutrient

Mixture F12 (DMEM-F12) supplemented with 5% B27, 1% penicillin/

streptomycin and 20 ng/mL recombinant epidermal growth factor

(EGF). The cell suspension was transferred into tissue culture dishes

and allowed to grow into floating neurospheres at 37�C in a humidi-

fied atmosphere of 95% O2 and 5% CO2. After 48 h, cells were trans-

ferred into new tissue culture dishes to remove non-specific adherent

cells. Subsequently, fresh EGF was added every 2 days, and two-

thirds of the culture medium was replaced twice a week. Neuro-

spheres were passed once a week. Differently from the method

described by Duval (Duval et al., 2002) and Scemes (Scemes

et al., 2003), neural stem cell subculture was optimized by dissociating

neurospheres with Accutase Cell Dissociation Reagent (Thermo,

Waltham, MA, USA) for 15 min at room temperature (RT), followed by

940 CIBELLI ET AL.
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addition of the culture medium to halt enzymatic activity. The use of

Accutase reagent enhances the dissociation of neurospheres into sin-

gle cells and promotes neurosphere reformation, as evidenced by pre-

vious studies (Diana et al., 2021; Gonmanee et al., 2021; Panchision

et al., 2007). Each neurosphere preparation was cultured for a maxi-

mum of 1 month, equivalent to four cell passages. Transferring float-

ing neurospheres to an adhesive substrate and removing EGF from

standard medium allowed neural progenitors to differentiate. Single

neurospheres were plated on glass coverslips, 12- and 96-well plates

coated with poly-D-lysine (10 μg/mL) and fibronectin (10 μg/mL) and

used as requested.

The specific experimental strategy for experiments on NSCs was

chosen depending on the type of experiments. For Western blot and

2D BN/SDS PAGE, NSCs were analyzed until 30 days of differentia-

tion (D30) when neurospheres were almost completely flattened. For

immunofluorescence analysis, NSCs were analyzed up to 2 weeks of

differentiation when it was possible to distinguish the central core

of the neurosphere from the outgrowing layers formed by the migrat-

ing cells. Water transport measurements, typically conducted under

subconfluent conditions, were also conducted for up to 2 weeks. Pro-

genitor cell migration from the neurospheres was monitored for up to

3 days aligning with studies conducted by Scemes et al. (Scemes

et al., 2003) and Striedinger (Striedinger et al., 2007; Striedinger &

Scemes, 2008). In the case of calcium imaging, experiments were con-

ducted over a period of up to 3 weeks based on previous studies on

calcium imaging in NSCs (Scemes et al., 2003).

2.6 | Native protein sample preparation
from retina and neurospheres

Retina and neurospheres were dissolved in three volumes of blue

native (BN) buffer (10% glycerol, 500 mM 6-aminohexanoic acid, 1%

Triton X-100, 12 mM NaCl, 2 mM EDTA, 20 mM Bis-Tris pH 7.0)

added with Protease Inhibitor Cocktail (Roche, Indianapolis, IN, USA).

After 1 h incubation on ice, the samples were then centrifuged at

21,000g for 30 min at 4�C. The supernatants were collected, and the

total protein content was evaluated using the BCA Protein Assay Kit

(Thermo, Waltham, MA, USA).

2.7 | BN-PAGE and BN/SDS-PAGE

30 μg protein samples were mixed with 5% Coomassie Blue-250 and

loaded onto a polyacrylamide native gradient gel (3%–9%) (Schaägger

et al., 1994). Electrophoresis was conducted as described previously

(de Bellis et al., 2021). Briefly, the running buffers were as follows:

blue cathode buffer (50 mM tricine, 7.5 mM, imidazole, 0.02%

Coomassie Blue G-250, pH 7) and anode buffer (25 mM imidazole,

pH 7). Electrophoresis was conducted at 6 mA and stopped when the

tracking line of the Coomassie Blue G-250 dye had left the edge of

the gel. Proteins were transferred onto PVDF membranes (Millipore,

Burlington, MA, USA) for immunoblot analysis. Alternatively, the lanes

were used for the two-dimensional analysis (2D). For the 2D

BN/SDS-PAGE analysis, lanes from the first dimension were isolated

into individual strips and equilibrated in denaturing buffer (1% SDS

and 1% ß-mercaptoethanol) for 1 h at RT and positioned on the

top of a 13% 2D SDS-polyacrylamide gel with the same thickness.

After the run, proteins were transferred onto a PVDF membrane

(Millipore, Burlington, MA, USA) for Western blot analysis, performed

as described above.

2.8 | Immunofluorescence on retina sections
and neurospheres

For retina section preparation, eyes were explanted in ice-cold PBS,

washed several times, and fixed in 4% PFA solution for 2–3 h at 4�C.

After removal of cornea, iris, and lens, whole posterior eyecups were

immersed in 30% sucrose solution in PBS overnight; then, eyecups

were embedded in OCT compound (Leica Biosystem, Nussloch,

Germany) and immediately frozen at �80�C. Sections of 10 μm thick-

ness were cut on a cryostat (CM 1900; Leica) at �20�C. After blocking

(2% BSA in PBS), sections were incubated with primary antibodies

overnight at 4�C or for 2 h at room temperature in blocking solution,

washed for 30 min, and then incubated with secondary antibodies for

1 h. Finally, the sections were washed for 15 min in PBS and mounted

with mowiol or in PBS-glycerol (1:1) pH 8.0, containing 1% n-propyl

gallate. Immunofluorescence on neurospheres was performed as

follows: adherent cultured neurospheres were washed in Ca2+/Mg2+

PBS and fixed in 4% PFA for 1 h. After three washes with Ca2+/Mg2+

PBS, the neurospheres were permeabilized for 30 min with 0.4%

Triton X-100 and incubated with primary antibody for 48 h at 4�C

after blocking with 1% BSA in PBS for 1 h. Secondary antibodies were

added to the cells for 24 h at 4�C. Coverslips were mounted in

PBS-glycerol (1:1) pH 8.0, containing 1% n-propyl gallate.

2.9 | Confocal microscopy
and fluorescence analysis

Confocal images were obtained with an automated inverted Leica TCS

SP8 confocal microscope using a �20 and �40 HC PL Apo oil CS2

objective and Leica LASX software used for image acquisition and anal-

ysis (Leica Microsystems CMS GmbH). Excitation of the Alexa

Fluor488, 594, and 647 fluorophores was achieved with 488, 591, and

647 nm laser beams. To assess the degree of expression of AQP4,

TRPV4, and GFAP images were acquired randomly from each coverslip.

Regions of interest (ROIs) were placed on the TRPV4 channel after

splitting the three merged channels (488, 594, and 647 nm) and the

measurement tool in Fiji was used to analyze the molecular distribution

and fluorescence intensity. For that, single-plane confocal images were

converted to monochrome (8-bit) images, thresholded, and particles

outlined. All fluorescence values are corrected for background contri-

bution. For each neurosphere, three background measurements were

taken surrounding the neurosphere. Those measurements were

CIBELLI ET AL. 941
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averaged for use in future calculations. Line scans were drawn from the

core of the neurosphere through the migration cells, over the entire

ROI, starting �100 μm inside the core of the neurospheres. Next, the

8-bit grayscale intensity values of the intended markers were measured

and used to form a graph.

2.10 | Fluorescence quenching water
transport assay

Water transport properties in adherent neurospheres were analyzed by

calcein-quenching fluorescence assay, as described previously (Mola

et al., 2009, 2021). 15 neurospheres/well were seeded on black, clear

bottom 96-well plates (Corning, New York, NY, USA) coated with poly-

D-lysine and fibronectin and cultured for 3, 7, and 14 days. Fluores-

cence signal kinetics in calcein-loaded glial cells after hypotonic or

hypertonic gradient were recorded on a Flex Station3 plate reader

(Molecular Devices, San Jose, USA) equipped with an integrated auto-

matic liquid handling module. Calcein fluorescence was continuously

read for 20 s to establish the baseline signal, representing cell volume

under isotonic conditions, and for 100 s after automated addition of an

appropriate volume of hypo (water) or hypertonic (D-mannitol 0.5 M)

solution in order to obtain 240 mOsm/L or 360 mOsm/L final extracel-

lular osmolarity, respectively. Mannitol was used to maintain the ionic

strength of the extracellular solution (Jo et al., 2015; Toft-Bertelsen

et al., 2018). There were no further modifications to the external solu-

tion, maintaining the cells in an anisotonic medium throughout the

recording period. The magnitude of the osmotic gradient applied to the

cells is consistent with the common approach for measuring biophysical

parameters defining membrane water permeability (Heo et al., 2008; Jo

et al., 2015; Solenov et al., 2004). Data acquisition was performed using

SoftMax Pro software, and the data were analyzed with Prism software

(GraphPad, San Diego, CA, USA). The time constant (τ, s) of cell volume

change upon the osmotic stimulus was obtained by fitting the data with

an exponential function.

2.11 | Migration index

To determine the contribution of AQP4 during the migration of

neural progenitors, floating WT and AQP4 KO NSCs of similar diame-

ters were plated on coated glass-bottom microwells containing

DMEM-F12 supplemented with B27 but without EGF. The migration

index (Mi) of migrating cells was evaluated as the ratio of the distance

of the farther cells to the center of the sphere and the diameter of the

sphere core.

2.12 | Calcium imaging and data analysis

For calcium imaging the saline bath was composed of (mM): 140 NaCl,

4 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, 5 glucose, pH 7.4 with NaOH and

osmolarity adjusted to �318 mOsm with mannitol. Stock solutions of

4alpha-phorbol-12,13-didecanoate (4alpha-PDD, 4αPDD) were prepared

by dissolving it in DMSO and kept at �20�C. Changes in intracellular

Ca2+ concentration ([Ca2+]i) were monitored by calcium imaging using

the single-wavelengths Ca2+ indicator Fluo-4-AM (Life Technologies,

Carlsbad, CA, USA). NSCs plated on glass coated with poly-D-lysine

were incubated at room temperature for 30 min with Fluo-4-AM

(1 μM) dissolved in the standard external solution. Experiments were

performed 3, 7, 14, and 21 days after NSC plating. Measurements of

[Ca2+]i were performed by using a high-resolution upright confocal

spinning disk microscope (Fluo Spin up, Crisel Instruments, Rome)

equipped with a water immersion objective (�40, Olympus) and

appropriate filters. The excitation wavelength was 470 nm, filtered

from a broadband LED light source. Light pulse durations were set to

200 ms, starting 30 s from the beginning of the experiment, while

camera exposure times were set to 100 ms with a sampling rate of

2 Hz. Data acquisition was controlled by Metamorph software

(Molecular Devices, Sunnyvale, CA, USA).

Regions of Interest were defined, and relative data were

extracted using Metamorph. The ratio between the intensity of the

fluorescence collected at each time point (Ft) and the initial fluores-

cence (Ft0), defined as ΔF/F, directly correlates with the variation of

intracellular calcium concentration ([Ca2+]i). Extracted data were

imported for analysis in Origin 8.5, where raw fluorescence traces

were normalized and processed to extract different calcium response

metrics. Alignment of traces relative to Ca2+ delivery was performed

by locating the peak for fluorescence intensity as a function of time

for each imaging experiment's average time series. Time series data

for each cell was subsequently truncated to the first 5 s for analysis

purposes. Each cell's raw fluorescence intensity was normalized with

respect to the mean raw intensity of the 10 frames, which are

reported and analyzed as fractions (dF/F).

2.13 | Statistical analyses

Mean ± standard error (SEM) is reported in the results. For the compar-

ison of the two groups, we used a Student's t test, and the statistically

significant difference was reported as follows: *p < .05, **p < .01,

***p < .001, and ****p < .0001. When comparing three or more groups

we used a one-way analysis of variance (ANOVA) with pair-wise post

hoc Tukey's and Newman–Keuls multiple comparison test and a two-

way ANOVA with Bonferroni's post hoc test. Within each genotype,

different letters on top of each bar indicate significant difference

(p < .05) between them, and equal letters indicate no significant differ-

ence. When statistical analysis was conducted at multiple levels in the

same graph, different letters on top of each bar were used to indicate

significant differences within the same genotype in terms of analyzed

time points or experimental conditions, while asterisks were used to

indicate significant differences between the two groups of different

genotypes. The specific test used, and the number of experiments (n)

are indicated in the text or the figure legends. The results reported are

the mean of at least three different experimental trials performed in

triplicate or more. Statistical analysis was performed using GraphPad

942 CIBELLI ET AL.
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Prism 7 (GraphPad, San Diego, CA, USA) and Origin 8.5 software

(Northampton, MA, USA).

3 | RESULTS

3.1 | The water channel AQP4 and the
calcium-permeable channel TRPV4 are differentially
regulated during postnatal development in the brain
and retina of rat and mouse

The temporal expression profile of the protein channels AQP4 and

TRPV4 during brain and retina postnatal development was first exam-

ined by Western blotting using astrocyte and Müller cells markers

GFAP and glutamine synthetase (GS), respectively, in rat and wild-

type (WT) mouse tissues (Figure 1a–d, Table 1). A similar trend for

AQP4 and GFAP in the brain (Figure 1a,b) and for AQP4 and GS in

the retina (Figure 1c,d) was found in rat and mouse, with AQP4 and

the glial markers progressively increasing from postnatal day 7 (P7) to

4 month-old (4 M) adult. While in the brain the expression levels of

both AQP4 and the glial marker were already detectable at P7 and

progressively increased from P7 to 4 M, in the retina their expression

appeared delayed. In particular, in rat retina, AQP4 expression at P7

and P14 was 0.98 ± 0.1% and 1.15 ± 0.1%, respectively, in percentage

of adult levels ± SEM. A further increase occurred at P21 when the

expression levels amounted to 13.11 ± 0.8% of levels in the adult ret-

ina. Likewise in the mouse retina, AQP4 exhibited low expression at

P7 and P14 (0.1 ± 0.01% and 2.9 ± 0.3%, respectively, in percentage

of adult levels ± SEM), with a further increase to 57.7 ± 3.2% at P21.

The parallel analysis of GS showed very low expression at P7 in both

rat and mouse retina (0.14 ± 0.1% and 0.8 ± 0.1%, respectively, in the

percentage of adult levels ± SEM), with an important increase at P14

(52.02 ± 6.7% and 46.5 ± 3.9%, respectively) and P21 when it almost

reached its adult levels in both rat and mouse retina with 92.54

± 9.9% and 93.18 ± 2.7%, respectively. The temporal expression pro-

file of the TRPV4 channel, investigated in parallel, showed important

differences in the trend. For rat TRPV4, a decreasing temporal expres-

sion pattern was found in both the brain and retina. TRPV4 peaked at

P7 (226.3 ± 15.8% and 199.9 ± 9.6%, respectively, in percentage of

adult levels ± SEM) and gradually decreased at P14 (141.6 ± 7.5% and

117.8 ± 9.8%, respectively) and P21 (116.9 ± 6.8% and 99.87 ± 3.5%,

respectively; Figure 1a,c). Similarly, TRPV4 exhibited high expression

at P7 in both mouse brain and retina (561.2 ± 24.9% and

337 ± 26.9%, respectively), with a further decrease at P14 (235.3

± 13.8% and 190.5 ± 18.7%, respectively) and P21 (133.5 ± 9.8% and

136.1 ± 6.8%, respectively, in percentage of adult levels ± SEM).

Altogether, these data indicate that water and calcium homeostasis is

finely tuned by AQP4 and TRPV4 synchronized regulation during

postnatal CNS development and, in particular, that: (a) AQP4 expres-

sion correlates with glial differentiation markers and progressively

increases during brain and retina postnatal development; (b) the

expression of AQP4 and the glial markers is 2 weeks delayed in the

retina compared to the brain; (c) TRPV4 expression follows an

opposite trend with a peak at P7 and no major differences between

brain and retina.

3.2 | AQP4 deletion differentially affects TRPV4
channel expression levels in brain and retinal glial cells

The widely reported functional relationship between AQP4 and

TRPV4 (Benfenati et al., 2011; Jo et al., 2015; Mola et al., 2016)

prompted us to analyze whether the selective ablation of AQP4 chan-

nel affects TRPV4 expression during postnatal development. We took

advantage of AQP4 knock-out (KO) mice in which the trend of

TRPV4, GFAP, and GS regulation during brain and retina postnatal

development was found to be similar to the WT (Figure 1e,f; Table 2).

The temporal expression profile of TRPV4 expression in WT and

AQP4 KO mouse brain and retina was first evaluated by Western blot

(Figure 2a,b). Western blotting analysis revealed no differences in

TRPV4 expression between WT and AQP4 KO mice in the brain

(Figure 2a). In contrast, differences in TRPV4 expression between WT

and AQP4 KO were found in the retina (Figure 2b) with TRPV4

expression strongly downregulated in AQP4 KO compared with WT

at all the time points analyzed except P7 (Table 3). The western blot

analysis of the Müller cell marker GS revealed comparable GS expres-

sion levels between WT and AQP4 KO retinas at all time points ana-

lyzed, indicating the absence of a major impact of AQP4 deletion on

retinal Müller cells (Figure S1). The altered expression of TRPV4

observed in AQP4 KO mouse retinas was then investigated by immu-

nofluorescence (Figure 2c). Single-slice confocal images showed, in

line with previous studies, that in the adult WT retina the AQP4

immunostaining was very strong and localized mostly along the vitreal

surface and on endfeet membranes of Müller cells facing the retinal

capillaries (Nagelhus et al., 1998). Here, TRPV4 was found to be

mainly expressed by retinal ganglion cells and Müller cells (Ryskamp

et al., 2011) and in co-localization with AQP4 at the endfeet forming

the pericapillary sheet in the ganglion cell layer (GCL) and radial pro-

cesses traversing the inner plexiform layer (IPL) and outer nuclear

layer (ONL) of Müller cells. On the other hand, the parallel analysis

performed in AQP4 KO mouse retina revealed downregulation of

TRPV4 in the Müller cell processes spanning the inner nuclear layer

(INL), outer plexiform layer (OPL), and ONL. These results indicate

that AQP4 deletion massively affects TRPV4 expression in Müller

cells in the retina while leaving its levels unaltered in the brain.

3.3 | AQP4 expression increases during neuronal
stem cell differentiation into astrocytes

The observed synchronized regulation of AQP4 and TRPV4 during

CNS postnatal development (Figure 1) and the effect of AQP4 dele-

tion on TRPV4 expression (Figure 2) prompted us to analyze such

phenomenon in astrocyte differentiation using the neuronal stem cell

(NSC) model (Figure 3). In the presence of EGF, NSCs grow as floating

neurospheres, while in the absence of EGF and on PDL and

CIBELLI ET AL. 943

 10981136, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24512 by U

niversity D
egli Studi D

i B
ari, W

iley O
nline L

ibrary on [10/02/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



F IGURE 1 Western blot analysis of GFAP, AQP4, and TRPV4 expression in developing rat and mouse brain and retina. (a, b) Representative
Western blots and corresponding densitometric analysis showing the expression of the glial cell marker GFAP, AQP4, and TRPV4 in developing
(P7–P21) and 4 month-old adult (4 M) rat (a) and WT mouse (b) brain, as indicated. (c, d) Representative Western blots and corresponding
densitometric analysis showing the expression of the Müller cell marker glutamine synthetase (GS), AQP4 and TRPV4 in developing (P7–P21) and
4 month-old adult (4 M) rat (c) and WT mouse (d) retina. (a–d) Data (summarized in Table 1) are expressed as means of intensity unit (i.u.) ± SEM.
(e) Representative Western blots and corresponding densitometric analysis showing the expression of the glial cell marker GFAP and TRPV4 in
developing (P7–P21) and 4 month-old adult (4 M) AQP4 KO brain. (f) Representative Western blots and corresponding densitometric analysis
showing the expression of the Müller cell marker glutamine synthetase (GS) and TRPV4 in developing (P7–P21) and 4 month-old adult (4 M)
AQP4 KO retina. Data (summarized in Table 2) are expressed as means of intensity unit (i.u.) ± SEM. Coomassie blue-stained PVDF membrane
was used as a loading control. Different letters indicate a significant difference at p < .05 determined by One-way Anova and Tukey's Multiple

Comparisons Test (n = 8). Arrowheads indicate the bands recognized by the antibodies at the expected molecular weight. Molecular-mass
markers (in kDa) are shown on the left of each blot.
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fibronectin-coated surfaces they progressively form a monolayer of

astrocytes (Figure 3b). In the present study, NSCs were induced to dif-

ferentiate for 30 days by removing EGF and analyzed in terms of mor-

phology and expression levels of glial and staminal markers after 4 h

7, 15, and 30 days (Figure 3a). The analysis of mouse floating neuro-

spheres by confocal microscopy (Figure 3c), using GFAP as a marker

of glial progenitors and the intermediate filament protein Nestin as a

marker of undifferentiated neural progenitors, revealed that the neu-

rospheres are made of a mixed population of both cell types, as

expected (Reynolds & Weiss, 1996). AQP4 staining was detected pre-

dominantly in GFAP-positive glial progenitors at the periphery of

undifferentiated neurospheres. GFAP, Nestin, and AQP4 were later

analyzed by Western blotting in differentiating NSCs prepared from

mice and rats (Figure 3d). The results show that Nestin expression

progressively decreased, while GFAP and AQP4 levels increased dur-

ing NSC differentiation into the astrocyte lineage. Altogether these

results indicate that: (a) AQP4 is expressed in GFAP-positive glial pro-

genitors and not in Nestin-positive neural progenitors; (b) astrocyte

differentiation is associated with increasing AQP4 expression both in

mouse and in rat NSCs; and (c) NSCs can be considered a valuable

model to study the role of AQP4 during astrocyte differentiation.

3.4 | AQP4 aggregation into supramolecular
assemblies occurs during CNS postnatal development
and astrocyte differentiation

The AQP4 plasma membrane feature of adult differentiated astrocytes in

the CNS consists of its supramolecular level of aggregation into assem-

blies known as Orthogonal Arrays of Particles (OAPs). We next evaluated

whether the AQP4 progressive increase associated with postnatal CNS

development (Figure 1) and astrocytes differentiation (Figure 3) was

accompanied by modification in the AQP4 aggregation state within the

AQP4 assemblies (Figure 4). Two-dimensional electrophoresis (Nicchia

et al., 2008; Sorbo et al., 2008) was used to analyze membrane proteins

extracted from developing retina and from mouse and rat differentiating

NSCs, separated under native conditions on a 3%–9% acrylamide gradi-

ent gel BN–PAGE, and then subjected to a denaturing 2D (SDS–PAGE)

13% acrylamide gel. AQP4 immunoblot performed on developing retina

(Figure 4a) revealed that the tetrameric form is barely detectable at P14,

while the size of AQP4 assemblies progressively increases until the latest

stages of differentiation (adult retina) when the majority of AQP4 is

expressed as the largest AQP4 aggregate detectable. Similarly, results

shown in Figure 4b revealed that the majority of AQP4 is expressed

under the tetrameric form in undifferentiated mouse NSCs, while larger

AQP4 assemblies are progressively revealed during NSC differentiation

into astrocytes. Comparable results were obtained in rat neurospheres,

with different-sized AQP4 assemblies already visible in undifferentiated

NSCs and larger-sized assemblies progressively increasing during differ-

entiation. These results indicate that: (a) AQP4 supramolecular organiza-

tion in larger-sized assemblies is a feature of mature astrocytes and

Müller cells and likely takes place during their differentiation occurring in

CNS postnatal development; (b) the NSC model of differentiation is also

able to reproduce the progressive AQP4 supramolecular organization in

larger sized assemblies occurring in astrocytes and Müller cells during the

first weeks of postnatal development.

3.5 | AQP4-dependent increase in plasma
membrane water permeability and migratory capability
occurs during NSC differentiation into astrocytes

The water transport properties and the migratory capability conferred

by the increasing AQP4 expression and aggregation state observed

TABLE 1 Densitometry values of GFAP, GS, AQP4, and TRPV4 protein expression levels at P7, P14, and P21 expressed as a percentage
relative to that of the adult (4 M), considered as 100%. Data are expressed as mean ± SEM, n = 8 in each group.

Rat WT mouse

P7 P14 P21 4 M P7 P14 P21 4 M

Glial Marker Brain (GFAP) 26.17 ± 3.5 32.45 ± 1.9 48.89 ± 4.4 100 ± 4.5 48.47 ± 0.7 57.97 ± 1.8 90.95 ± 1.7 100 ± 3.4

Retina (GS) 0.14 ± 0.1 52.02 ± 6.7 92.54 ± 9.9 100 ± 7.7 0.8 ± 0.1 46.5 ± 3.9 93.18 ± 2.7 100 ± 2.8

AQP4 Brain 25.78 ± 2.1 65.66 ± 5.3 86.81 ± 4.5 100 ± 8.8 18.54 ± 1.3 33.53 ± 1.3 41.89 ± 4.4 100 ± 3.9

Retina 0.98 ± 0.1 1.15 ± 0.1 13.11 ± 0.8 100 ± 5.6 0.1 ± 0.01 2.94 ± 0.3 57.73 ± 3.2 100 ± 1.9

TRPV4 Brain 226.3 ± 15.8 141.6 ± 7.5 116.9 ± 6.8 100 ± 8.6 561.2 ± 24.9 235.3 ± 13.8 133.5 ± 9.8 100 ± 7.1

Retina 199.9 ± 9.6 117.8 ± 9.8 99.87 ± 3.5 100 ± 8.5 337 ± 26.9 190.5 ± 18.7 136.1 ± 6.8 100 ± 5.9

TABLE 2 Densitometry values of
GFAP, GS, and TRPV4 protein expression
levels shown in AQP4 KO mouse brain
and retina in Figure 1e,f. Protein
abundance is expressed as the
percentage relative to that of the adult
(4 M), considered as 100%. Data are
expressed as mean ± SEM, n = 8 in each
group.

AQP4 KO mouse P7 P14 P21 4 M

Glial Marker Brain (GFAP) 38.57 ± 5.5 55.27 ± 5.2 89.45 ± 7.7 100 ± 15.8

Retina (GS) 3.852 ± 0.2199 57.44 ± 1.77 101.3 ± 9.248 100 ± 8.851

TRPV4 Brain 209.4 ± 24.9 153.9 ± 10.5 108.4 ± 7.9 100 ± 4.1

Retina 480.2 ± 14.3 266.8 ± 9.6 179.5 ± 7.7 100 ± 8.2
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during NSC differentiation were investigated using NSCs prepared

from WT and AQP4 KO mice (Figure 5). Water transport properties

were monitored by calcein quenching assay after 3, 7, and 14 days of

differentiation. Measurements conducted up to 14 days were sufficient

to highlight the correlation between the temporal increase in AQP4

expression and the rate of cell swelling as well as to confirm the slower

swelling of AQP4 KO cells compared to WT. Time courses of cell swell-

ing (Figure 5a) and shrinking (Figure 5b) after hypotonic or hypertonic

stimuli recorded in WT NSCs revealed that NSCs progressively acceler-

ate the cell volume change rates during their differentiation into the

F IGURE 2 Legend on next page.
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glial lineage. As expected, the analysis of both swelling and shrinking

phases of AQP4 KO NSCs revealed significantly slower time constant

values compared to WT and did not show any variations during the

time points of differentiation here analyzed.

Based on the established role of AQP4 in sustaining astrocyte

migration (Saadoun et al., 2005; Smith et al., 2014), the migratory

behavior of WT and AQP4 KO NSCs during differentiation into astro-

cytes was later analyzed (Figure 5c). NSCs with similar diameters were

plated on coated glass-bottom microwells and the distance of migra-

tion of neural progenitors out of the neurosphere was then analyzed

after 3 h and 1, 2, and 3 days, in line with studies performed by

Scemes (Scemes et al., 2003) and Striedinger (Striedinger et al., 2007;

Striedinger & Scemes, 2008). WT and AQP4 KO NSCs showed a pro-

gressive increase in their migration index (Mi) during differentiation

into the glial lineage. However, this increase was highly slowed down

in AQP4 KO NSCs compared with WT, indicating an important effect

of AQP4 deletion on the migratory behavior of NSCs. These data

show that astrocyte differentiation is associated with a progressive

increase in plasma membrane water permeability and NSC migratory

capability.

3.6 | AQP4 opposite TRPV4 expression pattern in
differentiating NSCs mirrors that of CNS postnatal
development

The coordinated TRPV4 and AQP4 expression during CNS postnatal

development (Figure 1) and TRPV4 downregulation in AQP4 KO ret-

ina (Figure 2) next prompted us to determine TRPV4 expression in

WT and AQP4 KO differentiating NSCs by Western blot and confocal

microscopy (Figure 6). In line with results obtained during CNS post-

natal development, Western blot analysis showed that TRPV4

expression peaked in both WT and AQP4 KO undifferentiated neuro-

spheres (4 h), and gradually decreased during their differentiation.

Additionally, TRPV4 expression was found to be similar between the

WT and AQP4 KO at the analyzed time points (Figure 6a). Then we

sought to perform the same analysis by confocal microscopy on dif-

ferentiating NSCs triple-stained for TRPV4, AQP4, and GFAP

(Figure 6b,c). In line with Western blotting analysis, TRPV4 expression

progressively decreased during NSC differentiation in both WT and

AQP4 KO. In contrast, AQP4 was weakly expressed in WT undifferen-

tiated NSCs, whereas no staining was detected in the AQP4 KO, as

expected. The analysis performed at 15 days of NSC differentiation

showed TRPV4 expression to be concentrated into the center of the

neurosphere, whereas only a few TRPV4-positive cells were observed

in the outer migrating cells, in both the WT and AQP4 KO. On the

contrary, AQP4 expression in the WT and GFAP expression in both

the WT and AQP4 KO NSCs were strongly expressed in the spreading

outgrowth, whereas they were weakly detectable in the center of the

neurospheres. Thus, these results further support the different trends

of AQP4 and GFAP versus TRPV4 expression pattern and strongly

indicate it to be ascribable to astrocyte differentiation occurring

during CNS development.

3.7 | TRPV4 mediated [Ca2+]i dynamics are finely
tuned during astrocyte differentiation and are severely
downregulated by AQP4 deletion

The dynamics of [Ca2+]i in WT and AQP4 KO NSCs were monitored

before and after the exposure to 4αPDD (Figure 7a–d, left and right

panels), a selective activator of TRPV4 (Benfenati et al., 2007, 2011).

Representative traces of calcium imaging experiments performed after

3 days in vitro (D3) demonstrate that basal [Ca2+]i dynamics in both

TABLE 3 Densitometry values of
TRPV4 protein expression levels in AQP4
KO brain and retina expressed as a
percentage relative to that of
age-matched WT, considered as 100%.
Data are expressed as mean ± SEM,
n = 8 in each group.

P7 P14 P21 4 M

TRPV4 AQP4 KO Brain 86.60 ± 8.5 74.21 ± 5.2 92.58 ± 10.7 88,87 ± 9.8

AQP4 KO Retina 69.66 ± 15.2 66.24 ± 6.2 46.76 ± 3.7 59.22 ± 1.8

F IGURE 2 TRPV4 expression analysis in AQP4 KO brain and retina. Representative Western blots and densitometric analysis showing the
temporal expression pattern for TRPV4 in developing (P7–P21) and 4 month-old adult (4 M) WT and AQP4 KO mouse brain (a) and retina (b).

TRPV4 expression is only significantly reduced in the retina of AQP4 KO mice. Coomassie blue-stained PVDF membrane was used as a loading
control. Data (Table 3) represent means of intensity unit (i.u.) ± SEM. Unpaired Student's t test was performed. ***p < .001; ****p < .0001 (n = 8).
Arrowheads indicate the bands recognized by the antibodies at the expected molecular weight. Molecular-mass marker (in kDa) is shown on the
left of each gel. (c) Single-slice confocal images of adult (4 M) WT and AQP4 KO mouse retina immunostained with AQP4 (red) and TRPV4
(green) antibodies and their merging. Note that TRPV4 immunolabeling is downregulated in Müller cells spanning the NLF/GCL, INL, OPL, and
ONL (arrows), as shown in the drawing at the bottom. (n = 4) Scale bar 50 μm. (d) Drawing of mouse retina with highlighting in green of
astrocytes in the GCL and in blue of the Müller cells spanning from NFL to ONL. TRPV4 and AQP4 are shown in purple and orange, respectively.
The intraretinal vasculature is shown in dark gray. Left, the TRPV4 in mouse retina is expressed by ganglion cells, localized at the NFL/GCL
interface, and by Müller cells colocalizing with AQP4 at the endfeet forming the pericapillary sheet in the NFL/GCL and radial processes
traversing the IPL and ONL. Right, at higher magnification note the TRPV4 downregulation occurring in the Müller cells process spanning the INL,
OPL, and ONL. (NFL, Nerve Fiber Layer; GCL, Ganglion Cell Layer; IPL, Inner Plexiform Layer; INL, Inner Nuclear Layer; OPL, Outer Plexiform
Layer; ONL, Outer Nuclear Layer; Phot, Photoreceptor layer; RPE, Retinal Pigment Epithelium).
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WT and AQP4 KO cells were stable during the recording. On the

other hand, the exposure to 4αPDD induced an oscillatory as well as

sustained response in WT NSC (Figure 7a, left panel), but not in AQP4

KO NSC cells (Figure 7a, right panel). After 7 days (D7), spontaneous

oscillatory [Ca2+]i dynamics were detected in NSCs from WT and

AQP4 KO NSCs (Figure 7b, left and right panel). Notably, 4αPDD

induced a fast and intense increase in oscillatory dynamics in WT cells,

whereas the response to the same agonist was absent in NSC from

AQP4 KO (Figure 7b, right panel). Similarly, after 14 days (D14),

4αPDD induces an increase in WT cells, (Figure 7c, right panel) while

NSCs isolated from AQP4 KO were almost silent before and after the

addition of 4αPDD (Figure 7c, right panel). Interestingly, at D21 NSCs

from AQP4 KO (Figure 7d, right panel) showed spontaneous oscilla-

tory activity that is not affected after exposure to 4αPDD, while the

spontaneous activity in WT cells was very high but not significantly

altered in magnitude upon TRPV4 activation (Figure 7d, left panel).

Quantitative analyses of maximum change in relative fluores-

cence, expressed as ΔFt/Ft0 (Figure 8a) confirmed that WT NSCs dis-

played spontaneous oscillatory behavior at each time point analyzed

(Figure 8a, white bars). Nonetheless, the exposure of 4αPDD induced

a massive increase in the magnitude of the oscillations from D3 to

D14 with respect to the basal activity (Figure 8a–d, gray bars).

Notably, in WT NSC the amplitude of the response to 4αPDD reached

its peak at D7 and then it tended to decrease. In contrast, the fre-

quency of the oscillations continued to increase after D3 up to D14

and then remained stable until D21. AQP4 KO NSCs were quiescent

from D3 to D7 and then displayed spontaneous activity from D14 to

D21 (Figure 8a–d, black bar). Notably, the amplitude of the basal

spontaneous oscillations was not significantly altered by the exposure

to 4αPDD at D3 and D14 (Figure 8a–d, light gray bar). The magnitude

of the [Ca2+]i was significantly higher, with respect to the basal activ-

ity, at D7 and D21. Notably, the frequency of the oscillation observed

F IGURE 3 Characterization of neural stem cell (NSC) cultures. (a) Image of the time-scale analysis of mouse NSC growth from day 0 (D0) to
2 weeks in the presence of EGF. At 2 weeks, NSC differentiation into astrocytes is induced by EGF removal. NSCs were analyzed after 4 h and
7, 15, and 30 days (D7, D15, and D30, respectively) of differentiation. (b) Phase-contrast micrographs showing the NSCs growing as floating
neurospheres in the presence of EGF (w EGF) and during their differentiation into glial lineage in the absence of EGF (w/o EGF) on fibronectin
and the poly-D-lysine coated surface. At D7 outgrowing cells formed layers surrounding the neurosphere. From D7 to D30, the number of cells
within the neurosphere progressively decreased while it increased in the outgrowth. At D30 the neurospheres were almost completely flattened.
Scale bar 50 μm. (c) Confocal microscopy analysis of floating neurospheres immunostained with AQP4 (red), the glial marker GFAP (green), the
protein marker for neural progenitor Nestin (white), and their merging. Arrows indicate AQP4 and GFAP colocalization. Scale bar 50 μm.
(d) Western blot analysis showing the time course of GFAP, Nestin, and AQP4 expression in differentiating neurospheres prepared from mouse
and rat at 4 h, and D7, D15, and D30. Arrowheads indicate the bands recognized by the antibodies at the expected molecular weight. Molecular-
mass marker (in kDa) is shown on the left of each gel. Note that the GFAP and AQP4 expression levels increased, whereas Nestin expression
decreased in both mouse and rat NSCs.
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upon 4αPDD exposure increased constantly over time reaching its

maximum value at D21 (Figure 8d). Figure 8c reports the percentage

of responding cells.

4 | DISCUSSION

In the present study, we show that early postnatal neurodevelopment

is subjected to temporally modulated water and Ca2+ dynamics likely

to be those promoting the biomechanical and biophysical changes

required for the CNS morphological and functional maturation.

In contrast to the well-characterized role in adult brain homeosta-

sis (Benfenati et al., 2011; Jo et al., 2015; Mola et al., 2016), little is

known about AQP4-TRPV4 involvement in neurodevelopment. To

such purpose, we investigated the molecular and functional-related

properties of these channels across different stages of postnatal

development in animal tissues of rats and mice, as well as in animal-

derived in vitro cultured NSCs. To dissect the specific contribution of

AQP4 to the process, we used AQP4 KO mice. As for the time points,

we focused on the first postnatal weeks when the growth of blood

vessels and neurogenesis concur with the establishment of the

blood–brain barrier and synapse formation, respectively (Bautch &

F IGURE 4 BN/SDS-PAGE analysis of AQP4 assemblies during retina postnatal development and NSC differentiation into astrocytes. (a, b)
Proteins were separated under native conditions on 3%–9% acrylamide gels (BN-PAGE) and then subjected to 13% SDS-PAGE immunoblot using
AQP4 antibodies. AQP4 was detected as the smallest pool at 440 kDa (asterisk), several distinct different sized pools higher than 880 kDa
(arrows), and the largest detectable pool (arrowhead). (a) 2D BN/SDS-PAGE AQP4 immunoblot analysis of developing (P7, P14, and P21) and
4 month-old adult (4 M) mouse retina. Note that at P7 no AQP4 was detected while the ratio of progressively larger-sized AQP4 assemblies
increased from P14 to 4 M with the majority of AQP4 expressed as the largest resolved aggregate (arrowhead) at 4 M. (b) 2D BN/SDS-PAGE
AQP4 immunoblot analysis of mouse and rat differentiating NSCs (4 h, D7, D15, and D30), as indicated. Note that in mouse neurospheres at 4 h,
the majority of AQP4 was expressed as tetramers (asterisk). In contrast, the ratio of AQP4 aggregate larger size progressively increased during
NSC differentiation with the majority of AQP4 expressed as the largest resolved aggregate (arrowhead) at D30. Comparable results were
obtained in rat neurospheres with different medium-sized AQP4 aggregates already visible in undifferentiated neurospheres but with the ratio of
larger sized AQP4 aggregates progressively increasing until D30.
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F IGURE 5 Calcein quenching water transport and migration assay of WT and AQP4 KO NSCs during differentiation. (a) Left, representative
time courses of cell swelling, recorded for the indicated calcein-AM loaded NSCs, elicited by hypotonic stimulation (240 mOsm/L; Δ 60 mOsm/L)
at 3, 7, and 14 days (D3, D7, and D14, respectively) of culture in differentiation conditions. The arrow indicates the switch in the external
osmolarity. Right, quantitative analysis of the cell swelling time constants (τ) measured in WT (white bars) and AQP4 KO (black bars) NSCs.
(b) Left, representative time courses of cell shrinking, recorded for the indicated calcein-AM loaded NSCs, in response to hypertonic stimulation
(360 mOsm/L; Δ 60 mOsm/L) at 3, 7, and 14 days (D3, D7, and D14, respectively) of culture in differentiation conditions. The arrow indicates the
switch in the external osmolarity. Right, quantitative analysis of the cell shrinking time constants (τ) measured in WT (white bars) and AQP4 KO
(black bars) NSCs. Data represents means ± SEM. A Two-way ANOVA and Bonferroni's Multiple Comparison Test was performed. *p < .05;

**p < .01; ****p < .0001. Within each genotype, different letters on top of each bar indicate a significant difference (p < .05) between them and
equal letters indicate no significant difference (n = 3 independent experimental data set). (c) Left, phase-contrast images of the migration of WT
and AQP4 KO NSCs after 3 h and 2 days (D2) of culture in differentiation conditions. The red dashed line encloses the NSC core while the black
dashed line encloses the outgrowth edge formed by migrating cells. Scale bar 500 μm. Bottom panel: boxed yellow areas are shown at higher
magnification highlighting the outgrowth edge formed by migrating cells. Scale bar 100 μm. Right, histogram showing the Migration index
(Mi) calculated for WT and AQP4 KO NSCs with similar diameters (WT, 178.9 ± 7.3 μm, n = 18; AQP4 KO 166.3 ± 4.6 μm; n = 23; p > .05;
unpaired Student's t test). Note that starting from D1 the AQP4 KO Mi was significantly reduced compared to WT. Data represents means ±
SEM. A Two-way ANOVA and Bonferroni's Multiple Comparison Test were performed. ****p < .0001. Within each genotype, different letters on
top of each bar indicate significant difference (p < .05) between them and equal letters indicate no significant difference (n = 3 independent
experimental data set).
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James, 2009; Stubbs et al., 2009). In this temporal frame, homeostatic

mechanisms, such as buffering of extracellular K+ and reduction of

extracellular volume, develop with the help of glial cells (Connors

et al., 1982).

4.1 | AQP4 and TRPV4 inversely correlated
expression patterns in early postnatal stages

As already demonstrated for the rat cerebellum (Wen et al., 1999), we

here found that the glial water channel AQP4 expression levels gradu-

ally increase during early postnatal development of both the brain and

retina of WT mice and rats as well as in the in vitro cultured differenti-

ating NSCs. However, we surprisingly observed an inversely corre-

lated AQP4 trend for the TRPV4 channel, which was found to be

downregulated in parallel.

By using the neurosphere model of astrocyte differentiation we

here show that the AQP4 and TRPV4 opposite expression pattern

with progressive AQP4 increase and TRPV4 decrease seems to be

associated with astrocyte differentiation. Astrocyte differentiation

occurs predominantly after birth between P10 and P16 in vivo

(Catalani et al., 2002; Roessmann & Gambetti, 1986) while Müller cell

differentiation is slightly delayed, occurring mainly during the second

postnatal week (Weidman & Kuwabara, 1968). Interestingly, AQP4

F IGURE 6 TRPV4 expression and distribution pattern in differentiated NSCs (a) Western blot analysis showing the time course of TRPV4
expression in WT and AQP4 KO (KO) NSCs undifferentiated (4 h) and differentiated for 15 days (D15). Note the decrease in TRPV4 expression
during NSC differentiation. Coomassie blue-stained PVDF membrane was used as a loading control. Data represents means of intensity unit (i.u.)
± SEM. A Two-way ANOVA and Bonferroni's Multiple Comparison Test were performed. Within each genotype, different letters on top of each

bar indicate significant differences (p < .05) between them (n = 4 independent experimental data). The molecular mass of marker (in kDa) is
shown on the left of the gel. (b) Single-slice confocal images of TRPV4 (green), AQP4 (red), and GFAP (blue) expression and their merging in
undifferentiated (4 h) and differentiated (D15) WT and AQP4 KO NSCs. TRPV4 was mostly expressed by cells located within the neurospheres
(arrows). On the contrary, AQP4 and GFAP expression were detectable only in a few cells in undifferentiated neurospheres, but they were
strongly expressed in cells migrating out of the sphere (arrowheads). Scale bar 100 μm. (c) Representative line scans showing TRPV4, AQP4, and
GFAP fluorescence intensity in arbitrary units (a.u.) in undifferentiated (4 h) and differentiated (D15) WT and AQP4 KO NSCs from the center of
the neurosphere cores (0 μm) to the outgrowth areas (up to 300 μm from the center of the core). Black dashed lines indicate the edges of
neurosphere cores (n = 14 for WT and n = 16 for AQP4 KO neurospheres).
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protein expression in the retina is delayed by 1 week compared with

the brain and starts to become detectable only during the second post-

natal week. Of note, the observed AQP4 expression in the retina timely

overlaps with (a) the deep vascular plexus and the mature vascular pat-

tern formation (physiologically occurring at P14 and P21, respectively;

Dorrell et al., 2002; Provis et al., 1997), (b) the regulation of extracellu-

lar fluid and K+ spatial buffering operated by Müller cells (Nagelhus

et al., 1998; Newman, 1987; Newman & Reichenbach, 1996), and

(c) the change in water and ion composition of the extracellular space

consequent to the opening of rodent eyelids (observed at P13–15) and

the resulting light-induced neuronal activity (Seabrook et al., 2017).

Based on these concomitant events, the increasingly augmented AQP4

expression levels could serve to modulate the responses of glial cells to

the osmotic challenges deriving from neuronal transmission in maturing

synapses. Moreover, it might drive or sustain those modeling processes

occurring in the developing brain through the action of biomechanical

forces exerted by AQP4-mediated water flows, as hypothesized

(Papadopoulos & Verkman, 2013). In this regard, it is not surprising that

the growth of the postnatal retina is driven by mechanical stimuli, such

as the stretch of the developing sclera and the intraocular pressure

(Mastronarde et al., 1984).

The biomechanical forces exerted by AQP4-mediated water

flows in the developing brain and retina are useful to sustain major

tissue remodeling, indicating possible parallel involvement of the

Ca2+-permeable mechanosensitive TRPV4 channel which is parallelly

downregulated at later time points. Ca2+-dependent processes such

as cytoskeletal rearrangement, exocytosis, and gene expression are

known to occur in the very early stages of postnatal life (Moody &

Bosma, 2005). Therefore, one possible mechanism explaining the

increasingly reduced expression of TRPV4 in the late postnatal

phases (P14–4 M) is that it primarily takes part in the machinery

that regulates the dynamic transition between immature and mature

cellular patterns but is not so extensively required in the mature

brain.

F IGURE 7 Basal and TRPV4-mediated-[Ca2+]i dynamics in NSC from WT and AQP4 KO changes over time. Representative traces of
fluorescence variation over time depicting [Ca2+]i levels measured from WT and AQP4 KO NSCs in basal condition (CTRL) and after the exposure
of the cells to 3 μM 4αPDD. Data were collected after 3 (D3, a), 7 (D7, b), 14 (D14, c), and 21 (D21, d) days in vitro.
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4.2 | AQP4-dependent TRPV4 glial expression

In our study, we have demonstrated that the deletion of AQP4 is

associated with downregulation of TRPV4 protein levels specifically in

the developing retina, while no significant differences were detected

in the brain and NSCs, indicating AQP4 dependent-TRPV4 downregu-

lation to be specifically ascribed to Müller cells and not to astrocytes,

and that distinct mechanisms of functional interaction between

TRPV4 and AQP4 occur in astrocytes and Müller cells. Previous stud-

ies on adult AQP4 KO mouse retinas have shown a mild decrease in

TRPV4 mRNA levels, with no observed differences in terms of layer-

ing, cytoarchitecture, and Müller glial morphology (Jo et al., 2015).

This discrepancy may arise from the different approaches employed in

the two studies. Our study utilized Western blot analysis to directly

assess protein levels, while Jo et al. used qPCR, which measures

mRNA expression. Differences between mRNA and protein expres-

sion levels may be ascribed to post-transcriptional regulatory mecha-

nisms that influence the translation and stability of mRNA into

functional proteins as well as post-translational stability of TRPV4

protein in the cell plasma membrane of retinal cells due to the

absence of a potential functional partner such as AQP4. Furthermore,

the unaltered TRPV4 immunoreactivity observed in their study might

be attributed to their focus on TRPV4 localization alone, while ours,

comprehensively assessed both the localization and extent of differ-

ential expression throughout the entire retinal thickness, revealing

differences in deeper layers.

The mice here used are AQP4 KO CD1 mice, generated through

targeted gene disruption (Basco et al., 2013; Fan et al., 2005), and

characterized by a mild phenotype. However, different AQP4

KO mice have been reported, generated with both constitutive defi-

ciency in AQP4 (Fan et al., 2005; Ikeshima-Kataoka et al., 2013;

Ma et al., 1997), as well as mice with glial-conditional AQP4 defi-

ciency (Haj-Yasein et al., 2011).

These mouse models displayed normal phenotypic characteristics

in terms of growth, development, survival, and neuromuscular func-

tion (Ma et al., 1997; Manley et al., 2000; Ozawa et al., 2019), with

F IGURE 8 Quantitative analysis of [Ca2+]i fluorescence variation over time in Fluo-4-loaded WT and AQP4 KO NSC. Bar graphs showing
(a) the averaged maximal ΔFt/Ft0, (b) the time to peak, (c) the percentage of responding cells and (d) the number of peaks of NSCs from WT and
AQP4 KO in basal conditions (CTRL) and after the exposure of the cells to 3 μM 4αPDD at 3 (D3), 7 (D7), 14 (D14), and 21 (D21) days of culture.
Data represent means ± SEM. The numbers of responding cells analyzed are reported in Table S1. A Two-way ANOVA and Bonferroni's Multiple
Comparison Test were performed **p < .01, and ****p < .0001. Within each genotype, different letters on top of each bar indicate significant
differences (p < .05) between them and equal letters indicate no significant differences.
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only a mild impairment related to urinary concentration (Fan

et al., 2005; Ma et al., 1997). In the CNS, they exhibited regular brain

structure, vascular anatomy, baseline intracranial pressure (ICP), intra-

cranial compliance, and blood–brain barrier function (Fan et al., 2005;

Saadoun et al., 2009; Yao et al., 2008; Zeng et al., 2007). However,

they also showed deficiencies in both cognition and memory (Fan

et al., 2005; Ma et al., 1997; Skucas et al., 2011; Zhang et al., 2013),

an increase in extracellular space (Yao et al., 2008), elevated K+ con-

centration (Strohschein et al., 2011), reduced glutamate uptake (Zeng

et al., 2007) and brain water uptake after systemic hypoosmotic stress

(Haj-Yasein et al., 2011). Therefore, if AQP4 KO mice have been

largely used as a valuable model to study various aspects of brain

physiology and neurological disorders, as any other study performed

using genetically modified animals, we cannot completely exclude

some molecular changes observed as secondary effects to the knock-

out strategy.

We here also reported that the selective ablation of the AQP4

channel does not affect the expression of the Muller cell marker GS

during retinal postnatal development. This result was not unexpected,

as in a previous paper (Nicchia et al., 2016), we demonstrated by

western blotting and immunofluorescence that there was no differ-

ence in the expression and distribution of GS at the protein level in

the adult retina (5–10 months old) of AQP4 KO mice compared to

WT. However, these findings appear to contrast with those published

by Ozawa et al. (2019), reporting a reduction in GS expression at

mRNA level in AQP4 KO retina using qPCR. This discrepancy may

arise from the different analysis of GS protein (Nicchia et al., 2016)

versus GS mRNA (Ozawa et al., 2019) and/or from the use of different

AQP4 KO mouse models with different genetic backgrounds. It is

worth noting that a study by Li et al. (Li et al., 2014), performed on

the same AQP4 KO mouse model used in the present study shows

that deletion of AQP4 did not affect the basic levels of GS expression

in the retina.

Complementing evidence obtained in the NSC in vitro model for

early cortex gliogenesis showed a similar trend for AQP4 and TRPV4

postnatal expression patterns. This model allowed us to focus on the

astrocyte differentiation process which is a central event in brain and

retina development (Freeman, 2010; Scemes et al., 2003; Sloan &

Barres, 2014; Sofroniew & Vinters, 2010; Von Visger et al., 1994). As

observed in in vivo astrocytes and Müller cells, TRPV4 expression

decreases during NSCs in vitro differentiation into astrocytes. When

TRPV4 is strongly expressed in undifferentiated floating neurospheres

its expression appears to be confined to the core during NSC differen-

tiation into astrocytes. These results indicate that TRPV4 is likely to

play a major role in neural progenitors and precursor cells rather than

in differentiated cells.

On the other hand, AQP4 was initially detected in a few cells at

the periphery of neurospheres, whereas at later time points, it was

found in GFAP-positive cells of the spreading outgrowth. In line with

results obtained in the brain and retina, this data suggests that AQP4

is required for later stages of gliogenesis and, probably, for cell migra-

tion occurring during NSC differentiation, as demonstrated in other

cell types (Auguste et al., 2006; Saadoun et al., 2005).

4.3 | AQP4 different aggregation states
into astrocyte differentiation and migration

By providing an accurate tool for the study of gliogenesis, NSCs fur-

ther enabled us to investigate the molecular and functional properties

of AQP4-OAP supramolecular aggregates and their role in astrocyte

differentiation and migration. The biochemical separation of different-

sized AQP4 aggregates performed in differentiating neurospheres and

in developing retina showed that the progressively increasing expres-

sion of AQP4 occurred in parallel with AQP4 supramolecular struc-

tures of progressively growing size. If this is in line with the role of

OAPs in astrocyte differentiation proposed by Smith et al. (Smith

et al., 2014), these data also seem to indicate that the aggregation

state of AQP4 is strictly linked to the abundance of AQP4 expression

in the plasma membrane: the greater the AQP4 amount is, the larger

is the size of AQP4 assemblies. The increase in AQP4 expression

could therefore address the need to have large AQP4 assemblies in

turn promoting astrocyte differentiation. As indirect evidence in sup-

port of this, we previously demonstrated that AQP4 impairment in

forming OAPs in the OAP null mice (de Bellis et al., 2021) resulted in a

significant reduction in AQP4 total expression level, indicating a strict

interdependence between AQP4 total expression levels and OAP for-

mation and size.

As the differentiating astrocytes are characterized by a progres-

sive increase in AQP4 expression temporally associated with AQP4

aggregation into OAPs, we next addressed a key question related to

the role of AQP4 in cell migration. Leading-edge polarization of AQP4

was reported in migrating cells in culture (Papadopoulos et al., 2008;

Saadoun et al., 2005). Although the specific molecular mechanisms

remain unclear, a proposed hypothesis suggests that AQP4-mediated

water influx at the leading edge leads to localized cell swelling there-

fore favoring cell membrane protrusion and migration (Papadopoulos

et al., 2008). Glial progenitors move along radial glial fibers to reach

the pial surface of the brain (Barry et al., 2014). Astrocytes can also

undergo tangential migration, a crucial process for the dispersion of

astrocytes to different regions of the CNS (Kazanis et al., 2008).

Astrocyte migration continues throughout early brain development

and even into adulthood (Felix et al., 2021). The increase in plasma

water transport rate we found in differentiating neurospheres could

be related to the known role of AQP4 in sustaining astrocyte migra-

tion as well as their proper spatial distribution and functional integra-

tion within the CNS.

Further studies have also revealed that the water influx at the

leading edge of the cell would be mediated by AQP4 tetramers and

small OAPs. In contrast, large OAPs exhibit limited mobility in the

plasma membrane and are involved in facilitating cell adhesion and

polarization rather than migration (Smith et al., 2014). Therefore, to

investigate whether AQP4 and its aggregation state could influence

the migration of differentiating glial progenitors, we measured the

migratory index of neurospheres in the absence of AQP4 and during

differentiation into astrocytes. Consistent with previous reports (Kong

et al., 2008), we observed that migration is greatly impaired in

the absence of AQP4. New information came from the analysis of
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differentiating neurospheres that, although characterized by a

progressive increase in OAP level and size, displayed a progressive

increase in the migratory index, in apparent contrast with the role

of OAPs in astrocyte adhesion and not in astrocyte migration as

postulated by Smith et al. (2014). One possible explanation is that

the biomechanical forces generated by AQP4-mediated water flows

prevail over the finest changes associated with the different states

of aggregation. We can speculate that tetramers and smaller AQP4

assemblies would improve the cell migration of the earliest glial cell

precursors to reach the brain layer target into the developing brain,

contributing to the formation of functional neural circuits. In paral-

lel, the progressive increase in AQP4 expression level and the

progressive formation of large-size OAPs would promote AQP4

polarization at the glial endfoot maximizing the water permeability

(Nico et al., 2001).

4.4 | TRPV4 and calcium

Previous studies indicated that the profile of the temporal dynamics

of the response to TRPV4 agonist observed in primary Dorsal Root

Ganglion neurons (Alexander et al., 2013), in astrocytes (Benfenati

et al., 2007) or mesenchymal stem cells (Gilchrist et al., 2019) could be

variable and it can be divided into two main types: some cells exhib-

ited a transient oscillatory increase in calcium with a short time to

peak and a lower duration which then returned to baseline, whereas

others showed a prolonged elevation in calcium over time, which was

defined as a sustained response (Alexander et al., 2013). The analysis

of the temporal dynamics of the calcium response to 4αPDD in WT

NSCs, during differentiation from D3 to D21, revealed an oscillatory

behavior, with a short time to peak and elevated peak number, indi-

cating that the distinct balance between a decreasing TRPV4 and an

increasing AQP4 expression determines different combinations of

responses to the 4αPDD agonist. These differences are even more

pronounced between WT and AQP4 KO NSCs with AQP4 ablation

causing a massive reduction in calcium responses to the 4αPDD ago-

nist AQP4 KO NSCs predominantly exhibit, when present, dynamics

typical of a sustained response with a longer time to peak and a lower

number of peaks. The mechanism beyond different responses to the

agonist has not been clarified. However, studies reported that ago-

nists could promote the translocation of TRPV4 protein pools in the

plasma membrane (Baratchi et al., 2019), which might affect the mag-

nitude and the dynamics of the response. Thus, it is plausible that the

absence of AQP4 may cause altered sensitivity to the agonist and/or

promote the internalization of that might explain the difference

observed in calcium dynamics.

The different temporal patterns of calcium transients resulting

from AQP4 and TRPV4 coordinated activity might differentially regu-

late cell processes, such as cellular migration and proliferation. In this

regard, AQP4 may promote calcium influx through TRPV4, which

directly mediates actin depolymerization (Disanza et al., 2005; Yoneda

et al., 2000). Finely tuned spatiotemporal water and calcium dynamics

are consistent with the central role played by astrocytes in monitoring

and dynamically responding to changes occurring during early

postnatal development.

5 | CONCLUSIONS

We observed a distinct temporal expression pattern for AQP4 and

TRPV4 in the brain compared to the retina probably due to different

mechanisms of TRPV4 and AQP4 functional interaction in astrocytes

and Müller cells during development. We provided evidence that dur-

ing differentiation a finely tuned AQP4 and TRPV4 expression is

orchestrated by astrocytes with a progressive TRPV4 decrease and

AQP4 increase this latter is also characterized by a plasma membrane

organization into larger-sized assemblies (OAPs). As a result, astro-

cytes progressively acquire increased plasma membrane water perme-

ability and cell migration and undergo strong variation in terms of

Ca2+ signaling. These functional changes might play a key role in sus-

taining the biochemical and physiological mechanisms responsible for

astrocyte differentiation during brain and retinal development.
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