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Abstract

Mounting evidence suggests that the water channel aquaporin 4 (AQP4) contributes to water
flow and waste removal across the blood-brain barrier and that its levels, organization and
localization are perturbed in various neurological diseases, including Alzheimer’s Disease.
This renders AQP4 a potentially valuable therapeutic target. However, most functional assays
aimed at identifying modulators of AQP4 function are performed in primary rodent cells and
do not consider inter-cellular variations in AQP4 abundance. To address this, we have
established and applied a robust live cell microscopy assay that captures the contribution of
AQP4 in the osmotically driven (de-)quenching of the vital dye Calcein-AM with single-cell
resolution. Using human astrocytoma cells, we found that limiting the measurement to cellular
regions instead of whole fields of view yielded a more sensitive readout of the osmotic response
which correlated with total AQP4 abundance on the single-cell level. Stable co-expression of
the two major AQP4 isoforms but not of the individual isoforms provoked a faster adaptation
to osmotic changes. siRNA-mediated knockdown of AQP4 had the opposite effect. Post-hoc
correlation with the canonical membrane marker CD44 revealed that the speed of the osmotic
response scaled with AQP4 membrane enrichment. Coating the substrate with laminin
promoted a limited AQP4 membrane enrichment in the astrocytoma cells, while cell
confinement with fixed-size micropatterns further increased the speed of osmo-regulation,
underscoring the influence of extracellular factors. The osmotic response of primary fetal
astrocytes and human iPSC-derived astrocyte models was comparable to AQP4-deficient
astrocytoma cells, in line with their lower AQP4 levels and indicative of their immature state.
In conclusion, a correlative single-cell approach based on the quantification of Calcein-AM
quenching capacity, AQP4 abundance and AQP4 membrane enrichment, allows resolving
osmoregulation in a more sensitive manner and reveals heterogeneity between and within
human astrocyte cultures, which could prove crucial for future screens aimed at identifying

AQP4 modulators.
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Introduction

Aquaporin 4 (AQP4) is a protein that forms water channels at the end feet of astrocytes and
which plays a central role in water homeostasis in the brain. It is composed of four subunits,
each with six membrane-spanning alpha-helices forming a tetramer with a central pore. The
pore facilitates transport of water across the cell membrane in response to osmotic changes'.
The cytoplasmic and extracellular loops of AQP4 contain essential structural and functional
domains that regulate the activity and expression of the protein. So far, 8 sense isoforms have
been described, with the longer M1 and shorter M23 being the main 2 isoforms that have been
observed in varying ratios in the brains of mammals®>. AQP4 channels typically assemble into
high density clusters called orthogonal arrays of particles (OAP) that amplify the water
conductivity at the cell membrane. OAP dynamics are influenced by many factors, among
which the level of AQP4 abundance, the ratio of its isoforms and the presence of anchoring
proteins at the intra- or extracellular face of the membrane®~. Disruption of proper AQP4
levels, polarization and OAP clustering have been implicated in various neurological diseases
such as traumatic brain injury and stroke, Neuromyelitis Optica and Alzheimer’s Disease
(AD)®’. For example, in AD patient brain samples and the Tg-AcrSwe mouse model of AD,
an increase in overall AQP4 immunoreactivity was found along with a change in the ratio of
M1/M23 isoforms and reduced presentation of AQP4 channels at the end feet of astrocytes®”’.
This correlates with clinical symptoms such as the disturbance of sleep and the reduced waste
removal through the glymphatic system in AD patients'*!2. Therefore, understanding the role
of AQP4 in this disease could help developing new therapeutic approaches'3.

AQP4 water channel functionality has been studied extensively using the osmotically driven
(de-)quenching of the vital dye calcein-AM applied to oocytes, kidney cells, fibroblasts,
primary cultures of rodent astrocytes '42°. Quantification of water conductivity in these non-
human models has led to the discovery of novel minor AQP4 isoforms and potential AQP4

modulators such as TGN-20'°21"23, However, given the morphological, transcriptional and
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proteomic differences of human astrocytes with their rodent counterparts, the translational
value of this pioneering work could still be supported more by the use of human astrocyte
models?>*?’. Human cell lines, such as HEK293, MCF7 breast cancer and a limited number of
human astrocyte(-like) models such as U87MG, astrocytoma and SC1800 fetal primary human
astrocytes have been described with osmotic perturbation assays. However, these are often
performed at a cell population level, e.g., using a plate reader, disregarding the heterogeneity
that is often present within cell cultures?®>!. As such, these assays may be biased by growth
differences or the presence of subpopulations, and they do not allow relating osmoregulation
to the molecular markup of individual cells. To address this, we adapted the classical osmotic
assay to a microscopy format that allows single cell measurements and combined it with post-
hoc immunostaining for proteomic profiling of the same cells. Using this assay, we evaluated
osmoregulation in different primary, immortalized and human iPSC-derived astrocyte models.
We found inter and intra-cellular differences, which could be linked to AQP4 abundance and
membrane enrichment and found that changing the composition and geometry of the substrate

influenced osmotic tuning speed.
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Materials and methods

Patient serum samples

Anonymized serum samples of Neuromyelitis Optica (NMO) patients were obtained at the
University Biobank Limburg (UBiLim). This study was approved by the ethics board of the
University of Antwerp/UZA (Project ID 5323). Commercial human control serum was used as
a control (Sigma-Aldrich H4522-100ML).

Stable cell line generation

1321IN1 derived astrocytoma cell lines were generated and provided by dr. Stefan Masure
(Janssen Pharmaceutica N.V., Beerse, Belgium). Three different transfected clones were
generated from the wildtype 1321IN1 astrocytoma control line (WT; ECACC 86030402):
hAQP4-M23~pcDNA3.1lhygro (M23), transfected using Fugene6 (Roche E2691) and
maintained with 100pg/ml Hygromycin B (Sigma, 400052), hAQP4-M1~pcDNA3.1G418
(M1), transfected using Lipofectamine2000 (Invitrogen, 11668019) and maintained with
400pg/ml G418 (Sigma, 345810) and finally a clone containing both constructs (M1M23) was
generated and maintained with 400pg/ml G418 and 100pg/ml Hygromycin B.

To generate individual clones, cells were seeded in 15 petri-dishes of 50 cm2 (mother plates)
at a density of 10000 cells/cm? in specific growth medium, Dulbecco’s modified Eagle’s
medium (Gibco, UK) enriched with 10 v% heat inactivated fetal calf serum (Hyclone, US), 2
mM glutamine (Sigma; US), 1 mM pyruvate (Boehringer, Germany), 100000 IU/I Penicillin G
(Serva, Germany) and 100 pg/ml Streptomycin (Serva, Germany). The cells were incubated
overnight at 37°C in 5% CO2 and subcloning was performed by limiting dilution. When a clone
was isolated, it was cultivated in a 75 cm? culture flask. Finally, monoclonals were obtained,
which were tested for AQP4 expression level and intracellular distribution. As control, non-
transfected cells (WT astrocytoma cells) were used.

Cell culture
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After generation, all 1321N1 lines were maintained in Dulbecco’s modified Eagle’s medium
(Gibco, 41966029) supplemented with 10 v% heat-inactivated fetal bovine serum (FBS; Life
Technologies, 10500064) at 37°C and 5% CO2. Cultures were split 1:6-1:12 twice a week
when reaching 90% confluence using trypsin-EDTA (Gibco, 25200072). AQP4 cDNA-
transfected cells were maintained in medium supplemented with their respective antibiotics.
For the comparison of different cell substrates and micro-patterned well plates, 96-well plates
(Greiner Bio-One 655096) were first coated for 4 hours with 50ul 0.1 mg/ml poly-L-ornithine
(PLO; Sigma, A-004-M), then washed 3 times with PBS and finally incubated 1 hour with
mouse laminin at 10pg/ml (PLO-mLAM; Sigma L2020) before cell seeding. Micropatterned
plates (CYTOO, 20-012-00) were coated with 50ul 10pg/ml laminin for 1 hour before seeding
cells at 12500 cells/cm?.

For the comparison with the astrocytoma cells, passage 7-9 primary astrocytes (Sciencell
#1800, hence further referred to as SC1800) were cultured according to the manufacturer’s
guidelines in the proprietary astrocyte medium included in the kit (Sciencell #1801) on plastic
bottom 25 cm? culture flasks without the addition of antibiotics. These astrocytes were
dissociated with accutase (Invitrogen, 00-4555-56) and seeded at 15625 cells/cm? in
supplemented SC1801 medium on uncoated 96-well imaging plates alongside wells with WT

and M1M23 cells at densities of 12500 cells/cm? and 15625 cells/cm? respectively.

Differentiation of neural precursor cells

Neural precursor cells (NSC) where differentiated into astrocyte precursor cells (APC), as
previously described *2,%3. In brief, NSC were thawed and centrifugated at 250 rcf without delay
to remove DMSO. They were then seeded on 1X Matrigel-coated (Corning, 354277) 6-well
plates and maintained for 7 days with fresh 1:1 Neurobasal Medium (Gibco,
21103049):Advanced DMEM:F12, (Gibco, 12634010) supplemented with 1X Neural

Induction supplement (A1647801, Gibco) and 1% penicillin—streptomycin (Gibco, 15070063)
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every 48 hours. After 7 days, NSC were split and seeded at 15000 cells/cm? and changed to
SC1801 medium without antibiotics after 48 hours. Medium changes were performed twice
weekly initially and weekly after 7 days until the experiments. SOX9 transcription factor
inducible astrocytes (iISOX) were generated from recombinant iPSC generously provided by
Prof. dr. Catherine Verfaillie**. The recombinant normal donor iPSC clone contained a
doxycycline-inducible TETO-ON system for overexpression of SOX9 (SOX9-iPSC). SOX9-
1PSCs were seeded at 150,000 cells/cm? on Matrigel-coated plates in mTeSR1 with Revitacell
(Gibco, A2644501). After one day, cells were cultured in NI medium for 12 days, with daily
media changes. Subsequently, cells were plated at 65,000 cells/cm? on Matrigel-coated plates
in NMM with bFGF (PeproTech, 100-18C) and Revitacell, followed by maturation medium
the next day. Maturation medium, a 1:1 Neurobasal DMEM-F12 mixture supplemented with
N2, sodium pyruvate (Gibco, 11360039), Glutamax, N-acetyl-cysteine (Sigma, A7250), db-
cAMP (Sigma, D0627), CNTF (PeproTech, 450-13), BMP4 (PeproTech, 120-05ET), and HB-
EGF (PeproTech, 100-47), was used with doxycycline (Sigma, D9891) for the first 6 days
(replaced every other day) and without doxycycline thereafter (changed twice weekly). Upon
reaching >90% confluency, cells were replated at 20,000 cells/cm? in maturation medium and

kept 27 days with medium changes twice weekly until the experiments.

siRNA mediated knockdown of AQP4 in MIM23

WT and M1M23 at passage 14-18 were seeded at 12500 cells/cm? and 15625 cells/cm?
respectively in 12-well plates. After 24 hours cells were transfected with a medium only sham
treatment (Sham), 25uM non-targeting siRNA control (NTC) or 25uM AQP4 siRNA (AQP4-
KD; TriFECTa, Integrated DNA Technologies, 231954627 sequence id:hs.Ri.AQP4.13.3) in
DMEM without supplementation at room temperature for 25 minutes according to the
transfection kit manufacturer’s instructions (Mirus Bio Trans-it TKO MIR 2154) and incubated

at 37°C and 5% CO: for 24 hours in culture medium.



173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

RNA extraction, cDNA conversion and RT-qPCR

RNA extraction was performed according to the manufacturer’s instructions (Qiagen RNeasy
Mini, 74104) and samples transferred to dry ice immediately after treatment with lysis buffer.
RNA was diluted in RNase-free water to a final volume of 30ul and stored at -80°C in 5 pl
aliquots. Quality control and concentration measurement was done using Agilent RNA 6000
Nano kit according to the manufacturer’s instructions (Agilent technologies 5067-1511). Only
samples with RIN above 8 were used and RNA was diluted for each sample to match the
concentration before cDNA conversion with the iScript ¢cDNA synthesis kit (Bio-rad,
1708891). RT-qPCR master mix was prepared with SsoAdvanced Universal SYBR Green
Supermix (Bio-rad, 1725272). A single qPCR reaction required Sul SYBR-green Supermix,
2ul molecular grade H20 and 0,5ul 10uM forward and reverse primer solution corresponding
to the desired target sequences (Fig. S2B). All primers were validated by inspection of the
melting curve and calculation of the primer efficiency from a dilution series (efficiency range
= [1.8-2.2]; data not shown). RT-qPCR reactions were always run in duplicate and no-template

and no-reverse transcription controls were included in each run (max. 35 cycles).

Osmotic assay

Live cell Calcein-AM self-quenching assays have been previously reported'**. In brief, WT,
M1, M23 and/or M1M23 cells (passage number 12-20) were detached with trypsin and seeded
in a plastic bottom black 96-well plate (Greiner, 655090 and Cellvis, P96-1.5P) 48 hours before
start of the assay at a final density of or 15625 cells/cm* and 12500 cells/cm? respectively to
account for differences in growth rate. For the comparison of WT, M1M23 and SC1800
(passage 8-10) no additional coating was added to the plates. For osmotic assays with SC1800
(passage 2-4), DIV47 APC and DIV27 iSOX, cells were detached with accutase and seeded at
37500 cells/cm? on PLO-mLAM plates 96-well plates. Cells were kept at 37°C and 5% CO..

Before imaging, medium was removed, followed by a washing step with HBSS with Ca** and

8
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Mg?* (Gibco, 14025-092) supplemented with 14 mM HEPES (Sigma, H0887-100ML) (HH-
buffer). Calcein-AM (Invitrogen, C3100MF) was dissolved in dimethyl sulfoxide (DMSO;
Sigma, D2650) and diluted 1:100 to a final concentration 10 uM in HH-buffer, which was
added to the cells for 45 minutes (37°C, 5% CO,). Cells were then washed once more with HH-
buffer and 100ul HH-buffer was added to the cells as the baseline volume for imaging. For the
highest stimulation condition, only 50ul HH-buffer was added.

Calcein quenching kinetics were recorded per well according to a standard sequence of
recording baseline fluorescence for 10 seconds at 300 mOsm/l (manufacturer’s estimate),
followed by a prompt administration of 50ul hyperosmotic solution (0, 0.1M, 0.2M, 0.3M,
0.4M NaCl in HH-buffer) raising the osmolality of the solution (to 300, 375, 450, 600 and 900
mOsm/l, respectively). After recording for 40 seconds, 150ul ultrapure distilled H>O (ddH2O)
was added to the well, gradually lowering the osmolality in the well back to the baseline value
of 300 mOsm/1. For the 0.4M NaCl stimulus, the starting volume was lowered to 50ul, 50ul
hyperosmotic saline was injected and 200ul ddH>O was added to return to isotonicity within
the 300ul volume of the well. A minimum of 3 technical replicates (wells) was used per 96-
well plate and at least 3 wells were not stimulated during imaging to allow post-hoc
photobleaching correction. For each experiment, osmotic assays were performed on 3-4
separate days unless stated otherwise.

After treatment of all wells, half of the imaging buffer was removed and cells were fixed by
adding 4 v% methanol-stabilized paraformaldehyde (PFA; Roth, 3105.2) for 20 minutes at a
final PFA concentration of 2 v%. Afterwards, all wells were washed twice using in-house
prepared 0.01M phosphate buffered saline (PBS; Gibco, 14190-094) and stored in in-house
made 0.01M PBS with 0.1 v% sodium azide (Sigma, 71290) at 4°C.

To evaluate osmotic changes at the level of the nucleus, a similar approach was used with SiR-
DNA, a farred live cell fluorogenic DNA labelling probe (Spirochrome, SCO007;

652nm/674nm). The dye was stored in DMSO at -20°C at a concentration of 1mM and diluted

9
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1:1000 in HBSS for use with the WT, M1, M23 and M1M23 cells. Here, no photobleaching

correction was performed.

Immunofluorescence

Cells were washed 10 minutes with PBS, followed by 3 minutes of permeabilization using PBS
supplemented with 0.5 v% thimerosal (Fluka, 71230), 0.1 v% sodium azide, 0.3 v% bovine
serum albumin (Sigma, A7284) a 10 v% normal horse serum (Merck, H1270) (PAV buffer)
with 0.1 v% Triton X-100 (Sigma, X100). The cells were incubated overnight at 4°C in PAV
buffer containing rabbit polyclonal antibodies specific to an intracellular C-terminal site of
AQP4 (Sigma-Aldrich, HPA014784) diluted 1:100 and mouse monoclonal antibodies to CD44
(Sigma, MAB4065) at 1:200. A no primary antibody control was always included (NPC).
Subsequently, samples were washed with PBS twice for 5 minutes. The cells were incubated
with Cy3-labeled donkey anti-rabbit antibodies (Jackson Laboratories, 711-165-152) and
Fluorescein (FITC)-labeled donkey anti-mouse antibodies (Jackson Laboratories, 715-095-
151), all diluted at 1:1000 in PAV for 2 hours.

For the comparison of permeabilization agents PBS alone, 0.1% Triton-X100 (PBS-T) in PBS
or 0.1% saponin (Sigma, S-4521) in PBS was used for 3 minutes before the primary antibody
labeling, before continuing the staining protocol with PBS instead of PAV for the secondary
antibody labeling.

For the immunocytochemistry using NMO sera, a dilution series was prepared of each serum
sample (PS) and a healthy control (HS; Sigma-Aldrich, H4522-100ML) from 5-160x dilution
in PAV buffer and incubated overnight at 4°C on the cells without prior permeabilization.
Afterwards, the cells were gently washed once after which they were incubated with Alexa
Fluor 488-labeled goat anti-human antibodies (Invitrogen, H10120) at 1:750 in PBS in the dark

for 2 hours.

10
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Finally, all cells were incubated with 5 pM/ml 4',6-diamidino-2-phenylindole (DAPI; Sigma,
D9542-10MG) and 2pg/ml CellMask (Invitrogen, H32721) for 30 minutes, followed by two
5-minute washes with PBS and storage in PBS with 0.1 v% sodium azide at 4°C before imaging

within the week.

Microscopy

Live cell and corresponding immunostained images were acquired using a Nikon Ti2
epifluorescence microscope with automated stage and SpectraX LED light source (Lumencor).
Per well, a point was chosen around the center and a single time series was recorded at 7.3
frames-per-second. Excitation and emission spectra were separated by a quad bs +m (395, 470,
555, 640nm) dichroic filter (Lumencor) and single band emission filters (DAPI: Ex. 395/25nm,
Em. 435/26nm, Calcein-AM/FITC: Ex. 470/24nm, Em. 510/40nm, Cy3: Ex. 555/25nm, Em.
595/40nm, Cellmask: Ex. 640/30nm, Em. 705/72nm). A Nikon DS-Qi2 detector was used to
capture the signal through a 10X (NA 0.3; Figure 1) or 20X (NA 0.75; Figure 2,3,5) air
objective. For the individual immunostaining of AQP4, CD44 and NMO patient sera, a
spinning-disk confocal microscope setup (Yokogawa CSU-W1) was used to capture 15 pm z-
stacks with a step size of 1 pm or 1.5 um (fixed within experiments) using a 20X (NA 0.75) or
40X (NA 0.95) air objective respectively (Nikon). Well mean values were calculated based on
a random sampling of 16-25 images per well (after removal of empty images or images with

artefacts).

Data analysis

Fiji is just ImageJ software® (Fiji, version 1.53t) was used to visualize, preprocess and extract
image and cell intensity data as well as area measurements from Calcein-AM images using the
Fluxometrics.ijm script available at Github/DeVosLab. For the comparison of imagen and cell-

based calcein-AM readouts, the mean calcein-AM signal intensity was extracted with and
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without segmentation of cells in the average projected image. No background correction was
applied to allow direct comparison of whole field and cell-based measurements. In short, for
threshold-based segmentation first a gaussian blur with diameter 1 was applied on the average
projected calcein-AM signal, followed by fixed thresholding and separation of individual cells
by watershed separation and finally feature extraction.

Further analyses were performed in R3’. The mean fluorescence intensity was normalized to
the mean intensity of the first second and corrected for photobleaching by dividing the values
with the fitted average intensity per time point of the untreated wells per plate. In a variable
window around the inflection point®®, the rate of fluorescence change after hyperosmotic
stimulation (decay rate) and the addition of H>O (recovery rate) was captured by fitting an
asymptotic regression model using nonlinear least squares parameter estimation (SSasymp

function)®’. The time constant -e""¢ (decay rate and recovery rate) from the formula output =

asym + (R, — asym) * e (-input=e'™) roflects the rate of fluorescence change and was used to
compare different conditions. Other parameters that changed under the influence of the osmotic
stimulus were the minimum and maximum of the intensity reached after the respective
stimulation and recovery injections. The percentage recovery (recovery) between the final
intensity and baseline intensity was also calculated, as well as the percentage overshoot of the
maximum fluorescence after the recovery injection (overshoot) compared to the value at the
end of the experiment.

Quantification of immunoreactivity for AQP4 and CD44 as well as morphological feature and
calcein quenching kinetics parameter extraction were done on the same regions to allow their
correlation at the single-cell level. To achieve this, the microscope stage positions of the initial
imaging were recorded in Nikon NIS-elements during calcein imaging and used to record
images on the same location after immunocytochemistry, with minimal manual correction

where needed. Pre- and post-immunocytochemistry images were then aligned in F1JI using an

12
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in-house script using intensity maxima of the calcein-AM images and Cellmask images to
perform minimal XY-shifts as needed. Further image quantification was done with
Cellblocks.ijm macro suite, using StarDist and Cellpose for nuclear and cell segmentation
respectively (Github/DeVosLab)* !,

For separate quantification of AQP4 and/or CD44 immunoreactivity, maximum projected
confocal images were segmented with StarDist and Cellpose for nuclear and cell segmentation
respectively, followed by feature extraction with Cellblock.ijm. Pearson correlation within
previously segmented cell ROIs was measured using the BIOP implementation of the Image;
plugin JaCoP*. Visualization, calculation of time constants and statistical analysis was
performed in R (version 2023.03.0 Build 386) using RStudio’’*. When not indicated

specifically, mean + standard deviation is reported (SD).
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Results

Cell-selective registration of Calcein-AM (de-)quenching increases sensitivity of osmotic
response measurements.

The measurement of the osmotic response is based on the self-quenching properties of the cell-
permeable, inert, fluorescent dye Calcein-AM. A hyperosmotic stimulus, via the addition of
NaCl, triggers cell shrinkage and concomitant loss of fluorescence due to quenching, whereas
a subsequent hypo-osmotic stimulus through the addition of ddH>O has the opposite effect?>.
Previous studies have used a plate reader to obtain a fast readout of the osmotic response in a
population of cells!*. However, such an approach negates the underlying cellular heterogeneity
and precludes a direct relation with the molecular composition of individual cells. To resolve
this, we implemented an automated microscopy-based approach that still offers the necessary
throughput for functional screening (Fig. 1A).

We first evaluated the stability of the calcein-AM dye within the experimental timeframe. The
average baseline Calcein-AM intensity was stable over a period of 150 minutes (Fig. S1A) and
had a mean intra-run coefficient of variance of 0.090. Variability between runs on separate
days was low with a coefficient of variation of 0.061, illustrating robust and reproducible
staining (Fig. S1B). Upon imaging without any interventions, the Calcein-AM intensity
decreased by 18+7 % due to photobleaching within the 90 second time span (Fig. S1C). All
raw intensity measurements were therefore normalized to the average photobleaching across
the imaging plate (yielding a normalized calcein intensity, see M&M).

Using AQP4 M1 and M23-overexpressing 1321N1 human astrocytoma cells (further referred
to as M1M23 cells), we visually confirmed the effect of hyper and hypoosmotic stimulation on
the threshold-based segmentations of cells was limited for these adherent cells, only causing
unacceptable distortions of the segmented masks when applying harsh stimuli of over 750
mOsm/l which also induced overt blebbing and even loss of signal after H2O administration,

indicating cell damage and even cell rupture (Fig S1G). Using these observations as an
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indication, we further sought to establish the maximal osmotic stimulation that was still
reversible. To this end, we stimulated the cells with a range of hyperosmotic solutions, followed
by an equivalent addition of ddH,O to restore isotonicity (Fig. 1B, C). Using From the
normalized intensity traces, we calculated a set of characteristic parameters describing the
dynamic range of the signal (based on the minimum and maximum intensities of the traces),
the decay rate after NaCl addition, and the recovery rate and overshoot after ddH»>O addition
(Fig. 1D, S1D). The dynamic range and overshoot increased with increasing osmotic stimuli,
but the maximal reversible effect was achieved for a hyperosmotic stimulus that raised the
osmolarity to 600 mOsm/1 (0.45M NaCl; Fig. 1E). Using this concentration, we next analyzed
the variability of the main parameters as a function of time and the reproducibility across
replicates. When inspecting the images obtained from whole well plate imaging between
different runs, we noticed significant variability in cell density (Fig. 1F). This affected several
metrics including baseline intensity, dynamic range, decay rate and overshoot when measured
across the full field of view. When limiting the measurement to the cellular regions of interest,
a more consistent response was measured. which was typified by a consistently larger dynamic
range, less variable kinetics parameters and an overall increased robustness to differences in
cell density. For example, in image-based analysis without additional background correction,
the measurement of the overshoot becomes diluted by background signal (Fig. 1G, S1E). Thus,
cell-based assessment of Calcein-AM (de-)quenching kinetics allows for optimal visual
evaluation of cell treatments and enables a robust analysis, even when cell population density

is heterogeneous across the imaging plates.

AQP4 abundance tunes osmotic response rate.
To validate the role of AQP4 in the response of astrocytoma cells to osmotic changes, we used
the cell-based analysis to compare the M1M23 with their wild type counterparts (further

referred to as WT cells), which display no detectable AQP4 expression. To improve cell

15



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

segmentation on the single-cell level, we also adopted Cellpose in in the analysis workflow>’.
The M1M23 and WT cells showed comparable baseline and endpoint fluorescence levels as
well as a similar dynamic range between relaxed and quenched states. However, the M1M23
showed a much faster response to both hyper- and hypo-osmotic stimuli, as reflected by their
significantly smaller decay (1.02+0.47 in M1M23 vs. 1.71+£0.34 in WT) and recovery rate
(1.13+£0.33 in M1M23 vs. 1.77+£0.40 in WT) (Fig. 2 A, B). M1IM23 cells also displayed an
overshoot in response to the recovery ddH»O injection. To confirm that the observed effects in
MI1M23 cells were truly driven by AQP4 overexpression as opposed to e.g., clonal effects, we
subjected these cells to an siRNA-mediated knockdown of AQP4 (AQP4 KD), targeting a
conserved coding sequence of both isoforms. Effective depletion of AQP4 was validated at the
transcript level (89% decrease compared to NTC at 48h) and protein level (29% decrease
compared to NTC at 72h) (Fig. 2C-E). At 72h after transfection, knockdown of AQP4 caused
a significant increase in the decay rate of M1M23 cells compared to NTC-treated M1M23 cells
(1.57+0.77 vs. 0.84+0.53), while it had no significant effect on the decay rate of the AQP4 KD-
treated WT cells compared to NTC-treated WT cells (1.97+0.32 vs. 1.97+0.423; Fig. 2F). This
confirms that AQP4 affects the rate with which cells respond to osmotic changes.

To gain further insights into the correlation of the live cell readouts and AQP4 abundance of
those cells, we used image registration to align the post-hoc immunocytochemistry images with
the already generated live-cell calcein-AM images and used the addition a nuclear staining to
further improve segmentation of individual cells (Fig. S1F).

When comparing the osmotic response using the decay rate as representative parameter to the
AQP4 levels at the single-cell level, we retrieved a linear trend in line with the population level
results. However, the linear relationship was not as strong as one would expect based on the
former experiments (Pearson correlation coefficient = 0.43, R? = 0.18; Fig. 2G). Furthermore,
there was significant heterogeneity in the osmotic response even between cells with higher

AQP4 levels. This suggests that the total cellular abundance of AQP4 is not a sufficient
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prerequisite for osmotic buffering, but rather its functional integration into the cell membrane.
In line with this, overexpression of individual AQP4-M1 and AQP4-M23 isoforms (which are
expected to form different arrays) had much less pronounced effect on the decay rate than the
combined overexpression while significantly increasing recovery for M1M23 and M23 but not
the M1 line. However this may also be due to the allover lower transcript levels, as measured
by qPCR (Fig. 2H-K, S2A). We therefore conclude that the model cells show a heterogeneous
but expected response when overexpressing AQP4 and its individual isoforms, yet the
contribution of the ratio of both isoforms to functionally relevant phenomena such as OAP
formation cannot be untangled within the current experimental setup!4443,

Given the intricate mechanical and biochemical coupling between the cytoplasm and nucleus,
we asked to what extent differences in osmoregulation between cells would translate into their
nuclear remodeling. Therefore, we exploited the self-quenching property of SiR-DNA, a vital
DNA-binding rhodamine analog*®*’, to perform similar intensity measurements of the nucleus
of M1M23 cells during the osmotic assay. The intensity kinetics of SiIR-DNA, were comparable
to those of Calcein-AM (Fig. S2C, D), but the decay and recovery were slower, subtler and did

not differ between the cell lines (Fig. S2E). We therefore conclude that the nucleus does not

sense the osmotic tuning conferred by AQP4, at least not within the studied timeframe.

Human fetal astrocytes and iPSC-derived astrocytes do not show enhanced osmoregulation

Given the transformed nature of 1321N1 cells, a more faithful mortal human astrocyte model
may be preferred from a translational perspective. Therefore, we evaluated the osmoregulation
of a commercially available fetal primary astrocyte line SC1800, which is often used control

323448 a5 well as two iPSC-derived astrocyte models (iSOX

line for astrocyte differentiation
and APC). iSOX cells contain an inducible SOX9 cassette to drive astrocyte differentiation,

whereas the APC line induced towards astrocytes from an NPC stage using chemically defined

medium?234, All three cell types showed a similar yet slightly more pronounced branching
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morphology to the 1321N1 cells (Fig. 3A). All three models responded to both the
hyperosmotic and hypoosmotic stimuli (Fig. 3B). In an initial comparison with the astrocytoma
cells, SC1800 (at passage 8-10) showed no distinct difference in decay and recovery rate from
the WT astrocytoma cell line (3.00+0.53 vs. 2.92+0.38; Fig. 3C). In a separate comparison of
the iISOX, APC and SC1800 cells (at passage 2-4) the APC cells showed a slower decay rate
after hyperosmotic stimulus compared to the SC1800 (2.12+0.28 vs. 1.71£0.32) and iSOX
astrocytes (1.62+0.43), while the recovery rate did not differ significantly between the three.
The osmotic response rates did not scale with the AQP4 levels as measured by quantitative
immunocytochemistry (Fig. 3D) and there was little correlation between the AQP4 intensity
and decay rate at single cell level (Fig. 3E), suggesting these cells do not yet dispose of

significant aquaporin functionality.

ECM modification affects MIM23 cell size and correlation between AQP4 membrane
enrichment

Given the limited responses in the iPSC and primary astrocyte models, we next investigated
whether the osmoregulation in M1M23 could be further enhanced and homogenized by tuning
the substrate conditions. In rat primary astrocytes, AQP4 membrane presentation could be
modified by changing the composition of the extracellular matrix**>°. We therefore tested the
effect of coating the substrate with poly-L-ornithine (PLO) and laminin (PLO-mLAM). Cells
plated on PLO-mLAM coated substrates showed a reduced and less variable cell size (742+75
um? for WT vs. 926+178 um? for M1M23 without coating, 733+81 pum? for WT vs. 793+183
um? for M1M23 with PLO-mLAM). Although we measured no change in AQP4 levels with
quantitative immunofluorescence (Fig. 4A-C) in cells grown on PLO-mLAM , the correlation
with membrane receptor CD44 was increased (1.04+0.03 with vs. 0.93+0.07 without coating),
suggesting an enhanced enrichment of AQP4 at the plasma membrane. As a first step towards

single-cell quantification of membrane-presented AQP4 beyond total AQP4 quantification, we
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investigated the use of sera from Neuromyelitis Optica (NMO) patients, which contain anti-
AQP4 antibodies that preferentially bind the M23 isoform of AQP4. Without additional
permeabilization with Triton X-100 or saponin the commercial anti-AQP4 antibody did not
show any signal, illustrative of its intracellular epitope specificity (Fig. S3A). In contrast, one
serum from an NMO patient still showed a significantly higher signal as compared to a control
serum without permeabilization, suggesting it has the potential to bind an extracellular epitope
(Fig S3B. However, the limited accessibility and lack of reactivity in two other patient sera,

precluded us from further using it to quantify AQP4 membrane presentation.

Single-cell patterning improves osmotic readout.

Despite the observed increase in membrane enrichment of AQP4 upon substrate
functionalization, cells still displayed heterogeneous AQP4 localization patterns. Furthermore,
in vivo, astrocytes display a polarized organization with increased AQP4 presentation at the
end feet. To obtain a more homogeneous and polarized phenotype, we used Y-shaped micro-
patterns with 1600 pm? surface area coated with laminin (Fig. 5A). Seeding cells onto these
micropatterns increased the mean AQP4 intensity in the cell body and at the cell border
compared to non-patterned cells on plastic bottom plates with PLO-mLAM coating (Fig. 5B).
Consistently, when applying the Calcein-AM quenching assay to micropatterned astrocytoma
cells using the osmotic stimulation assay 4 hours after seeding the cells, a much sharper
response could be observed in the Y-micropatterned M1M23 cells compared to cells seeded on
PLO-mLAM-coated plates without micropatterns (Fig. 5C). Given the rapid responses of
MI1M23 cells seeded on Y-patterned plates leading to poor asymptotic fit, a slope calculation
was performed at the inflection point instead of calculating the time constant of the fitted
asymptotic model. Whereas both assays detected a difference in M1M23 versus the WT in both
simulation and recovery slopes, the WT cells did not differ significantly in their simulation

slope on the Y-micropatterns (-0.07+0.03 vs. -0.04+0.02). The M1M23 on the Y-micropatterns
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on the other hand reacted significantly faster than their regular counterparts (-0.22+0.08 vs. -
0.15+0.06). Fitting a Michaelis-Menten kinetics model confirmed the non-linear relationship
of AQP4 intensity with the response rate of 1321N1 cells (Fig. 5D). Cells with high AQP4
abundance near the cell membrane also showed the strongest osmotic response saturating at
around 0.25 for the stimulation slope and 0.28 for the recovery slope. Thus, when confined by

micropatterns, the AQP4-driven osmoregulation can be further enhanced.
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Discussion

The goal of this study was to develop a robust microscopy-based assay for interrogating AQP4
functionality in human astrocyte(-like) cells by measuring single-cell osmotic kinetics and
corresponding molecular markup. To achieve this, we exploited the self-quenching property of
fluorescent dyes as previously applied to measure volume changes in adherent cells!**>. As
model system we opted for the 132IN1 astrocytoma cell line, which shows negligible
endogenous AQP4 expression and thus offers a clean platform for assessment of the role of
individual isoforms and different expression levels’!*2. Whereas the 132IN1 line has
previously been used in volumetric measurements showing that these cells respond to osmotic
stimuli, they have not yet been used as a platform for the stable transfection of either the M1
and M23 isoforms of AQP4 or the stable combination of both thus far*>>. Using the
genetically modified M1M23 line that stably co-expresses both major isoforms, we compared
different dosages of osmotic stimuli and established a reproducible protocol to measure
osmotic cell responses in a non-lethal and reversible manner. We show that visual assessment
of the cells during the experiment is important to support confident single cell segmentations
and to observe undesired phenomena such as cell blebbing and cell death as they happen. The
collected images also provide opportunities to discover new biological insights at the
microscope or during image analysis, as for example the analysis of subregions within cells’>.
The limit to the maximum intensity change of about 30% between baseline and hyper-osmotic
pulse is likely due to the adherent nature of the cells and incomplete self-quenching as also
observed for confluent RPE cells®®. Other changes to the imaging setup (e.g., detector
sensitivity) or the experimental setup (e.g., other self-quenching dyes or loading levels) could
further influence the dynamic range®’. Quantitative metrics that represent the membrane
conductivity for water flow (e.g., decay rate, dynamic range...) revealed the relevance of
focusing on the cellular regions, as opposed to the full field of view, as done in plate reader

setups!®. Cellular measurements were more robust to variations in cell density, which is
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expected to occur in case of drug treatments as well and illustrated that fully confluent cultures
have a lower dynamic range, possibly due to the sheer crowding effect, transmembrane
crosslinking or as a consequence of other cell-cell interactions®®®2. Background corrections
could to some extent blunt the differences between image and cell-based quantification and
further enhance the dynamic range but given the non-fluorogenic nature of the Calcein-AM
dye outside cells, the impact on a plate reader format, will be limited.

Single-cell analysis revealed distinct AQP4-driven kinetics, including a faster decay and
recovery, as well as a distinct overshoot upon return to equilibrium. This likely reflects the
compensatory mechanism, known as regulatory volume decrease (RVD), which has been
described in similar models interrogating AQP4 kinetics®>%*. The rate at which cell swell after
hypo-osmotic stimuli is also thought to affect the occurrence of RVD, which could potentially
explain the difference we observed between WT and M1M23 after H,O administration®. Even
within the monoclonal M1M23 cell line, we found significant variability in osmoregulation,
indicating that sheer AQP4 abundance is not the only modulator of the osmotic response. This
may in part be a consequence of the inability to distinguish cytoplasmic stores of AQP4 from
membrane-presented functional water channels. While we have shown the potential of NMO
antibodies to reveal this specific pool, targeted cell-surface biotinylation for bulk population
measurement (ref) or more resolved imaging techniques such as total internal reflection
microscopy for single cell measurement can provide a more robust, quantitative insight!7-64¢7,
The osmotic response may also be tuned by the ratio of isoforms as has been reported
previously both in vitro as in vivo>'%%8, As we observed no differences in the osmotic response
rates between cells with vastly different expression levels of the individual AQP4-M1 and
AQP4-M23 isoforms, we suspected protein turnover and/or differences in membrane
presentation to play a role, confirming previously reported findings on isoform-specific
differences in OAP formation. However, further confirmation using methodologies such as cell

surface biotinylation would be needed*!#4+%>*°. Human primary astrocytes (SC1800) did not
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show an enhanced osmoregulation as compared to WT astrocytoma cells either, which may be
due to their fetal nature and their proliferative state. A lack of the appropriate environmental
cues and/or timing precludes these cells from achieving the mature phenotype that is required
for adequate 4QP4 expression and membrane presentation®%°. The same possibly holds true
for the iPSC-derived astrocytes (APC and iSOX). Although an increase of AQP4 expression
has been documented for the iISOX line on day 30 compared to day 5 of maturation, the
expression level was still much lower than that of SC1800**. Conversely, given the limited
enhancement of osmoregulation observed in the latter, it seems plausible that the constitutive
overexpression of AQP4 in the M1M23 cells leads to an exaggerated response. However, a
more extensive comparison between these different cells is warranted to better understand
which physiological levels of AQP4 are required for enhanced osmoregulation and what cell-
intrinsic and -extrinsic factors contribute to its functionality. WT and M1M23 cells alongside
more physiologically relevant models could also be used as positive and negative controls for
the osmotic responses and provide controls to correct for batch effects in larger experimental
settings.

One crucial external factor is the extracellular matrix, as it is known to affect the turnover and
membrane presentation of AQP4*°. Recognizing the limitations of working with confocal
projections (and possible improvements such as TIRF mentioned above), we confirmed an
increased colocalization of AQP4 with membrane-presented CD44 when cells were cultured
onto PLO and laminin coated substrates, suggestive of increased AQP4 membrane enrichment
without changes in expression levels, as previously reported in primary rat cultures’®’!.
Building on this, we enforced a polarized phenotype using micropatterns, and documented an
accelerated response to osmotic stimuli. It should be noted that given the fast-growing character
of 1321N1 cells, modifications to the growth conditions will be needed to increase the

experimental timeframe beyond the current 4 hours.
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To conclude, we have optimized a robust microscopy assay that measures the osmoregulation
in individual human astrocytoma cells and have correlated this live-cell readout with post-hoc
quantification of their total AQP4 levels. Through chemical and spatial substrate modifications,
we have shown it is possible to increase AQP4 membrane enrichment in these cells as well as
their osmotic response. Using the same methodology we found a limited evidence for AQP4-
driven osmoregulation in primary or iPSC-derived human astrocytes, suggesting they are in an
immature state. While currently we only used indirect means to distinguish membrane-
presented from total cellular AQP4, the showed the potential of NMO antibodies to further
refine the assay. Yet, given its flexibility and scalability, our current approach can be used to

screen for regulators of AQP4 functionality with high fidelity and single-cell resolution.
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768  Figure 1. Validation of live cell imaging osmotic assay. A. Schematic representation of the
769  live-cell assay. B. Visual overview of key moments during live cell imaging. Cellular
770  fluorescence decreased after NaCl administration, stabilized and increased again after ddH>O
771  administration. At the end of the sequence fluorescence was lower than at baseline, even after
772  correcting for photobleaching indicating incomplete signal recovery. C. Dose-response curve
773  of M1M23 cells stimulated with hyperosmotic NaCl at 10s and the H>O injection at 60s to
774  return to isotonicity. E. Schematic representation of the parameters that are extracted from the
775  fluorescence time curve. The red line indicates the moment of hyperosmotic solution
776  administration. The blue line indicates the moment of H>O administration to return to
777  isotonicity. E. Parameter quantification of M1M23 cells stimulated with the NaCl dose series.
778  F. Sample images of M1M23 cells loaded with calcein-AM at different cell densities. Below
779  each image the corresponding mean normalized calcein intensity and standard error are
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Figure 2. 1321INI1 astrocytoma cells overexpressing human AQP4 showed a significant

difference in response to both hyperosmotic and hypoosmotic stimuli. A. Co-expression of
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AQP4-M1 and AQP4-M23 increased the rate at which 1321N1 cells respond to changes in
osmotic pressure in the micro-environment. B. M1M23 cells showed a stronger response after
stimulation and a faster attenuation with a detectable overshoot after returning to isotonicity.
Overshoot and recovery are expressed as percentages. C. Sample images showing the siRNA-
mediated knockdown of AQP4 decreased overall AQP4 protein abundance in M1M23 cells.
D. Using RT-qPCR, the knockdown of AQP4 was validated at 48 hours after transduction. E.
Image analysis confirmed a reduction in total AQP4 protein at 72 hours after transduction. F.
siRNA-mediated knockdown of AQP4 in had a strong impact on the rate at which cells
responded to changes in osmotic pressure. G. On the single-cell level, there was moderate
correlation between AQP4 intensity and decay rate (Pearson correlation = 0.43, R? = 0.18). H.
Immunofluorescent images highlight differences between the presentation of the human AQP4
isoforms. AQP4 was visible in a punctate or diffuse manner. I. RT-qPCR showed that the
MI1M23 line has a proportionally higher expression of total AQP4 mRNA. J. The combined
presence of AQP4-M1 and AQP4-M23 amplified the rate at which cells respond to changes in
osmotic pressure. K. M23 and M1M23 cells showed a higher recovery than WT. Unpaired t-
test (B); One-way ANOVA (Dunnett with M1M23 as control; D, J)/ (Tukey; E, F, I, K). *p <
0.05, ** <0.01, *** <0.001, **** <0.0001. Error bars and ribbons represent well-level standard

CIror.
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Figure 3. Human primary and iPSC-derived astrocytes show much less pronounced osmotic
responses upon hyperosmotic and hypoosmotic stimulations. A. Calcein-AM images showing
the fetal phenotype with a branching and clustering morphology of the used human iPSC-
derived and primary astrocytes. B. Mean intensity traces of the APC, iSOX and SC1800 cells,
with the iISOX astrocytes showing a higher minimum compared to the other two lines. C. Decay
and recovery rate of SC1800 after 10 passages, compared to the WT and M1M23 cell lines.
The SC1800 do not differ from WT in both responses. D. Separate comparison of APC, iSOX
and SC1800 decay and recovery rates, besides the AQP4 intensity measured in these cells
(continuation of B). E. Single-cell correlation plots of APC, iISOX and SC1800 cells showing
very limited correlation with total AQP4. One-way ANOVA (Dunnett with SC1800 as control;
C, D) p <0.05, ** <0.01, *** <0.001, **** <(0.0001. Error bars and ribbons represent well-
level standard error. APC: SC1801-induced astrocyte precursor cells, SC1800: primary

astrocytes, iISOX: SOX9-induced astrocyte precursor cells
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Figure 4. Seeding astrocytoma on PLO-mLAM coated plates modifies cell size and AQP4
presentation. A. Comparison of WT and M1M23 cells on regular plastic bottom plates and
plastic bottom plates coated with PLO-mLAM . B. The presence of laminin reduces cell growth
area and improves the correlation between cell membrane receptor CD44 and AQP4 without
increasing protein abundance for either protein. C. M1M23 cells on PLO-mLAM coated plates
appear to have an increased CD44 presentation at the cell membrane, as well as a substantial
increase of AQP4 at the cell membrane. Brightness and contrast are adapted compared to A.
Two-way ANOVA (Tukey; B first 3 panels); unpaired t-test (B right panel). * p < 0.05, **
<0.01, *** <0.001, **** <0.0001. Error bars and ribbons represent well-level standard error.
PLO: poly-L-ornithine, mLAM: mouse laminin NMO: neuromyelitis Optica, NPC: no-primary

control, PS: patient serum, HS: healthy control serum.
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Figure 5. Astrocytoma spread out on micropatterned plates show indications of changes in
AQP4 presentation and functionality. A. Images showing that while the variability in AQP4
abundance and presentation is still present in the M1M23 cell line, cells with a very high AQP4
abundance at the membrane can be observed. B. When dividing the cell in a cytoplasmic and
a border ROI, comprising of a 5 pixel boundary region, no significant change in mean AQP4
intensity is observed, yet the data suggests a reduced variability in the cell body region. C. Cells
on Y-micropatterns show a much faster mean decay rate and recovery rate than cells on regular
plates with PLO-mLAM coating, as well as larger differences between WT and M1M23. D.
Overview of slow and fast responding cell on Y-micropatterns. With increasing AQP4
abundance, the response to osmotic stimuli increases. After a certain level however, the effect
is reduced. The relationship between the osmotic response slope and shifted AQP4 intensity

(AQP4 — AQP4pnin) can be modeled with the Michaelis-Menten model for enzyme kinetics (p
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=1.999.107 for -stimulation slope with residual SE = 0.061, p < 8.85.10°® for recovery slope

with residual SE = 0.042). All error bars and ribbons represent cell-level standard error, dots

represent 35 individual cells in 2-3 wells per condition, imaged on a single day. One-way

ANOVA with Tukey post-hoc test (B, C).

mLAM: mouse laminin.

ROI: region-of-interest, PLO: poly-L-ornithine,
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