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Abstract

During brain maturation, astrocytes establish complex morphologies unveiling intense
structural plasticity. Connexin 30 (Cx30), a gap-junction channel-forming protein
expressed postnatally, dynamically regulates during development astrocyte morpho-
logical properties by controlling ramification and extension of fine processes. How-
ever, the underlying mechanisms remain unexplored. Here, we found in vitro that
Cx30 interacts with the actin cytoskeleton in astrocytes and inhibits its structural
reorganization and dynamics during cell migration. This translates into an alteration
of local physical surface properties, as assessed by correlative imaging using stimu-
lated emission depletion (STED) super resolution imaging and atomic force micros-
copy (AFM). Specifically, Cx30 impaired astrocyte cell surface topology and cortical
stiffness in motile astrocytes. As Cx30 alters actin organization, dynamics, and mem-
brane physical properties, we assessed whether it controls astrocyte migration. We
found that Cx30 reduced persistence and directionality of migrating astrocytes. Alto-
gether, these data reveal Cx30 as a brake for astrocyte structural and mechanical

plasticity.
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1 | INTRODUCTION

Astrocytes are dynamic brain elements, which tightly interact with
neurons to process information via active signaling and regulation of
extracellular homeostasis. They display highly ramified morphologies
characterized by multidinous fine processes that surround synapses
and regulate their functions. Astrocytic morphogenesis takes place
during the first postnatal weeks and contributes to the sculpting of
developing synaptic circuits (Stogsdill et al., 2017). Remarkably, the
resulting complex morphologies of astrocytes are highly plastic. Their
structural properties vary with the level of neuronal activity as well as
in response to cerebral insults, which can remodel astroglial branching
via retraction or extension of fine processes. Notably, such astroglial
remodeling occurs at the level of perisynaptic processes in physiologi-
cal and pathological contexts as diverse as parturition, lactation, learn-
ing, sleep deprivation, or Parkinson's disease (Bellesi et al., 2017;
Bernardinelli et al., 2014; Perez-Alvarez et al., 2014; Theodosis, 2002;
Villalba & Smith, 2011).

The molecular determinants of astroglial remodeling are still poorly
understood. We have recently shown that Cx30, an astroglial gap-
junction subunit expressed postnatally, controls the extension, ramifica-
tion, and polarity of astroglial processes in the hippocampus during
development (Ghezali et al., 2018; Pannasch et al., 2014). Interestingly,
the Cx30-dependent morphological regulations occur at the whole-cell
level as well as at perisynaptic sites. Cx30 indeed regulates both the
spatial orientation of protrusions throughout the entire astrocyte terri-
tory (Ghezali et al., 2018) and their local insertion into synaptic clefts
(Pannasch et al., 2014). Such regulations have functional impact, as they
contribute to the polarity of gap-junction mediated astroglial networks
(Ghezali et al, 2018) and to synaptic transmission (Pannasch
et al, 2014). However, the molecular mechanisms underlying
Cx30-mediated astroglial structural plasticity remain largely unknown.

The intracellular C-terminal tail of Cx subunits contains various pro-
tein binding motifs and thus constitutes a signaling platform for Cx-
interacting proteins (Herve et al., 2007). For instance, Cx30 has been
shown to interact with the cytoskeleton in tumoral (Qu et al., 2009) and
cochlear cells (Defourny et al., 2019). Similarly, Cx43, the other astro-
glial Cx, interacts with numerous proteins, including membrane channels
and receptors (Fortes et al, 2004; Giepmans et al., 2003; Yue
et al., 2006), enzymes (Herve et al., 2007), cytoskeletal proteins (Olk
et al.,, 2010), and adhesion molecules (Wei et al., 2005). Furthermore,
Cx43 mediates intercellular adhesion between cortical neurons and
radial glia, which is crucial for neurodevelopment (Elias et al., 2007). Cxs
also play an important role in cell motility in various systems, from
migration of neural progenitors (Cina et al., 2009; Fushiki et al., 2003) to
glioma cell invasion (Kotini & Mayor, 2015). Furthermore, during polar-
ized migration, we previously reported that astrocytes display a struc-
tural plasticity of the actin cytoskeleton and surface topography (Curry
et al., 2017), which are known mediators of morphological changes

(Fletcher & Mullins, 2010). In addition, we showed that this structural
remodeling is associated with a functional plasticity of membrane stiff-
ness, a key mechanical property for cell remodeling (Curry et al., 2017).
Cx30 is a determinant of astroglial morphological plasticity (Ghezali
et al., 2018; Pannasch et al., 2014), but the underlying molecular mecha-
nisms remain unknown. We thus investigated the role of Cx30 in actin
cytoskeleton organization and remodeling during migration, and its
impact on astrocyte membrane functional plasticity and cellular motility.
Here, we show that astroglial Cx30 interacts with the actin cytoskele-
ton, alters its dynamic remodeling, and modifies the mechanical and

motile properties of astrocytes.

2 | MATERIALS AND METHODS

21 | Animals

Experiments were carried out according to the guidelines of the
European Community Council Directives of January 1st 2013 (2010/63/
EU) and French regulations (Code Rural R214/87-130). Experimental
procedures were approved by our local ethics committee Comité d'éthi-
que en expérimentation animal (CEEA n°059, Paris Centre et Sud) and
registered with the French Research Ministry (APAFIS n°
2015071010466740 and 2019021211024807). All applicable interna-
tional, national, and/or institutional guidelines for the care and use of
animals were followed. Adult mice were group housed on a 12-hr light/
dark cycle, with ad libitum access to food and water. All efforts were
made to minimize the number of used animals and their suffering, taking
into consideration the “3Rs recommendation” (replacement, reduction,
and refinement) for animal experimentation. Experiments were per-
formed in wild type mice, Swiss and IP3R2~/~ mice (Li et al., 2005),
which were provided by J. Chen, University of California San Diego

(USA). Mice of both sexes were used.

2.2 | Primary astrocyte cultures

Primary cortical mouse astrocyte cultures were prepared as previously
described (Koulakoff et al., 2008). Briefly, brains were removed from
Swiss newborn pups (P1-P3) and the cortices were dissected in cold
Phosphate-buffered saline (PBS) -glucose (33 mM). Meninges were
carefully withdrawn and cortices were mechanically dissociated with
flame-polished Pasteur pipette in PBS-glucose. Cells were seeded on
poly-ornithine coated glass coverslips (for imaging) or Petri dishes (for
biochemistry) in Dulbecco's Modified Eagle Medium (DMEM) contain-
ing 10% fetal calf serum, 10 U/mL penicillin, and 10 pg/mL strepto-
mycin (GIBCO) and incubated at 37°C, 5% CO,. After 1 week, once
cells have reached confluency, 1 uM of cytosine-arabinoside was
added to the cell culture for 3 days to eliminate proliferating microglial
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cells. Medium was then changed every 3 days and cells were used

after 2-3 weeks in culture.

2.3 | Lentivirus production

Self-inactivated (SIN) lentiviruses containing the central polypurine
tract (cPPT) sequence, the mouse phosphoglycerate kinase | promoter
(PGK), and the woodchuck post-regulatory element (WPRE) sequence
were produced. The Gateway system (Invitrogen) was used to clone
cDNA of green fluorescent protein (GFP), mouse Cx30 from the
pENTR-D-TOPO plasmid (Invitrogen) into the SIN-cPPT-PGK-Gate-
way-WPRE-miR124T plasmid. Viruses (lenti-GFP and lenti-Cx30)
were produced in 293 T cells using a four-plasmid system as previ-
ously described (Escartin et al., 2006) and were pseudotyped with the
G-protein of the vesicular stomatitis virus (Naldini et al., 1996). Lenti-
viruses were diluted in 0.1 M PBS with 1% bovine serum albumin
(BSA) at a final concentration of 20 ng p24/uL. Cell cultures were
infected at DIV20 and studied at DIV27.

24 | Antibodies and immunoblotting

All the antibodies used in this study are commercially available and
have been validated in previous studies, as reported by the suppliers.
The following primary antibodies were used: Cx30 rabbit polyclonal
(1:500, 71-2200, Zymed Laboratories) and B-actin mouse monoclonal
(1:10,000, A5316, Sigma). The Horseradish peroxidase (HRP) -conju-
gated primary anti-GAPDH antibody (1:10,000, ab9385, Abcam) was
used as loading control. The following HRP-conjugated secondary
antibodies were used: goat anti rabbit IgG (1:2500, sc-2004, Santa
Cruz), goat anti-mouse IgG (1:2500, sc-2005, Santa Cruz).

Western blotting and quantification were performed as previously
described (Pannasch et al., 2011). Shortly, cells were collected with a
folded pipette tip (200 pL) in a small volume of PBS containing a cock-
tail of protease inhibitors (Boehringer), phosphatases inhibitors (3-gly-
cerophosphate, 10 mM) and orthovanadate (1 mM), to which Laemmli
5X buffer was added. Samples were sonicated, boiled 5 min and loaded
on 10% or 4%-12% polyacrylamide gels. Proteins were separated by
electrophoresis and transferred onto nitrocellulose membranes. Mem-
branes were saturated with 5% fat-free dried milk in triphosphate
buffer solution and incubated overnight at 4°C with primary antibodies.
They were then washed and exposed to peroxidase-conjugated sec-
ondary antibodies. Specific signals were revealed with the chemilumi-
nescence detection kit (enhanced chemiluminescence (ECL), GE
Healthcare (GE), Healthcare). Semi-quantitative densitometric analysis
was performed after scanning the bands with the imageJ software.

2.5 | Pull-down

Astrocytes expressing Cx30 (lenti-Cx30) were washed in PBS, lysed at
4°C in lysis buffer (10 mM HEPES, 5 mM MgCl,, 150 mM KCl, 1 mM
dithiothreitol (DTT), 0.1% Triton) and centrifugated for 20 min at

15,000 g at 4°C. The supernatant was incubated with agarose beads
for 30 min at 4°C under stirring to prevent unspecific binding.
Cx30-expressing astrocyte lysates (input) were then incubated for 1 h
at 4°C with either anti-Cx30 (IP Cx30) or anti-rabbit-lgG (IP IgG) beads.
Lysates were discarded and beads were washed with lysis buffer. Aga-
rose beads were incubated with Laemmli at 56°C for 4 min and pulled-
down proteins were analyzed by Sodium Dodecyl Sulphate-Polyacryl-
amide Gel Electrophoresis (SDS-PAGE) followed by Western-Blotting.

2.6 | Yeast-two-hybrid
The yeast two-hybrid interaction assays were performed by Hybrigenics
Services SAS, Paris, France (http://www.hybrigenics-services.com).

The coding sequence of the full-length mouse Cx30 [aa. 2-261]
(GenBank accession number NM_008128.1) was Polymerase Chain
Reaction (PCR) -amplified and cloned in frame with the Gal4 DNA bind-
ing domain (DBD) into plasmid pBé (as Gal4-bait fusion). pBé derives
from the original pAS2AA vector (Fromont-Racine et al., 1997). Hybri-
genics' reference for this construct is hgx519v1_pBé.

The coding sequence of the full-length mouse B-Actin [aa. 1-375]
(GenBank accession number NM_007393.5) was cloned in frame with
the Gal4 Activation Domain (AD) into plasmid pP7 (AD-prey), derived
from the original pPGADGH (Bartel et al., 1993). Hybrigenics' reference
for this construct is hgx4925v1_pP7. All constructs were checked by
sequencing the inserts.

Baits and preys constructs were transformed in the yeast haploid
cells CG1945 (MATa) and YHGX13 (Y187 ade2-101:loxP-kanMX-loxP,
MATa), respectively. The diploid yeast cells were obtained using a
mating protocol with both yeast strains (Fromont-Racine et al., 1997).
These assays are based on the HIS3 reporter gene (growth assay with-
out histidine). As negative controls, the bait plasmid was tested in the
presence of empty prey vector (pP7) and the prey plasmid was tested
with the empty bait vector (pB66, derives from pBé). The interaction
between Suppressor of Mothers against Decapentaplegic (SMAD) and
Smad ubiquitination regulatory factor (SMURF) was used as positive
control (Colland et al., 2004).

Controls and interactions were tested in the form of streaks of
three independent yeast clones for each control and interaction on
DO-2 and DO-3 selective media. The DO-2 selective medium lacking
tryptophan and leucine was used as a growth control and to verify the
presence of the bait and prey plasmids. The DO-3 selective medium
without tryptophan, leucine, and histidine selects for the interaction

between bait and prey.

2.7 | Scratch-induced migration assay

Cultured astrocytes, which do not express Cx30 (Figure S2a-c), were
transfected with lipofectamin 24 h before wounding with plasmids for
GFP (Control), Cx30-venus (Beltramello et al, 2003; Ghezali
et al., 2018), Cx30-GFP (pRP-eGFP-CMV Human Cx30, Vector Builder),
Cx30T5M-GFP (pRP-eGFP-CMV Human Cx30T5M, Vector Builder) or
C-terminally-truncated Cx30, lacking the last 28 amino acids at the
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C-terminus (Cx30ACter-GFP) (pRP-eGFP-CMV Human Cx30ACter,
Vector Builder). The medium was changed 12 h before performing
scratch-induced migration assays. Confluent astrocytes were wounded
by tidily scraping monolayers with a 200 pL pipette tip (~300 um in
width) and imaged 8 h after the scratch, unless otherwise stated.

Astrocyte migration was monitored with a phase contrast micro-
scope every 15 min after wounding during 24 h. Transfected cells
were identified with a fluorescent reporter gene and analysis of migra-
tion was performed by tracking cell nuclei using the “Manual Track-
ing” plugin on ImagelJ. Migration speed, persistence, and directionality
were then calculated between 16 and 24 h of migration.

2.8 | Imaging analysis of astroglial filopodia-like
protrusions

Primary astrocyte cultures were transfected with Lifeact-red fluores-
cent protein (RFP), a F-actin fluorescent marker, and either GFP or
Cx30. Following scratch-induced migration assay, wound-edge astro-
cytes were imaged for 4 h with high magnification (63x objective) at
a frame rate of 12 images per hour using a Leica DM IRB/E inverted
video-microscope equipped for transmitted light and fluorescence
live-cell imaging. Time-lapse videos of individual migrating astrocytes
were then analyzed with the Image) plugin FiloQuant (Barry
et al., 2015; Jacquemet et al., 2017) for the automated measurement
of actin-rich filopodia-like protrusions number and size. The filopodial
density was expressed as the number of filopodia per unit of sur-

face (um?).

29 | STED microscopy

Stimulated emission depletion (STED) imaging was performed using
either a home-built STED microscope designed for correlative STED/
atomic force microscopy (AFM) imaging, as previously described (Curry
et al, 2017) or a custom upright STED microscope for live imaging
(Abberior Instruments). The latter is based on a Scientifica microscope
body (Slice Scope, Scientifica) with an Olympus 100X/1.4NA ULSAPO
objective lens. It comprises a scanner design featuring four mirrors
(Quad Scanner, Abberior Instruments). 488 and 640 nm excitation
lasers (Abberior Instruments, pulsed @40/80 Mhz) and two STED-lasers
at 595 nm (MPB-C, cw) and 775 nm (MPB-C, pulsed @40/80 MHz) are
available. The laser excitation and STED laser beams are superimposed
using a beam-splitter (HC BS R785 lambda/10 PV flat, AHF Analyse-
technik). Excitation power with pulsed excitation ranged from 10 to
20 pW with STED powers of up to 200 mW in the focal plane.

210 |
properties

Quantitative analysis of actin filaments

For non-migrating astrocytes, STED images of SiR-actin labeled cytoskeleton were
analyzed with Microfilament Analyzer (Jacques et al, 2013) to evaluate fiber

density and orientation in single astrocytes. The cells' boundaries were
manually defined and the portions of filaments with at least 250 nm
length were automatically detected by identifying those lying on top of
an oriented grid rotating every 5°. The preferred orientation of the cell's
filaments was defined as the one with the highest occurrence, and the
distribution of orientations was plotted with respect to the deviation
from the preferred orientation. The homogeneity of the filaments orien-
tations was then defined as the percentage of orientations falling within
15° from the preferred orientation, and the fibers density as the number
of detected filaments divided by the cell's surface.

For migrating astrocytes, actin fibers with various orientations
were generally intermingled at the cells edges, making the Microfila-
ment Analyzer method unusable. We thus used an analysis relying on
the 2D Fourier transform of regions of interest (ROI) to estimate the
local orientation of the fibers and the strength of the anisotropy
(Durande et al., 2019). For each cell, a ROI was first manually defined
by covering the edges of the cells. Fourier transform was then applied
on 3 x 3 um ROI windows that were separated by 500 nm. Finally,
the orientation of the fibers and the strength of such anisotropy was
defined as the circular averaging of all the orientation vectors con-
tained in the ROI. With this method, the strength of the anisotropy is
normalized between zero and one, a zero-value indicating that fibers
are disorganized within the ROI, and a one value indicating that
fibers are parallel to each other.

211 | Atomic force microscopy

STED and AFM coupled acquisitions were acquired on the AFM sys-
tem (Bioscope RESOLVE, Bruker) directly mounted on the STED
inverted optical microscope. The nanoscope software (Bruker) was
used to control AFM acquisition. Acquisitions were performed using
the peak force quantitative nanomechanic live cell mode (PFQNM—
live cell) of the software. Probes optimized for live cell nanomechanic
imaging (PFQNM-LC, Bruker) were used throughout (Schillers
et al., 2016). The spring constant of each probe was pre-calibrated
and the no touch calibration option of the software was used to mea-
sure the deflection sensitivity. The peak force set point was optimized
by the user based on the measured force curves. Sample deformation
of less than 100 nm was maintained. Cells were imaged in culture
medium containing 10% HEPES buffer. The sample stage was heated
to 37°C. Modulus of the sample was calculated offline using nano-
scope analysis software (Bruker). Stiffness values were calculated by
fitting a cone-sphere model.

Widefield and AFM acquisitions were performed using a scanning
force microscope NanoWizard 4 BioAFM Company name (JPK) mounted
on a Z1 Axio Observer epifluorescence microscope (Zeiss). Measurements
were doned using AC40 probes (Bruker). Spring constant was determined
upon calibration by the thermal noise method. Quantitative imaging
(Ql) JPK, Berlin, Germany) of the protrusion leading edge was conducted.
Typically, an AFM map of 10 x 10 um corresponding to 256 x 256
pixels was acquired at an appropriate scan speed (100-200 um/s) and

the lowest setpoint possible (typically 0.2 nN) to prevent damage to the
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sample. AFM image processing and analysis were Modulus of the sample
was performed offline using nanoscope analysis software (Bruker) or
using JPK data processing software and Imagel. Stiffness values were cal-

culated by fitting a cone-sphere model.

212 | Correlative STED/AFM

All images were taken on a correlative optical/AFM microscope. The
MIROview software (Nanoscope, Bruker) was used. First the pixel size
of the STED microscope and AFM system were calibrated by taking
optical images of a sample at three known AFM scan positions and
measuring the translation of a common feature. The same AFM calibra-
tion file was used throughout. For correlative imaging, the AFM tip was
manually centered on the optical field of view. An optical image of the
sample was then acquired. This image was imported into the MIROview
software and AFM fields of view were selected. Features, which appear
in both images (actin filaments, borders between cells, or borders
between cells and glass) were used for fine alignment of the images.

STED and confocal images were deconvolved using the Richardson-
Lucy algorithm (deconvolution lab program in FIJI). The STED point spread
function was estimated from an average of point spread functions (PSFs)
measured using 20 nm beads; the confocal PSF was simulated using the
FIJI package PSF generator.

Second order flattening was applied to the AFM topography
images to remove tilt and bow. Stiffness values were an average
across all pixels in a field of view based upon the cone-sphere model.
Where the field of view includes two cells, then averages were taken
for each cell. Where the field of view includes glass, the stiffness was
measured for the cell only. Stiffness values quoted were the average
stiffness for all measurements in that cell.

Fibriltool (FIJI macro) was used to determine the directionality of

polarized structures in images (Boudaoud et al., 2014).

2.13 | Statistics

All data are expressed as mean = SEM. Statistical significance for within-
group comparisons was determined by two-way analysis of variance
(ANOVA:s) (followed by Bonferroni's post-test) or Kruskal-Wallis tests (fol-
lowed by Dunn's post-test) whereas unpaired t-test were used for
between-group comparisons, unless otherwise stated. Statistical analysis
was performed with GraphPad Prism, except for the Moore-Rayleigh test
that was performed with Matlab.

3 | RESULTS

3.1 | Cx30 interacts with actin filaments in
astrocytes

To investigate whether Cx30 interacts with actin in astrocytes, we

first performed super resolution imaging of actin using SiR-actin dye

in live cultured mouse astrocytes expressing Cx30 fused to the Venus
fluorescent protein (Cx30), which displays proper cellular distribution
and channel function (Beltramello et al., 2003; Ghezali et al., 2018).
SiR-actin, a cell permeable dye with far-red absorption-emission
wavelengths, is a highly specific probe for F-actin suitable for live cell
imaging as it features low cytotoxicity and high photostability, and is
thus optimized for STED microscopy (Lukinavicius et al., 2014).

In contrast to confocal microscopy, with STED nanoscopy we
were able to resolve individual actin filaments and fine Cx30 puncta.
STED imaging revealed that Cx30 puncta were deposited along actin
filaments, suggesting a close association (Figure 1a). To further inves-
tigate this interaction, we performed pull down experiments from
lysates of Cx30- expressing astrocytes. We found that actin was
coprecipitated with Cx30, indicating that both proteins physically
interact (Figure 1b). The Cx30 interaction with actin likely occurred
through a molecular complex, as a direct interaction between full
length Cx30 and actin was not found using the yeast two-hybrid inter-
action assay (Figure 1c).

3.2 | Cx30 alters actin cytoskeleton organization
and surface topology of migrating astrocytes

To investigate whether Cx30 alters actin organization during dynamic
processes, we performed STED imaging of the actin cytoskeleton using
SiR-actin in live astrocytes expressing GFP (Control) or Cx30-Venus
(Cx30) using the scratch-induced migration assay (Etienne-Manneville,
2006). Scratching of the cell monolayer induced directed migration of
wound-edge control astrocytes, which extended protrusions perpendicu-
larly to the wound (Figure 2a). In control migrating astrocytes that did
not express Cx30 (Kunzelmann et al., 1999), the cell protrusions dis-
played an array of actin fibers aligned with the direction of migration, as
previously shown (Seetharaman & Etienne-Manneville, 2020)
(Figure S1a). In contrast, the protrusions of Cx30-expressing astrocytes
were devoid of an organized array of individual actin fibers (Figure S1b).
In addition, in control live migrating astrocytes, actin fibers revealed
within cell protrusions by STED imaging strongly correlated with the cell
surface topology assessed with simultaneous AFM (Figure Sla,c). AFM
height maps, a powerful tool to study 3D surface geometry of living
cells (Basoli et al., 2018) indeed revealed straight structures displaying
similar orientation relative to actin fibers, as analyzed by Fibriltool plugin
(Figure S1a,e). In fact, within the cell protrusion, the majority of the
structural elements revealed by AFM corresponded to polarized actin
fibers (Figure S1a). In contrast, the surface topology of Cx30-expressing
astrocytes protrusions showed a weaker correlation with the underlying
actin structures and displayed different orientations with regard to the
wound (Figure S1b,e), indicating a reduced contribution of actin to cell
topography (Figure S1b,d).

When focusing on the front edge of astrocytes protrusions, the
region in which most of actin dynamics occurs (O'Neill et al., 2023),
we found that actin was also strongly affected by Cx30 expression,
with disorganization of actin filaments that showed less defined struc-
ture, as observed with STED imaging of SiR actin (Figure 2a,b). We
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with Actin in astrocytes.
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tested this disorganization by plotting the average orientation of actin
filaments relative to the wound (Figure 2c). Circular analysis revealed
that the polarization was orthogonal to the wound at the edge of
protrusions in control astrocytes (Figure 2C, n = 8, p < .025, Moore-
Rayleigh test), and disorganized in Cx30-expressing astrocytes
(Figure 2c, n = 13, p > .4, Moore-Rayleigh test). Simultaneous AFM
imaging also revealed a decreased correlation between actin fibers
and the surface topography at the cell's leading edge in
Cx30-expressing astrocytes (Figure 2d-f).

Remarkably, in nonmotile astrocytes, Cx30 had no significant
effect on neither actin expression (Figure S2a,b), fiber density and ori-
entation (Figure S2c,d), nor on surface topography (Figure S2e,f). Actin
levels and fiber density were indeed similar in astrocytes expressing
or not Cx30, as assessed by western blot (Cx30 and control: n = 4;
Figure S2a,b) and STED microscopy (Cx30: n = 18; control: n = 10;

frame with Gal4 Activation
Domain (Gal4AD, i.e. prey vector).
Yeast cells expressing both
Gal4DBD-Cx30 and Gal4AD-actin
could grow on a selective medium
lacking histidine, indicative of an
interaction (n = 3). Gal4DBD and
Gal4AD alone were used as
negative controls (n = 3), while
the interaction between Smad3
and Smurf1 served as positive
control (Colland & Daviet, 2004).
Yeast viability was checked in
parallel of each interaction assay.

smad/smurf

Figure S2c,d), respectively. Further analysis with STED and AFM imag-
ing revealed that Cx30 did not alter the orientation of actin filaments
(Cx30: n = 18; control: n = 10; Figure S2c,d) and astroglial topogra-
phy (Figure S2e). Altogether, these data show that Cx30 impairs actin

remodeling and topology of migrating astrocytes.

3.3 | Cx30 alters stiffness of migrating astrocytes

Actin cytoskeleton not only strongly contributes to cell surface topol-
ogy, but also to cell stiffness in motile astrocytes (Curry et al., 2017).
We thus investigated whether the Cx30-mediated impairment of actin
cytoskeleton rearrangements during migration was associated with
local changes in cell stiffness. To do so, we compared surface stiffness

in the center and at the front edge of the same astrocyte protrusion
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FIGURE 2 Cx30 alters actin cytoskeleton organization and surface topography at the leading edge of astrocyte protrusions during migration.
(a, b) Correlative STED/AFM images of actin cytoskeleton, labeled with SiR-actin, and cell surface topography at the leading edge of control

(a) and Cx30-Venus-expressing (b) astrocytes (6 h after wounding). The dotted lines and asterisks indicate the leading edges and bases of the
protrusions, respectively. Zoomed STED and AFM images reveal that Cx30 profoundly disorganizes actin fibers at the protrusion's edges, and
decreases their contribution to the corresponding cell surface topology. AFM color scales represent a range of heights of 0-564 nm (a) and 0-
417 nm (b). Scale bars: 5 pm. (c) Polar plot of the average orientation of actin fibers at astrocytes protrusions edges. Each gray arrow represents a
single astrocyte. The angle represents the average angle of fibers with respect to the wound, and the radius represents the strength of the
polarization, where a zero value indicates disorganization. The circular average over the cells is shown with a black arrow and the angular variance
is depicted in gray. (d, e) Line profiles through the indicated regions (white dash lines in a, b), showing the AFM (height) and STED (intensity)
signals, reveal reduced correlation between the locations of peaks in Cx30-expressing astrocytes (e) compared with control (d). (f) Histogram
quantifying the mean difference between the orientation relative to the wound of STED-resolved actin filaments and surface structural elements
detected with AFM in control (n = 10) and Cx30-expressing cells (n = 13). Asterisks indicate statistical significance (**p < .01, unpaired t-test).
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using AFM (Figure 3a, b). In control migrating astrocytes, stiffness was
significantly higher at the leading edge (27.6 + 3.8 kPa, n = 11) com-
pared to the center of the protrusions (14.6 + 3.4 kPa, n = 11,
p < 0.01, Wilcoxon matched-pairs test, Figure 3c,e). However, Cx30

(a)
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FIGURE 3 Cx30 prevents stiffness increase in astrocytes during
polarized migration. (a) Schematic representation of the AFM imaging
set up. AFM images (18 x 18 um?, 256 x 256 pixels) are taken from
small regions of interest of STED images (80 x 80 um?). Force curves
are measured for each pixel. An example of force curve is depicted,
from which the modulus (stiffness) can be calculated in a given pixel.
(b) Representative correlative STED/AFM image of astrocyte actin
cytoskeleton (SiR-actin) and cell surface topography in a given RO,
where an average stiffness is calculated. (c, d) Maps of the membrane
stiffness calculated using the cone-sphere model. Stiffness is
measured within the protrusion and at the protrusion leading edge in
control (c) and Cx30-expressing (d) migrating astrocytes. Scale bar:
2.5 um. (e, f) Plots representing the distribution and mean cell
stiffness of control (white, n = 11) and Cx30-transfected astrocytes
(gray, n = 9), showing that Cx30 inhibits the increase of stiffness at
protrusion leading edge. Asterisks indicate statistical significance

(**p < 0.01, paired t test).

abolished this stiffness gradient as there was no apparent increase in
stiffness at the leading edge (edge: 15.1 + 3.5 vs center: 13.8 + 2.4,
n =9, p > 0.05, Wilcoxon matched-pairs test, Figure 3d,f), which is in
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FIGURE 4 The C-terminal domain of Cx30 mediates the
regulation of astrocyte stiffness via a calcium-dependent mechanism.
(a) Schematic representation of Cx30 channels with the T5M point
mutation, located at the N-terminal domain, leading to defective
channel pore, or with a C-terminal truncation, hindering protein
interactions. (b) Plots representing the distribution of stiffness in
astrocytes expressing Cx30 (gray, n = 22), Cx30T5M (light gray,

n = 20) or Cx30AC-ter (dark gray, n = 19) normalized to the control
condition (no Cx30 expression) (n = 33), showing that Cx30 and
Cx30T5M, but not Cx30AC-ter, inhibit the increase of stiffness at
protrusion leading edge. Asterisks indicate statistical significance

(*p < 0.05, Kruskall-Wallis test (KW = 16.51) followed by Dunn's
post-hoc test). (c) Schematic representation of astrocytic IP3R2
channel deletion in astrocytes. IP3R2 channel is located on the
membrane of the endoplasmic reticulum and its activation results in
calcium release. (d) Plots representing the distribution of stiffness in
astrocytes from WT mice expressing Cx30 (gray, n = 22), or in
astrocytes from IP3R2 KO mice expressing GFP (dashed white,

n = 36) or Cx30 (dashed gray, h = 37) normalized to the control
condition in astrocytes from WT mice (no Cx30 expression) (n = 33),
showing that Cx30 inhibits the increase of stiffness at protrusion
leading edge via a calcium-dependent mechanism. Asterisks indicate
statistical significance (*p < 0.05, **p < 0.01, Kruskall-Wallis test
(KW = 14.66) followed by Dunn's post-hoc test).
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agreement with the inhibitory role of Cx30 in actin rearrangement at
the cell front of migrating astrocytes.

Notably, Cx30 had no significant effect on surface stiffness in
nonmotile astrocytes (Control: 23.2 + 3.3 kPa, n = 12; Cx30: 18.3
+ 3.1 kPa, n = 12, p > 0.05, Wilcoxon matched-pairs test, Figure S2f),
which is consistent with the intact actin structure and astrocyte topol-
ogy that we found in this basal condition (Figure S2c-e). Altogether,
these data indicate that Cx30 locally alters astrocyte stiffness specifi-

cally during structural remodeling.

3.4 | The C-terminal domain of Cx30 regulates
cortical stiffness via a calcium-dependent mechanism
in migrating astrocytes

Cx30 functions involve biochemical and electrical communication via
gap junctions or hemichannel, as well as channel-independent func-
tions involving protein interactions (Mazaud et al., 2021; Theis
et al., 2005). We first investigated the Cx30 function implicated in the
regulation of surface stiffness at the leading edge of migrating astro-
cytes. To this end, we took advantage of the Cx30T5M construct, a
mutated form of Cx30, in which a single point mutation, consisting in
the replacement of a threonine by a methionine at position 5 of Cx30,
leads to defective channel pore (Grifa et al., 1999; Schutz et al., 2010),

1
Filopodium

]

FIGURE 5

resulting in astrocytes in inhibition of intercellular biochemical cou-
pling, but intact membrane targeting of channels (Ghezali et al., 2018).
We found that the Cx30 regulation of astrocyte stiffness at the front
edge did not involve gap-junction mediated biochemical coupling as
the defect in cell stiffness still occurred in astrocytes expressing the
Cx30T5M construct (Figure 4a,b).

We have previously shown that Cx30 regulates astrocyte morpho-
logical plasticity via an unconventional non-channel function involving
the C-terminal domain, containing binding motifs for interacting pro-
teins (Ghezali et al., 2018; Pannasch et al., 2014). We here found that
this C-terminal tail mediates the Cx30 regulation as C-terminally trun-
cated Cx30, in contrast to full-length Cx30, had no effect on astrocyte
stiffness compared to control GFP-expressing cells (Figure 4a,b).

Cell mechanical properties have been shown in various systems
to be calcium-dependent (lzadi et al., 2018; Mitaku & Aruga, 1982;
Qian & Xiang, 2019). We thus tested whether calcium signaling was
involved in the effect of Cx30. To this end, we took advantage of the
IP3R2 knockout mice, in which calcium signaling in astrocytes is
strongly impaired (Li et al., 2005; Srinivasan et al., 2015). We found
that calcium signaling is involved in the Cx30-mediated regulation of
astrocyte stiffness, as Cx30 failed to decrease stiffness in astrocytes
deficient for IP3R2 (Figure 4c,d). However, altering calcium signaling
per se did not alter stiffness of control astrocytes expressing GFP
(Figure 4c,d).
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Cx30 Alters the dynamics of filopodia-like protrusions in migrating astrocytes. (a) Representative gray scale and temporal color-

coded images showing GFP (Control) and Cx30-Venus (Cx30) transfected astrocytes expressing LifeAct-RFP immediately after wounding (left), and
its respective actin-rich filopodium, as tracked by the FiloQuant Imagej plugin in the hours following the scratch (right). The white dashed lines
indicate the position of the wound. The color scale represents the time in frames. Scale bar: 25 um. Graph representing the time variation of the
mean density (b) and length (c) of filopodia-like protrusions in Control (n = 9) versus Cx30 (n = 10) transfected astrocytes. These data show that
Cx30 impairs the dynamic changes in astrocytic filopodia number and length over time. Asterisks indicate statistical significance (***p < 0.001).
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Taken together, these results suggest that the Cx30 C-terminal
domain mediates the regulation of stiffness in migrating astrocytes via

a calcium-dependent mechanism.

3.5 | Cx30 alters actin-rich filopodia-like
protrusions

Actin remodeling produces a driving force for membrane protrusions
and cell motility (Ananthakrishnan & Ehrlicher, 2007). Since Cx30
decreases the surface stiffness at the leading edge of motile astro-
cytes, we investigated whether Cx30 modulates actin-rich filopodia-
like protrusions in migrating astroglial cells. To do so, we performed a
scratch wound assay in astrocytes expressing Lifeact-RFP, a recombi-
nant protein, which stains specifically filamentous actin without alter-
ing its dynamic in live cells (Riedl et al., 2008) (Figure 5a). Time-lapse
video microscopy combined with FiloQuant analysis (Jacquemet
et al., 2017) of Lifeact-RFP-tagged cell protrusions in astrocytes trans-
fected with Cx30-Venus showed progressive alteration in filopodia
density (150-195 min: Control, 4.66 + 0.12 10~2/pm?, n = 10; Cx30:
3.62 £ 0.09 10’2/um2, n = 10; p < 0.0001, Two-way ANOVA test,
Figure 5b) and length (150-195 min: Control, 2.54 + 0.07 um, n = 10;
Cx30: 2.02+0.07 um, n=10; p =.0003, Two-way ANOVA test,
Figure 5c¢) compared to GFP-expressing (Control) cells. This indicates
that Cx30 consistently alters over time properties of actin-filled filo-

podia in motile astrocytes.

3.6 | Cx30 regulates astroglial migration

Remodeling of actin cytoskeleton and cell mechanics is crucial for cell
migration (Svitkina, 2018). Since Cx30 alters actin structure and dynam-
ics as well as cell mechanical properties, we investigated whether Cx30
regulates astrocyte migration. To do so, we performed a scratch-
induced migration assay in astrocytes expressing GFP (Control) or
Cx30-Venus (Cx30). Analysis of single astrocyte trajectories during
migration revealed distinct dynamic patterns (Figure 6a,b). We indeed
found that Cx30 decreased both astrocyte migration persistence (16 h:
p = 0.0939; 24 h: p = 0.0002, t test and Mann-Whitney, respectively)
and directionality (16 h: p = 0.0837; 24 h: p < 0.0001, t test), but not
velocity (16 h: p = 0.9433; 24 h: p = 0.7091, t test) (Control: n = 27;
Cx30: n = 20; Figure 6). Altogether, these data indicate that Cx30 not
only inhibits actin remodeling at the subcellular level, but also impairs

migrating properties of whole astrocytes.

4 | DISCUSSION

Our data show that astroglial Cx30 interacts with the actin cytoskele-
ton. Using live cell super resolution microscopy and AFM imaging in
migrating astrocytes, we found that Cx30 altered local actin remodel-
ing as well as membrane physical properties such as cell surface topol-

ogy and stiffness. Finally, Cx30 altered the properties of actin-rich
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FIGURE 6 Cx30 modulates astrocyte migration.

(a) Representative trajectories of wounded astrocytes expressing GFP
or Cx30-Venus (Cx30) and migrating over 24 h. Scale bars: horizontal
20 pm, vertical 20 um. (b) Schematic representation of the method
used to measure astrocyte migration directionality and persistence.
(c) Quantification of migration speed, directionality and persistence in
control (n = 27) or Cx30-expressing (n = 20) astrocytes between

16 and 24 h after scratching. These data show that Cx30 alters
astroglial migration persistence and directionality. Asterisks indicate
statistical significance (***p < 0.001).

protrusions and astrocyte migration. Together, these data indicate
that Cx30 limits astroglial structural and mechanical plasticity during

dynamic processes.

4.1 | Cx30 interacts with actin and regulates its
remodeling

Our data indicate that Cx30 interacts with actin in astrocytes, as
found by immunoprecipitation. This interaction is likely indirect, as
assessed by yeast two-hybrid assay. Cx30 and actin are thus part of a
molecular complex, likely composed of cytoskeleton-associated pro-
teins. Several Cxs have indeed been shown to interact with such
adaptor proteins, including ZO-1, drebrin, cortactin or ezrin
(Butkevich et al., 2004; Penes et al., 2005; Pidoux & Tasken, 2015;
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Squecco et al., 2006). Ezrin is a particularly interesting partner as it is
a major crosslinker of the membrane-actin interface and is enriched in
fine astrocyte processes (Derouiche & Frotscher, 2001; Haseleu
et al.,, 2013). Furthermore, it is necessary for the activity-dependent
remodeling and motility of distal astrocytic processes (Lavialle
et al., 2011). Alternatively, the indirect interaction between Cx30 and
actin could involve Cx43, which is known to interact with numerous
structural proteins such as actin in astrocytes (Olk et al., 2010) and
with Cx30 in several cell types (Altevogt & Paul, 2004; Valiunas
et al., 1999), although Cx43 expression levels are unchanged upon
Cx30 expression in cultured astrocytes (Ghezali et al., 2018).

Notably an interaction between Cx30 and actin has been
reported to support the assembly of gap junction channels in
cochlear and cancer cells (Defourny et al., 2019; Qu et al., 2009).
Conversely, we reveal here in live astrocytes that Cx30 controls the
rearrangement and dynamics of actin filaments during migration.
Remarkably, although Cx30 physically interacts with actin in basal
conditions, it has no significant effect on actin level and architecture
in non-motile astrocytes. This indicates that Cx30 selectively per-
turbs actin organization upon remodeling. Consistently, we found
that Cx30 altered the properties of actin-rich filopodia and impaired

whole-cell migration.

4.2 | Cx30 regulates mechanical cell properties
The actin cytoskeleton strongly contributes to cell mechanical proper-
ties during structural remodeling (Ananthakrishnan et al., 2006; Curry
et al., 2017). In addition, astrocyte stiffness correlates positively with
the density of cytoskeletal proteins (Gavara & Chadwick, 2016) and is
modulated during development (Lee et al., 2015). Accordingly, we
show here that Cx30, whose expression is developmentally regulated,
impairs topography and cortical stiffness of migrating astrocytes. The
Cx30 regulation of stiffness occurs independently of gap junction-
mediated biochemical coupling, but may involve electrical coupling, as
it is unaltered in Cx30T5M-expressing cells (Schutz et al., 2010) that
we here show to display a stiffness defect. Remarkably, the effect of
Cx30 on cell stiffness was mediated by its C-terminal domain, which
contains binding motifs for interacting proteins (Herve et al., 2007)
and occurred via a calcium-dependent mechanism in migrating astro-
cytes. This calcium-dependency may rely on purinergic signaling
resulting from adenosine triphosphate (ATP) release via hemichannels,
as Cx30T5M hemichannels are still permeable to molecules (Gaete
et al., 2024). We previously reported that the C-terminal domain of
Cx30 also modulates the morphological plasticity of astrocytes
(Ghezali et al., 2018; Pannasch et al., 2014). This effect may thus also
rely on the Cx30 interaction with actin and its role on astrocyte
mechanical properties. Since we found no direct interaction between
Cx30 and actin, Cx30 likely acts by regulating a molecular complex
involving several cytoskeletal proteins and adhesion molecules
(Defourny et al., 2019; Qu et al., 2009).

It is noteworthy that astrocyte physical properties are dysregu-

lated in various brain diseases and likely contribute to pathogenesis.

AFM experiments reveal that glioma cells show altered topographi-
cal and mechanical properties compared to normal astrocytes
(Pogoda et al., 2014; Recek et al., 2015). Furthermore, changes in cell
stiffness have been proposed to participate to tumor progression by
inducing mechanosensitive signaling and transcription (Schrader
et al., 2011), and may thus be used for diagnosis (Guck et al., 2005).
Interestingly, tumorigenesis is associated with a loss in Cx30 expres-
sion, suggesting Cx30 as a tumor suppressor gene (Artesi
et al., 2015; Arun et al., 2017; Princen et al., 2001). The fact that
Cx30 impairs actin remodeling and migration in astrocytes suggests
that loss of Cx30 in glioma promotes dynamic remodeling of the
cytoskeleton and tissue invasiveness. Cx30-dependent regulation of
astrocytic mechanical properties is also likely involved in neuroglial
interactions. Viscoelastic measurements have shown that glial cells
are very soft, softer even than neurons (Lu et al., 2006), challenging
the traditional view of glial cells as rigid scaffolds for neurons. Neu-
rons should benefit from a soft glial environment as neuronal growth
has been shown in vitro to be favored on soft substrates (Flanagan
et al., 2002; Georges et al., 2006; Previtera et al., 2010). In particular,
the decreased stiffness found in injured reactive astrocytes might be
beneficial for neuronal recovery (Miller et al., 2009). This suggests
that Cx30, by promoting astroglial softness, may impact the morpho-

logical plasticity of neurons.

4.3 | Cx30 as a brake for morphological plasticity
We here report that Cx30 impairs the dynamic remodeling of actin
cytoskeleton, decreases cell stiffness, and inhibits the motility of
migrating astrocytes, with no effect on actin level, architecture, and
membrane tension in nonmotile astrocytes. Altogether, these data
point to Cx30 as a brake for morphological plasticity. This suggests
that low levels of Cx30 expression, known to occur in astrocytes dur-
ing early brain development (Kunzelmann et al., 1999), in response to
reactivity (Koulakoff et al., 2008), or during transformation into glioma
cells (Princen et al., 2001), are associated with strong structural plas-
ticity and motility of astroglial cells. This hypothesis is consistent with
the increased extension and ramification of astroglial processes
deficient for Cx30 (Pannasch et al., 2014). Since astrocytes
tightly interact structurally and functionally with synapses, this
Cx30-dependent remodeling also likely alters the plasticity of these
interactions. This may particularly be relevant during postnatal
brain maturation, as the developmental increase in Cx30 expression
(Kunzelmann et al., 1999) results in a reduction in astroglial cover-
age of hippocampal excitatory synapses (Pannasch et al., 2014),
which occurs not only during maturation of the hippocampus
(Lavenex et al., 2011), but also in response to neuronal activity
(Perez-Alvarez et al., 2014).
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