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Abstract: Water channel aquaporin 4 (AQP4) plays a key role in the regulation of water homeostasis
in the central nervous system (CNS). It is predominantly expressed in astrocytes lining blood–brain
and blood–liquor boundaries. AQP4a (M1), AQP4c (M23), and AQP4e, present in the plasma
membrane, participate in the cell volume regulation of astrocytes. The function of their splicing
variants, AQP4b and AQP4d, predicted to be present in the cytoplasm, is unknown. We examined the
cellular distribution of AQP4b and AQP4d in primary rat astrocytes and their role in cell volume
regulation. The AQP4b and AQP4d isoforms exhibited extensive cytoplasmic localization in early
and late endosomes/lysosomes and in the Golgi apparatus. Neither isoform localized to orthogonal
arrays of particles (OAPs) in the plasma membrane. The overexpression of AQP4b and AQP4d
isoforms in isoosmotic conditions reduced the density of OAPs; in hypoosmotic conditions, they
remained absent from OAPs. In hypoosmotic conditions, the AQP4d isoform was significantly
redistributed to early endosomes, which correlated with the increased trafficking of AQP4-laden
vesicles. The overexpression of AQP4d facilitated the kinetics of cell swelling, without affecting the
regulatory volume decrease. Therefore, although they reside in the cytoplasm, AQP4b and AQP4d
isoforms may play an indirect role in astrocyte volume changes.
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1. Introduction

Aquaporin-4 (AQP4) is a transmembrane channel that selectively transports water molecules
and is expressed in different cell types throughout the body [1–6]. In the central nervous system
(CNS), AQP4 is expressed in ependymal cells facing the ventricles, and in the end feet of astrocytes
lined along synapses, the perivessel, and subpial brain areas [7–10]. Among all AQP types expressed
in the CNS (AQP1, AQP4, and AQP9), AQP4 is the most abundantly expressed brain aquaporin,
with a predominant expression in astrocytes [5,6]. In tissue, the distribution of AQP4 in astrocytes
in certain parts of the CNS is clearly polarized, where AQP4 is primarily concentrated in the plasma
membrane of astrocytic processes in close proximity to blood vessels, the ependymal layer, and
pia [8,9]. In distinct osmosensory CNS areas, glial processes show little or even no polarization
of the AQP4 distribution [8]; in rat and mouse astrocyte cultures, AQP4 is localized at the plasma
membrane and intracellularly [11,12]. Initially, two AQP4 isoforms were described—AQP4a (M1) and
AQP4c (M23)—which are alternative transcripts from two different initiating methionine sites [1,13–17].
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A decade ago, four additional isoforms of AQP4 were described by screening the rat AQP4 gene,
which encodes six isoforms [15]. The discovery of the additional isoforms AQP4b, AQP4d, AQP4e,
and AQP4f, led to the introduction of a uniform terminology naming the AQP4 isoforms a–f, where
AQP4a and AQP4c correspond to the two classic M1 and M23 isoforms, respectively [15]. Outside the
CNS, another AQP4 isoform was described in human skeletal muscle—AQP4-∆4—which is apparently
exclusively intracellular [18]. Of the six AQP4 isoforms in the CNS, AQP4a, AQP4c, and AQP4e are
water-permeable and have been shown to cluster into orthogonal arrays of particles (OAPs) in the
plasma membrane of astrocytes and human skeletal muscles [19–25]. These three isoforms have been
shown to affect the volume regulation in astrocytes [19,26], which are very sensitive to changes in
extracellular osmolarity [27]. In hypoosmotic conditions, these cells swell rapidly and then correct
for their volume excess by undergoing the process of a regulatory volume decrease (RVD) [28,29].
The swelling phase and the RVD have been shown to be modified by AQP4 expression in astrocytes, in
particular, by the AQP4a, AQP4c, and AQP4e isoforms [19,26,30].

AQP4a, AQP4c, and AQP4e alternatively splice into AQP4b, AQP4d, and AQP4f isoforms,
respectively. Their splicing variants, which lack exon 2, have only four transmembrane helices instead
of six. This likely renders them incapable of water transport, as demonstrated in Xenopus oocytes [4,15].
It has been proposed that alternatively spliced isoforms of AQP4 may affect the translocation of
water-permeable isoforms to the plasmalemma [18]; however, this hypothesis has not been tested yet
for the CNS intracellular AQP4 isoforms. Moreover, the intracellular localization of AQP4b, AQP4d,
and AQP4f in astrocytes has not yet been investigated. The aim of our study was to determine the
cellular localization of AQP4b and AQP4d isoforms and to assess whether their expression can affect
changes in the cell volume of rat astrocytes.

2. Materials and Methods

2.1. Cell Cultures

Cortical astrocytes were isolated from 2- to 3-day-old female Wistar rats by a standard
procedure [12] and maintained in growth medium (high-glucose Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 2 mM L-glutamine, and 25 µg/mL
penicillin/streptomycin; Innoprot, Derio, Spain) at 37 ◦C in 95% air/5% CO2. Cells were plated onto
22-mm diameter 1% poly-L-lysine-coated coverslips and used within 4 days after plating. All chemicals
were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany), unless stated otherwise.
The care of experimental animals and euthanasia of animals were performed in accordance with
the following ethical codes and directives: International Guiding Principles for Biomedical Research
Involving Animals developed by the Council for International Organizations of Medical Sciences and
the Directive on Conditions for Issue of License for Animal Experiments for Scientific Research Purposes
(Official Gazette of the Republic of Slovenia 40/85, 22/87, 43/07). The protocol for the euthanasia
of animals used in our study was approved by the Veterinary Administration of the Ministry for
Agriculture and the Environment of the Republic of Slovenia (permit no. 34401-29/2009/2), issued on
22 April 2009.

2.2. Hypoosmotic Stimulation

The extracellular isoosmotic solution (300 ± 10 mOsm) consisted of 130 mM NaCl, 5 mM KCl,
2 mM CaCl2, 1 mM MgCl2, 10 mM D-glucose, and 10 mM HEPES (pH 7.2). Hypoosmotic conditions
(200 mOsm) were obtained by reducing the osmolarity of the isoosmolar medium from 300 to 200 mOsm
by the application of 100 mOsm hypoosmotic solution. The hypoosmotic solution (100 ± 10 mOsm)
consisted of 30 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM D-glucose, and 10 mM
HEPES (pH 7.2). The osmolarity of the solutions was measured with a freezing-point osmometer
(Osmomat030, Gonotec, Berlin, Germany).
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2.3. Aquaporin 4 Labeling and Immunocytochemistry

Recombinant AQP4b, AQP4d, and AQP4e isoforms were overexpressed by transfecting cells
with pAQP4b-EGFP (AQP4b), pAQP4d-EGFP (AQP4d), and pAQP4e-EGFP (AQP4e) (a gift from
O.P. Ottersen’s laboratory, University of Oslo, Oslo, Norway) using FuGENE 6 (Promega, Madison,
WI, USA), according to the manufacturer’s instructions. Cells were used in the experiments 48–80 h
after transfection.

OAPs were labeled with neuromyelitis optica (NMO)-IgG antibodies (autoantibodies formed
in NMO patients) that recognize the extracellular epitope of AQP4 without affecting the OAP size
or inducing AQP4 endocytosis [19,21,31–34]. Non-permeabilized cells were incubated in isoosmotic
(300 mOsm) or hypoosmotic (200 mOsm) solution with heat-inactivated (30 min, 56 ◦C) NMO-IgG
serum (1:200; a gift from Vanda A. Lennon, Mayo Clinic, Rochester, MN, USA) for 2 or 10 min at
room temperature (RT), followed by fixation in 2% formaldehyde and labeling with anti-human IgG
secondary antibodies conjugated to Alexa Fluor 546 (1:600, 20 min, RT; Invitrogen, Carlsbad, CA, USA).
Cells were mounted onto glass slides with Slowfade Gold antifade reagent.

Immunocytochemical labeling of intracellular compartments was performed as described
previously [19]. Briefly, cells were washed in phosphate-buffered saline (PBS), fixed in 4% formaldehyde
solution (15 min, RT; Thermo Fisher Scientific, Waltham, MA, USA) and permeabilized with 0.1%
Triton X-100 (10 min, RT). Then, cells were incubated in blocking buffer (3% bovine serum albumin
(BSA), 10% goat serum in PBS; 1 h, 37 ◦C) to prevent background staining, and labeled with primary
antibodies (overnight, 4 ◦C). The primary antibodies used were the rabbit polyclonal antibody to EEA1
(1:500, cat.no.ab2900, Abcam, Cambridge, UK) to label early endosomes, rabbit polyclonal antibody
to LAMP1 (1:300, cat.no.ab24170, Abcam, Cambridge, UK) to label late endosomes/lysosomes, and
mouse monoclonal antibody to GM130 (1:400, cat.no.610822, BD Biosciences, San Jose, CA, USA) to
label the Golgi apparatus. We then incubated the cells with secondary antibodies: goat anti-rabbit or
goat anti-mouse IgG secondary antibody conjugated to fluorescent dye Alexa Fluor 546 (1:600, 45 min,
37 ◦C; cat.no.A11010, Invitrogen, Carlsbad, CA, USA). Samples were mounted onto glass slides using
Slowfade Gold antifade reagent (cat.no.A11003, Invitrogen, Carlsbad, CA, USA).

2.4. Structured Illumination Microscopy

Z-stack images (500-nm thick) were recorded with an ELYRA PS.1 super-resolution microscope
(Zeiss, Jena, Germany), with an oil-immersion Plan-Apochromat DIC objective (63×/NA 1.4) and an
EMCCD camera (Andor iXon 885, Andor Technology, Belfast, UK). EGFP and Alexa Fluor 546 were
excited with 488 and 561 nm laser beams. The emission fluorescence was filtered with 495–575 nm or
570–650 nm bandpass filters.

2.5. Analysis of OAP Density, and Diameter and Area of Intracellular Organelles, OAPs, and MiDs

Image analysis of immunolabeled intracellular organelles, plasmalemmal OAPs, and intracellular
punctiform assemblages of AQP4, termed microdomains (MiDs), was performed in Fiji software [35].
MiDs are assemblages of AQP4s where the distance between individual AQP4s is <100 nm (the
resolution limit of the structured illumination microscopy (SIM) system [19]). Individual cells were
cropped and auto-thresholded (9–3000 px2) with the IsoData method. The density of OAPs represents
the number of OAPs normalized to the cell surface area.

The diameters of the MiDs were determined by measuring the full-width at half-maximum
(FWHM) of the fluorescence intensity profile along the equatorial line (Figure 1C). Areas of OAPs
and MiDs were analysed in Fiji software [35]. Individual cells were cropped and auto-thresholded
(9–3000 px2) with the IsoData method.
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of AQP4d MiDs (249 ± 9 nm, p = 0.72, Mann–Whitney test). (F) The average area of AQP4b MiDs (0.09 
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bars represent the number of cells analysed. 
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Figure 1. Microdomains (MiDs) of aquaporin (AQP)4b and AQP4d in astrocytes. (A,B) DIC and
fluorescence micrographs of primary rat astrocytes overexpressing GFP-tagged AQP4b (Aii) and
AQP4d (Bii). White lines outline cell shapes. Scale bars: Ai (for Ai,Aii) and Bi (for Bi,Bii), 10 µm.
(C) Diameters of MiDs were determined by measuring the full-width at half-maximum (FWHM)
of the fluorescence intensity profile along the equatorial line horizontally and vertically (structured
illumination microscopy micrograph of AQP4d MiD shows only the horizontal direction; the length of
the line is 400 nm). (D) Diameter frequency distributions for AQP4b and AQP4d MiDs. The diameters
of AQP4b MiDs were in the range of 139–570 nm and the diameters of AQP4d MiDs were in the range
of 139–530 nm. (E) The average diameter of AQP4b MiDs (252 ± 8 nm) was similar to that of AQP4d
MiDs (249 ± 9 nm, p = 0.72, Mann–Whitney test). (F) The average area of AQP4b MiDs (0.09 ± 0.01 µm2)
was similar to the average area of AQP4d MiDs (0.09 ± 0.01 µm2, p = 0.67, Mann–Whitney test).
Data represent means ± standard error of the mean from five independent experiments (animals) for
AQP4b (n = 531 MiDs) and AQP4d (n = 548 MiDs) overexpressing astrocytes. The numbers in the bars
represent the number of cells analysed.

2.6. Analysis of Colocalization

Colocalization analysis of AQP4b and AQP4d MiDs with selected intracellular compartments
was performed in Fiji [35]. Individual cells were cropped and auto-thresholded with the IsoData
method. Signals in the range of 9–3000 px2 were automatically counted, and split images of MiDs and
intracellular compartments were saved superimposed. Colocalized signals were manually counted.
The percentage of colocalization was calculated as the percentage of colocalized signals between MiDs
and intracellular compartments versus the total fluorescent signal emerging from MiDs.

2.7. Cell Volume Measurements

Non-transfected astrocytes and astrocytes transfected with pAQP4b-EGFP or pAQP4d-EGFP were
loaded with cytosolic sulphorhodamine 101 dye (SR101; 30 µM; Invitrogen, Carlsbad, CA, USA) for
15 min at 37 ◦C in 95% air/5% CO2. The cells were then stimulated under either isoosmotic (300 mOsm)
or hypoosmotic (200 mOsm) conditions and recorded with a laser confocal microscope (LSM 780, Zeiss,
Jena, Germany) using an oil-immersion objective (40×/NA 1.3). Transfected cells were confirmed by Ar
laser excitation (488 nm) and emitted light was filtered with a bandpass filter at 493–553 nm. SR101
was excited by a diode-pumped solid-state laser (561 nm) and the emission light was filtered with a
bandpass filter at 567–649 nm. Time-series images were recorded every 2 s for 120 s (30 s before and
90 s after hypoosmotic stimulation). Changes in the fluorescence intensity of the cytosolic fluorescent
dye were used as an indicator of changes in the cell volume [19,26,30]. Recordings were analysed in
ZEN 2010 software (Zeiss, Jena, Germany) using the mean region of interest tool, which calculates the
average fluorescence intensity, as in our previous study [19]. Detailed analysis and fitting of the data
were performed in SigmaPlot 11.0 (SYSTAT, San Jose, CA, USA).
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2.8. Measurements and Analysis of Vesicle Mobility

The mobility of vesicles in astrocytes transfected with pAQP4b-EGFP and pAQP4d-EGFP was
recorded with a confocal microscope (LSM 780, Zeiss, Jena, Germany) using an oil-immersion objective
(63×/NA 1.4). EGFP was excited by an Ar laser (488 nm) and the emission light was filtered with a
bandpass filter at 493–553 nm. Time-series images of vesicles carrying AQP4b and AQP4d isoforms
were recorded at 2-s intervals for 2 min in the following order: (1) in isoosmotic conditions, (2) 2 min
after hypoosmotic stimulation (200 mOsm), and (3) 10 min after hypoosmotic stimulation (200 mOsm).
Controls were recorded in essentially the same manner, but using isoosmotic solution instead of
hypoosmotic solution. Vesicle mobility was analysed in Fiji software [35] using the TrackMate
plugin [36].

2.9. Statistics

The results are presented as the means ± standard error of the mean. Statistical analysis was
performed in SigmaPlot 11.0 (SYSTAT, San Jose, CA, USA). Statistical significance was determined with
Student’s t test or ANOVA with the Holm–Sidak post hoc test for normally distributed data and the
Mann–Whitney test or one-way ANOVA on ranks with the Kruskal–Wallis post hoc test, followed by
Dunn’s method for non-normally distributed data. Statistical significance was considered as follows:
* p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results

3.1. AQP4b and AQP4d Isoforms Are Localized to Organelles and Vesicles in Astrocytes and Are Absent from
Plasma Membrane OAPs

We expressed recombinant AQP4b and AQP4d isoforms encoded by fusion proteins AQP4b-GFP
(referred to as AQP4b) and AQP4d-GFP (referred to as AQP4d) in primary rat astrocytes.
The fluorescence signal of both isoforms was distributed in a punctiform pattern, reminiscent of
organelles and vesicles (Figure 1). As previously reported, we termed such punctiform assemblages
as MiDs, where, considering the resolution limit of the SIM system, the distance between individual
AQP4s is smaller than 100 nm [19]. In SIM micrographs, we assessed the average diameter and the
average area of AQP4b and AQP4d MiDs (Figure 1). The diameters of AQP4b and AQP4d MiDs were
in the range of 139–570 nm and 139–530 nm Figure 1D), respectively, and their average diameters
(p = 0.72, Mann–Whitney test; Figure 1E) and average areas (p = 0.67, Mann–Whitney test; Figure 1F)
were similar.

The measured dimensions of AQP4b and AQP4d MiDs indicate the possible presence of these two
isoforms on different intracellular vesicles. To investigate this issue, we fluorescently counterstained
astrocytes overexpressing AQP4b and AQP4d with antibodies against selected organelle markers.
We immunolabeled early and late endosomes/lysosomes and the Golgi apparatus with primary
antibodies against EEA1, LAMP1, and GM130, respectively (SIM micrographs, Supplementary
Figures S1 and S2). Under isoosmotic conditions, both isoforms mostly colocalized with early endosomes
(10% ± 1% AQP4b and 19% ± 2% AQP4d; Figure 2), where AQP4d was significantly more abundant
than AQP4b (p < 0.001, Mann–Whitney test). Both isoforms were similarly colocalized in the Golgi
apparatus (9% ± 2% AQP4b and 14% ± 3% AQP4d, p = 0.26, Mann–Whitney test). The lowest, and
again comparable, colocalization of both isoforms was measured with late endosomes/lysosomes
(5% ± 1% AQP4b and 9% ± 2% AQP4d, p = 0.22, Mann–Whitney test).
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Figure 2. Hypoosmotic conditions trigger the redistribution of AQP4b and AQP4d to early endosomes
and increase the area of early endosomes. (A) The percentage of colocalization between AQP4b and
AQP4d, before and after hypoosmotic exposure, with late endosomes/lysosomes, early endosomes, and
the Golgi apparatus, immunolabeled with lysosomal-associated membrane protein 1 (LAMP1), early
endosome antigen 1 (EEA1), and Golgi membrane protein GM130, respectively. A significant increase
in the colocalization between AQP4b and AQP4d with EEA1 was measured at 2 min (AQP4b) and
10 min (AQP4d) after hypoosmotic stimulation (HYPO) (p = 0.03, Kruskal–Wallis test and p = 0.006,
Holm–Sidak post hoc test, respectively). The percentage of colocalization of AQP4b and AQP4d with
late endosomes/lysosomes and the Golgi apparatus remained similar with hypoosmotic stimulation
(p = 0.35 and p = 0.64, respectively, in endosomes/lysosomes; and p = 0.07 and p = 0.8, respectively,
in the Golgi apparatus; Kruskal–Wallis test). (B) The average area of early endosomes containing
(colocalized) AQP4b and AQP4d isoforms and all endosomes in the cell before and after hypoosmotic
exposure in transfected astrocytes. The average area of early endosomes containing AQP4b and
AQP4d was significantly larger 10 min after hypoosmotic stimulation (p < 0.05, Kruskal–Wallis test and
p = 0.009, Holm–Sidak post hoc test, respectively). Similarly, the average area of all early endosomes
in AQP4b- and AQP4d-transfected cells was significantly larger after 2 and 10 min (AQP4b, p = 0.01
and p = 0.002, respectively; AQP4d, p = 0.01 and p = 0.03, respectively, Holm–Sidak post hoc test).
Early endosomes containing either AQP4b or AQP4d were twofold larger than all early endosomes
(p < 0.001, Mann–Whitney test, p = 0.007, Student’s t test). Thin lines represent statistical significance
between solely AQP4b or AQP4d groups, while thicker lines represent statistical significance observed
in both groups containing both isoforms. Data represent means ± standard error of the mean from three
(AQP4b) and two (AQP4d) independent experiments (animals). * p < 0.05, ** p < 0.01, and *** p < 0.001.
The numbers in the bars represent the number of cells analysed.

Considering the inability of AQP4b and AQP4d to transport water, these two isoforms are
likely absent from plasmalemmal OAPs, which were shown to consist of water-permeable AQP4
isoforms [19,20,37]. Nevertheless, this fact was investigated. As in previous studies, we used a protocol
involving NMO-IgG antibodies to specifically label OAPs [19,21], and found that neither AQP4b nor
AQP4d colocalized with OAPs in isoosmotic conditions (Figure 3A,B).
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Figure 3. AQP4b and AQP4d are absent from orthogonal arrays of particles (OAPs) in isoosmotic
and hypoosmotic conditions. (A) Structured illumination microscopy (SIM) micrographs of astrocytes
in isoosmotic conditions overexpressing AQP4b or AQP4d. Green spots represent vesicles carrying
recombinant AQP4b (Ai) and AQP4d (Aii), and red spots represent OAPs labeled with NMO-IgG
antibodies. Higher magnifications are shown in the insets. Scale bars: 10 µm (inset, 0.5 µm). (B) SIM
micrographs of astrocytes before and after hypoosmotic stimulation. Green spots represent vesicles
carrying recombinant AQP4b (Ai) and AQP4d (Aii), and red spots represent OAPs labeled with NMO-IgG
antibodies. Panels from left to right show astrocytes in isoosmotic conditions and 2 and 10 min after
hypoosmotic stimulation. In hypoosmotic conditions, AQP4b and AQP4d isoforms remained absent
from OAPs. Higher magnifications are shown in the insets. Scale bars: 10 µm (inset, 0.5 µm).

3.2. Hypoosmotic Conditions Affect the Localization of AQP4b and AQP4d in Early Endosomes, But Do Not
Result in the Redistribution of AQP4b or AQPd to OAPs

Interestingly, hypoosmotic conditions triggered the redistribution of AQP4b and AQP4d, especially
to early endosomes (Figure 2). In the case of AQP4b, the localization in early endosomes increased by
41% (p = 0.03, Kruskal–Wallis test) 2 min after hypoosmotic challenge and remained at the increased
level after 10 min (Figure 2). In contrast, the redistribution of AQP4d was somewhat slower; its
presence in early endosomes increased after only 10 min of hypoosmotic stimulation by 47% compared
with isoosmotic (-) conditions (p = 0.006, Holm–Sidak post hoc test), and by 55% compared with
2 min of hypoosmotic stimulation (p = 0.01, Holm–Sidak post hoc test) (Figure 2). Colocalization of
AQP4b and AQP4d isoforms with lysosomes and the Golgi apparatus remained virtually unchanged
in hypoosmotic versus isoosmotic conditions (p = 0.35 and p = 0.64, respectively, in lysosomes,
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Kruskal–Wallis test; and p = 0.07 and p = 0.8, respectively, in the Golgi apparatus, Kruskal–Wallis test).
Hypoosmotic stimulation did not trigger the redistribution of AQP4b or AQP4d into OAPs (Figure 3B).

Changes in the localization of AQP4 isoforms in early endosomes may be related to the altered
trafficking of vesicles that transport them. To test this hypothesis, we recorded the speed of vesicles
containing AQP4b and AQP4d isoforms in isoosmotic and hypoosmotic conditions (Figure 4).
Hypoosmotic conditions triggered a smaller transient increase in the speed of AQP4b-laden vesicles
after 2 min of hypoosmotic stimulation (by 4%, p < 0.05, Kruskal–Wallis test, followed by Dunn’s
method; Figure 4B), whereas the speed of AQP4d-laden vesicles showed a steady increase with a
longer period of hypoosmotic stimulation (by 18% after 2 min and 34% after 10 min of stimulation,
p < 0.05, Kruskal–Wallis test, followed by Dunn’s method, Figure 4B). The increase in the colocalization
of AQP4b and AQP4d isoforms with early endosomes (Figure 2A) timely coincided with altered
vesicle trafficking (Figure 4). Therefore, we tested whether the area of early endosomes increased.
The area of early endosomes that were colocalized with either of the two AQP4 isoforms was roughly
twofold larger than that of all early endosomes in AQP4b- and AQP4d-transfected cells (p < 0.001,
Mann–Whitney test and p = 0.007, Student’s t test; Figure 2B). Hypoosmotic stimulation induced a
significant increase in the average area of early endosomes that colocalized with AQP4b and AQP4d,
as well as of all endosomes in cells (Figure 2B).
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Figure 4. The speed of vesicles carrying recombinant AQP4b and AQP4d increases in hypoosmotic
conditions. (Ai,ii) Astrocytes overexpressing AQP4d. White spots represent vesicles carrying AQP4d
(i), and yellow trajectories superimposed over vesicles (ii) represent vesicle pathways recorded in a
2-min period in isoosmotic conditions. Scale bar: 10 µm. (B) The average speed (µm/s) of AQP4b- and
AQP4d-laden vesicles before stimulation (-) and 2 or 10 min after stimulation with isoosmotic (Iso)
or hypoosmotic solution (Hypo). Vesicle mobility was recorded at the acquisition rate of 0.5 Hz for
2 min. The numbers in the bars represent the number of astrocytes analysed from three independent
experiments, isolated from two animals. Data represent means ± standard error of the mean (* p < 0.05,
Kruskal–Wallis test, followed by Dunn’s method).
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3.3. The Density of OAPs Is Affected by the Overexpression of AQP4b and AQP4d in Isoosmotic Conditions

The results showing that AQP4b and AQP4d are absent from OAPs have ruled out the possibility
that these two isoforms are directly involved in water transport through the plasmalemma of
astrocytes. However, in hypoosmotic conditions, we detected redistribution of the respective isoforms
in endosomes. Considering these changes in the intracellular localization of AQP4b and AQP4d,
we tested whether these two isoforms affected the density of OAPs (and hence the water transport)
indirectly. Therefore, we measured the density of OAPs in the plasma membrane of astrocytes
overexpressing AQP4b and AQP4d. Non-transfected (NTS) astrocytes and astrocytes overexpressing
isoforms AQP4b, AQP4d, and AQP4e were labeled with NMO-IgG antibodies to visualize OAPs
(Figure 5A). The density of OAPs, expressed as the number of OAPs normalized to the cell surface area
(i.e., two-dimensional projections of the cell), was then determined from SIM micrographs (Figure 5B).
A comparison of the density of OAPs between NTS cells and cells overexpressing different AQP4
isoforms revealed that, in isoosmotic conditions, cells overexpressing AQP4b and AQP4d exhibited a
reduced (by 37%) density of OAPs compared with NTS cells (p = 0.004 and p = 0.005, respectively,
Mann–Whitney test). In contrast, the overexpression of AQP4e increased the density of OAPs by 61% in
comparison with NTS cells (p < 0.001, Student’s t test) and by 154% compared with cells overexpressing
AQP4b and AQP4d (p < 0.001, Mann–Whitney test, Figure 5B).

Hypoosmotic stimulation of NTS astrocytes triggered a transient decrease in the density of OAPs
(p = 0.02, Kruskal–Wallis test), whereas in cells overexpressing AQP4b and AQP4d, no significant
change in the density of OAPs was detected compared with isoosmotic conditions (p = 0.64 and
p = 0.36, respectively, Kruskal–Wallis test; Figure 5B). On the other hand, in cells transfected with
functional water channel AQP4e, a 32% transient decrease in the density of OAPs was detected (even
more prominent than 30% in NTS cells), compared with isoosmotic conditions (p < 0.001, Holm–Sidak
post hoc test; Figure 5B), followed by an increase after 10 min of hypoosmotic stimulation (55%), which
was again more prominent than in NTS cells (28%).

Next, we tested whether the overexpression of particular AQP4 isoforms can affect the size of
individual OAPs (Figure 5C). In isoosmotic conditions, the average area of OAPs was 9% larger in
astrocytes overexpressing AQP4d compared with NTS cells (p = 0.01, Student’s t test), and 6% larger
compared with cells overexpressing AQP4e (p = 0.03, Mann–Whitney test). The average OAP area
in astrocytes overexpressing AQP4b was also larger than in NTS cells (7%), but the difference was
not significant (p = 0.12, Student’s t test; Figure 5C). Hypoosmotic conditions only affected the size of
OAPs in NTS cells (Figure 5C). The average OAP area was 20% larger after 10 min of hypoosmotic
stimulation versus isoosmotic conditions (p < 0.001, Holm–Sidak post hoc test). However, when we
overexpressed AQP4b, AQP4d, or AQP4e, the area of OAPs appeared unaffected by hypoosmotic
stimulation (p = 0.69, p = 0.86 and p = 0.36, respectively, Kruskal–Wallis test; Figure 5C).
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Figure 5. Astrocytes overexpressing AQP4b and AQP4d have a lower density of orthogonal arrays of
particles (OAPs). (A) SIM micrographs of non-transfected (NTS) astrocytes and astrocytes overexpressing
AQP4b, AQP4d, and AQP4e isoforms labeled with NMO-IgG antibodies that tag OAPs (denoted as
white dots). Scale bar (for all panels): 10 µm. (B) The graph represents the average number of OAPs per
cell area (µm2) in NTS astrocytes and in astrocytes overexpressing AQP4b, AQP4d, and AQP4e isoforms.
In isoosmotic conditions (-), astrocytes overexpressing AQP4b and AQP4d showed a significantly lower
density of OAPs from NTS astrocytes (p = 0.004 and p = 0.005, respectively, Mann–Whitney test), and
astrocytes overexpressing AQP4e showed a significantly higher density of OAPs from NTS astrocytes
(p < 0.001, Student’s t test). A transient decrease in the density of OAPs in NTS and AQP4e-transfected
cells was measured at 2 min of hypoosmotic conditions (p = 0.02, Kruskal–Wallis test, p < 0.001,
Holm–Sidak post hoc test). The density of OAPs in cells overexpressing AQP4b or AQP4d was similar
in isoosmotic and hypoosmotic conditions (p = 0.64 and p = 0.36, Kruskal–Wallis test). (C) The graph
represents the average area of OAPs in isoosmotic (-) and hypoosmotic (HYPO) conditions. In isoosmotic
conditions, astrocytes overexpressing AQP4d had larger OAPs than NTS cells (p = 0.01, Student’s
t test) and cells overexpressing AQP4e (p = 0.03, Mann–Whitney test). In hypoosmotic conditions
(10 min HYPO), an increase in the OAP area was measured in NTS cells (p < 0.001, Holm–Sidak post
hoc test). Data represent means ± standard error of the mean from independent experiments equal to
the number of animals: 4 (NTS), 3 (AQP4b and AQP4d), and 2 (AQP4e) animals. * p < 0.05, ** p < 0.01,
and *** p < 0.001. The numbers in the bars represent the number of cells analysed.

3.4. Overexpression of AQP4d Affects Cell Volume Changes in Hypoosmotic Conditions

The significant redistribution of AQP4b and AQP4d isoforms in early endosomes in hypoosmotic
conditions (Figure 2) and the impact of AQP4b and AQP4d overexpression on the density of OAPs
in isoosmotic conditions (Figure 5B) indicate that these two isoforms may indirectly affect volume
changes in astrocytes.

To test the hypothesis that AQP4b and AQP4d indirectly affect fluctuations in the cell volume
in hypoosmotic conditions, we labeled NTS cells and cells overexpressing AQP4b and AQP4d with
sulphorhodamine 101 dye to measure changes in the cell volume after stimulation with hypoosmotic
solution, as described previously [19]. We would like to stress that the method was calibrated in a
previous study by the AFM technique [19], which has a superb spatial resolution, yet it lacks temporal
resolution, compared with fluorescence measurements. Furthermore, measurements were performed
at room temperature, at which point AQP4’s impact on water transport is amplified, compared
to physiological 37 °C. Hence, the absolute volume changes determined with our method may be
underestimated [38]. NTS cells and cells overexpressing AQP4b and AQP4d exposed to isoosmotic
conditions showed little fluctuations in cell volume throughout the recording time (120 s; Figure 6Ai).
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Figure 6. Astrocytes overexpressing AQP4d swell faster in hypoosmotic conditions. (A) The average
relative volume changes, obtained by measuring the average fluorescence intensity of sulphorhodamine
101 (SR101) in non-transfected (NTS) astrocytes, and in astrocytes overexpressing AQP4b or AQP4d
in isoosmotic (Iso; Ai) and hypoosmotic (Hypo; Aii) conditions. (B) The expanded section of the
graph shown in Aii represents the swelling phase (∆V/V0) in astrocytes after hypoosmotic stimulation
(the addition of hypoosmotic stimulation is represented by the dashed line). (Ci) The swelling phase
(τ swelling) was faster in cells overexpressing AQP4d than in NTS cells (p < 0.05, Kruskal–Wallis test,
followed by Dunn’s method), whereas in cells overexpressing AQP4b, the swelling phase was similar to
that in NTS cells (p > 0.05, Kruskal–Wallis test, followed by Dunn’s method). (Cii) Time constants of the
regulatory volume decrease (RVD) phase were similar for NTS cells and cells overexpressing AQP4b
or AQP4d (p = 0.17, Kruskal–Wallis test). (D) Maximal amplitude of the volume increase (∆Vmax)
and (E) recovery of the cell volume at 90 s (∆Vt=90s) in the RVD phase were similar for NTS cells and
cells overexpressing AQP4b or AQP4d (p = 0.44 and p = 0.77, respectively, Kruskal–Wallis test). Data
represent means ± standard error of the mean from independent experiments equal to the number of
animals: 6 (NTS), 3 (AQP4b), and 4 (AQP4d). The numbers above the bars represent the number of
cells analysed.

On the other hand, cells exposed to hypoosmotic solution swelled rapidly and then, to balance
sudden changes in the cellular volume, the cell volume quickly started to decrease initially and then
slowly approached a new steady state (Figure 6Aii,B). The time constant of swelling (τ swelling) and
the time constant of RVD (τ RVD) were similar for NTS cells (τ swelling 8.9 ± 0.6 s, τ RVD 42.5 ± 4.7 s)
and cells overexpressing AQP4b (τ swelling 8.9 ± 1.1 s, τ RVD 34.6 ± 4.4 s, p > 0.05, Kruskal–Wallis
test, followed by Dunn’s method; Figure 6C). Upon the application of hypoosmotic solution, cells
overexpressing AQP4d swelled significantly faster (τ swelling 6.8 ± 0.5 s, p < 0.05, Kruskal–Wallis
test, followed by Dunn’s method) than NTS cells, but the rate for the RVD phase (τ RVD 46.7 ± 3.6 s)
remained similar to that of NTS cells (p = 0.17, Kruskal–Wallis test; Figure 6C). NTS cells and cells
overexpressing AQP4b or AQP4d also showed a similar maximal amplitude of the volume increase
and recovery of the cell volume in the RVD phase (p = 0.44 and 0.77, respectively, Kruskal–Wallis test;
Figure 6D,E).

In summary, the overexpression of AQP4b did not affect cell volume changes, whereas the
overexpression of AQP4d significantly affected the speed of cell swelling, but not the RVD and maximal
cell volume increase, in hypoosmotic conditions.
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4. Discussion

In the present study, we show that isoforms AQP4b and AQP4d reside in intracellular structures
and remain there in hypoosmotic conditions. Nonetheless, hypoosmotic conditions triggered a dynamic
relocation of both isoforms to early endosomes, where a particularly conspicuous increase of AQP4d
was observed, as well as an increase in the average area of early endosomes. Hypotonicity-induced
relocation of the two AQP4 isoforms was most likely mediated by the altered trafficking speed of vesicles
carrying recombinant AQP4b and especially AQP4d isoforms. We also confirmed that the expression
of the AQP4d isoform results in functional changes related to astrocyte swelling. The overexpression
of both isoforms affected the density of OAPs in isoosmotic conditions, and the overexpression of
AQP4d affected the speed of cell swelling in hypoosmotic conditions.

Our results, obtained in primary rat astrocytes by using SIM, show that isoforms AQP4b and
AQP4d are intracellular. The size of AQP4b and AQP4d MiDs in cells overexpressing AQP4b and
AQP4d isoforms was larger than in previous measurements of MiDs in NTS astrocytes and in
astrocytes overexpressing predominant plasmalemmal AQP4e [19]. Nevertheless, the size distribution
of MiDs containing AQP4b and AQP4d is in good agreement with the diameter of various vesicles
reported for astrocytes [39,40]. The localization of both AQP4 isoforms was indeed confirmed in late
endosomes/lysosomes, early endosomal compartments, and the Golgi apparatus. Previous reports
have already associated AQP4b and AQP4d with the Golgi apparatus in the HeLa cell line [12,15], and
AQP4d was also found to be colocalized with the Golgi apparatus and late endosomes/lysosomes in
primary astrocytes [12]. The localization of either isoform with other organelles was not tested in any
other cell type. Although our previous study indicated the possible presence of AQP4d at the plasma
membrane, which was labeled with lipophilic dye, we report here the absence of AQP4d, as well as
AQP4b, from plasma membrane OAPs. The discrepancies regarding the distribution of AQP4d in the
plasma membrane in these two reports probably arise from different labeling methods of the plasma
membrane areas and from the use of microscopies with different spatial resolutions. First, labeling
with NMO-IgG antibodies is essentially different from general staining of the plasma membrane,
because dual-labeled domains are undoubtedly located in the plasmalemma [21]. On the other hand,
AQP4d present in early endosomes or some other organelle lying near the plasma membrane (i.e.,
closer than the resolution of the confocal microscope; ~200 nm laterally or even 500 nm axially)
stained with lipophilic dye may appear plasmalemmal when inspected with confocal microscopy [12].
In hypoosmotic conditions, a significant redistribution of AQP4b, and especially the AQP4d isoform,
into early endosomes was detected. In the same time span after hypoosmotic stimulation, significant
changes in the vesicle speed of vesicles carrying AQP4b and AQP4d were measured. An increase
in the speed of AQP4b-laden vesicles was transient in nature, but AQP4d-laden vesicles showed a
remarkably steady increase in the average speed throughout the experiment. Altered parameters of
vesicle trafficking in hypoosmotic conditions in rat astrocytes were also reported for vesicles carrying
the AQP4e isoform [12]. In contrast to the mobility of intracellular AQP4 isoforms, the mobility of
AQP4e, a plasmalemmal AQP4, was transiently reduced following the hypotonic treatment [12].
This indicates that hypotonicity differentially affects the mobility of both pools of vesicles—vesicles
containing intracellular AQP4 isoforms move faster, while vesicles containing plasmalemmal AQP4
isoforms are transiently slower when cells are exposed to hypotonicity. A redistribution of AQP4b
or AQP4d was not detected in the Golgi apparatus and in late endosomes/lysosomes. These results,
together with the fact that of all the inspected organelles, the highest percentage of both isoforms was
observed in early endosomes, indicate that early endosomes play an important part in the positioning
of intracellular isoforms AQP4b and AQP4d under different osmotic conditions.

The measurements of the relocation of AQP4b and AQP4d in early endosomes in hypoosmotic
conditions, which correlated well with the increased speed of vesicles laden with AQP4b or AQP4d
isoforms, point to the importance of the redistribution of AQP4 isoforms through vesicle delivery.
The hypoosmotically-triggered redistribution (increased colocalization) of intracellular AQP4 isoforms
to early endosomes coincided with an increase in the average area of early endosomes. The pool of



Cells 2020, 9, 735 13 of 17

early endosomes was predicted to be important for the redistribution of AQP4 between the intracellular
space and the plasma membrane in primary rat astrocytes and in vivo, which could potentially
influence the water transport across cell membranes [41–43]. This is not a unique characteristic of
AQP4, because early endosomes were considered to be important for the redistribution of another
aquaporin—AQP2 [44,45]. AQP2 is retained in the cytoplasm of collecting duct cells in the kidney,
and it is transiently translocated to the plasma membrane after antidiuretic hormone (vasopressin)
stimulation, presumably from the pool of early endosomes [44].

It appears that changes in the trafficking of AQP4b- and AQP4d-laden vesicles in hypoosmotic
conditions predominantly affected their localization in early endosomes, because these two isoforms
did not distribute into OAPs. Although AQP4b and AQPd isoforms were absent from OAPs, they still
managed to affect the density of OAPs in astrocytes in isoosmotic conditions and the overexpression of
both isoforms resulted in an increase of the average area of OAPs per se. This finding may indicate
that these two intracellular isoforms may indirectly affect the formation of OAPs, apparently through
changes taking place in early endosomes. However, the lower density and larger size of OAPs could
also be the consequence of an OAP merger as a consequence of membrane diffusion; however, this
is unlikely, since AQP4 M23, which forms OAPs, is nearly immobile [23]. Similar to our findings,
another intracellular isoform of the AQP4 channel was found to indirectly affect the density of OAPs.
The AQP4-∆4 isoform in skeletal muscle, similar to AQP4b and AQP4d, lacks the structural properties
required to be a fully functional water channel [18]. The expression of AQP4-∆4 in the HeLa cell line
massively reduced the abundance of the overall AQP4 signal and OAPs in the plasma membrane [18].
In a human gastric adenocarcinoma cell line transfected with rat M1 AQP4, the endosomal route was
found to be linked to AQP4 redistribution, because AQP4 was identified in late endosomes, from
where it is assumed to recycle back to the plasma membrane after histamine washout [46].

Motivated by the changes observed in the redistribution of AQP4b and AQP4d in early endosomes
in hypoosmotic conditions and by the (indirect) effect they had on the density and size of OAPs, we tested
whether AQP4b and AQP4d also affect volume changes in astrocytes. Although the overexpression
of AQP4b failed to exert any changes in the cell swelling and consequent RVD after hypoosmotic
stimulation, the overexpression of AQP4d triggered significantly faster cell swelling, but the kinetics
of the RVD phase, maximal changes in the cell volume, and the recovery phase remained similar to
NTS cells. Compared with the effect of AQP4e, the effect of AQP4d on cell swelling was somewhat
less extensive [19], which is to be expected, because AQP4e is a fully functional water channel [15].
Observed changes in the swelling of cells overexpressing AQP4d, as well as the absence of effects in
the volume recovery, coincided with the increase in the average area of OAPs (which was observed in
cells overexpressing AQP4d, but was already absent 2 minutes after hypotonic stimulation). At the
same time, we have also noticed that the density of OAPs in cells overexpressing AQP4b and AQP4d is
lower. Moreover, considering that the permeability of individual AQP4 isoforms in OAPs differs [47],
alterations in the density and area of OAPs should be interpreted with caution.

Although AQP4b and AQP4d expression in Xenopus oocytes failed to enhance water permeability
through their plasma membrane [15], it appears that they may indirectly affect astrocyte volume
changes, possibly through affecting the presence and/or assembly of other AQP4 isoforms in the plasma
membrane through sorting in early endosomes. Endosomes are in general increasingly recognized
as organelles importantly implicated in the spatial and temporal compartmentalization of signal
transduction contributing to signaling specificity and regulation [48,49]. Early endosomes at “the
crossroad” in the paths of aquaporins are emerging as important players in the sorting of different
isoforms and types of aquaporin channels, and therefore in the regulation of water transport through
the plasma membrane. The underlying mechanisms responsible for the presence of AQP4 at the
plasmalemma of astrocytes are complex and linked to the dynamics of the internalization and delivery
of AQP4 channels to the cell surface. Along with the per se AQP4 presence in the plasmalemma, the
ratio of the AQP4 isoforms in OAPs also affects water transport [50,51]; in addition, our experiments
have shown that the intracellular AQP4 isoforms are also important in regulating the abundance and
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size of OAPs in astrocytes. In pathophysiologic conditions, i.e., in the ischemic brain edema, AQP4
is shown to internalize and colocalize with early ensodome marker EEA1, as was demonstrated in
rat brain sections [42]. Early endosomes are the first endocytotic compartment where endocytosed
vesicles (also the ones laden with OAP-forming AQP4 isoforms) unite with vesicles from the Golgi
complex (among others, the ones containing intracellular AQP4 isoforms). The fusion of vesicles
mediates the merging of all incoming vesicles with early endosomes, while fission redirects outgoing
vesicles that bud from early endosomes (to the recycling or degradation pathway) and as such, early
endosomes represent major sorting platforms [52]. The molecular mechanisms behind the sorting
and budding of vesicles from early endosomes are challenging to study, because of experimental
limitations related to the reconstitution of sorting from endosomes in vitro. Nonetheless, our results
imply that endosomes containing AQP4b or AQP4d have the recycling pathway either fully blocked,
or a mechanism exists that prevents the budding of recycling vesicles with these two isoforms (since
AQP4b and AQP4d are not present in the plasmalemma). Such a blockade of one of the outgoing
trafficking pathways would likely lead to an increase in the size of these organelles, which we have
indeed observed. In addition, if endocytic vesicles containing any of the OAP-forming isoforms
would fuse with early endosome-containing intracellular AQP4 isoforms, then recycling back to the
plasmalemma would be impaired as well. In agreement, we have observed lower densities of OAPs
in astrocytes overexpressing AQP4b or AQP4d. While this topic is currently still not fully resolved,
it appears that higher order complexes consist of at least three isoforms: AQP4c (M23), and also
invariably AQP4a (M1) and/or AQP4 e (Mz) [19,53,54]. The high curvature and small size of endocytic
vesicles likely preclude endocytosis of the whole OAP [25]; however, the binding of an antibody that
recognized M1 and M23 outside OAPs enhanced the endocytosis of both, followed by degradation
in astrocytes, in contrast to an antibody that almost exclusively recognized M23 [55]. This process
is especially relevant to certain pathologies, including neuromyelitis optica, where antibodies target
AQP4 and can result in the internalization of plasmalemmal isoforms of AQP4, which are then passed
on to early endosomes [56]. Further studies are needed to elucidate the role of early endosomes and
the role of different AQP4 isoforms in the regulation of water balance in astrocytes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/3/735/s1,
Figure S1: Colocalization of AQP4b with selected intracellular compartments in astrocytes. Figure S2: Colocalization
of AQP4d with selected intracellular compartments in astrocytes.
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