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Abstract

Astrocytes play key roles in brain functions through dynamic interactions with neurons.
One of their typical features is to express high levels of connexins, Cx43 and Cx30, the
gap junction forming proteins. Cx30 is involved in basic cognitive processes and shapes
synaptic and network activities, as shown by recent studies in transgenic animals. Yet it
remains unknown whether astroglial Cx30 expression, localization and functions are
endogenously and dynamically regulated by neuronal activity, and could therefore play
physiological roles in neurotransmission. We here show that neuronal activity increased
hippocampal Cx30 protein levels via a post-translational mechanism regulating
lysosomal degradation in mice of either sex. Neuronal activity also drove Cx30 at
membranes and perisynaptic processes, as revealed by super-resolution imaging. This
translated at the functional level in the activation of Cx30 hemichannels, and in Cx30-
mediated remodeling of astrocyte morphology independently of gap junction
biochemical coupling. Altogether these data show activity-dependent dynamics of Cx30

expression, perisynaptic localization and functions.

Significance Statement

Neuroglial interactions play key roles in brain functions. Remarkably connexin 30, one
of the two gap junction subunit in astrocytes is involved in synaptic, network and
cognitive processes as shown in knockout mice studies. Yet whether connexin 30 levels,
distribution and functions are dynamically regulated in a native biological context is
unknown. We here show that neuronal activity endogenously controls in astrocytes
connexin 30 protein levels, localization at membranes and perisynaptic processes, as

well as channel and non-channel functions. By identifying dynamic and endogenous



—

regulations of astroglial connexin30 by neuronal activity, this work provides important
new mechanistic insights into the neuroglial dialogue that may actively shape synaptic

network activity.
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Introduction

Through dynamic interactions with neurons, astrocytes play critical roles in brain
development, activity and disorders (Clarke and Barres, 2013; Perea et al., 2014).
Astrocytes sense neuronal inputs through their ion channels, transporters or membrane
receptors, respond by activation transduction pathways, and thereby modulate
neighboring neurons. Various mechanisms mediate the astroglial regulation of neuronal
activity, such as uptake or release of neuroactive factors, contact-mediated signaling, or
plastic physical coverage of neurons (Dallerac et al., 2013; Araque et al., 2014;
Bernardinelli et al., 2014). However, molecular description of such modulations is still
limited, and both their occurrence and impact during physiological or pathological

conditions remain unclear.

A Kkey property of astrocytes is to express high levels of gap junction (GJ) proteins, the
connexins (Cx), which have recently been shown to be involved in synaptic and
network activities (Wallraff et al., 2006; Pannasch et al., 2011; Pannasch et al., 2012b;
Pannasch et al., 2014). GJ channels are made up of two hemichannels (HC) that align
between adjacent cells to form intercellular channels mediating direct cell-to-cell
diffusion of ions and small molecules, providing electrical and metabolic coupling
(Pannasch and Rouach, 2013). The two main GJ subunits in mature astrocytes include
Cx43, present from embryonic to adult stages, and Cx30, expressed later in
development (from P16) (Kunzelmann et al., 1999). Through their role in intercellular
communication, Cxs contribute to neurotransmission by both, fueling metabolic active
synapses with proper nutrients (Rouach et al.,, 2008) and by preventing excessive

synaptic activity through efficient uptake of synaptically-released glutamate and K*
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(Pannasch et al., 2011). Recent data have nevertheless unraveled an unexpected
complexity of Cx functions, which can be channel (GJ and HC) or non-channel types,
involving for instance protein interactions, cell adhesion and intracellular signaling
(Theis et al., 2005; Elias and Kriegstein, 2008). Cx43 is already established as an
essential protein in brain development and physiology through channel-dependent and -
independent functions (Pannasch and Rouach, 2013). In contrast, the specific role of
Cx30 in neuronal physiology has largely remained unexplored, although Cx30 was
proposed early on to be involved in behavioral and basic cognitive processes (Rampon

et al., 2000; Dere et al., 2003).

Recent studies indicate that astroglial networks mediated by GJ channels promote
neuronal coordination in the hippocampus (Chever et al., 2016). Remarkably, astroglial
Cx30 also tunes hippocampal excitatory synaptic transmission by determining the
efficacy of astroglial glutamate clearance through an unprecedented non-channel
regulation of astroglial morphology, controlling the ramification and insertion of
astroglial processes into synaptic clefts (Pannasch et al., 2014). Thus, besides its GJ
channel function involved in neuronal network activity (Chever et al., 2016), astroglial
Cx30 is also a molecular determinant of astroglial synapse coverage, which controls
synaptic efficacy and hippocampal-based memory (Pannasch et al., 2014). These roles
of astroglial Cx30 in neurotransmission were revealed by using transgenic mice with
Cx30 deletion or mutation to alter channel and non-channel functions. It is now
important to evaluate the physiological relevance of these regulations by determining
whether astroglial Cx30 expression and functions are endogenously and dynamically

regulated in a native biological context. We therefore examined whether astroglial Cx30
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protein levels, localization and functions are endogenously modulated by neuronal
activity. We show here that hippocampal Cx30 protein levels are regulated by neuronal
activity via a post-translational mechanism controlling lysosomal degradation. This
translates to an activity-dependent control of Cx30 subcellular recruitment and
functions. Hippocampal population bursting indeed promoted Cx30 localization at
membrane and perisynaptic processes, and induced activation of Cx30 HCs, as well as
ramification of astroglial processes independently of GJ-mediated biochemical
coupling. Altogether these data show that Cx30 protein levels, perisynaptic distribution

and functions are activity-dependent.

Materials and Methods

Animals

Experiments were carried out according to the guidelines of the European Community
Council Directives of January 1st 2013 (2010/63/EU) and of the local animal welfare
committee (certificate A751901, Ministére de 1’Agriculture et de la Péche), and all
efforts were made to minimize the number of animals used and their suffering. Animals
were group housed on a 12 h light/dark cycle. Cx30™ mice were generated as previously
described (Boulay et al., 2013). Cx30™"™M mice (Schutz et al., 2010) were provided
by F. Mammano, Venetian Institute of Molecular Medicine, Italy. IP3R27" mice (Li et
al., 2005) were provided by J. Chen, University of California San Diego, USA. All mice
were backcrossed to the C57BL6 background. Mice of both sexes and littermates were

used at postnatal days 21-30, unless otherwise stated.
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Acute hippocampal slice preparation and Pharmacology

Acute transverse hippocampal slices (300-400 pm) were prepared as previously
described (Pannasch et al., 2012a). Slices were maintained in a submerged storage
chamber containing an artificial cerebrospinal fluid (ACSF) including (in mM): 119
NaCl, 2.5 KCI, 2.5 CaCl,, 1.3 MgSO,, 1 NaH,PO,4, 26.2 NaHCO3;, and 11 glucose,
saturated with 95% 02 and 5% CO, for at least 1h before further processing. For
generation of neuronal bursting activity, slices were stored in Mg?* free ACSF
containing picrotoxin (100 pM). To inhibit action potential firing, TTX (0.5 uM) was
added to ACSF, while for chelating astrocyte intracellular calcium, ACSF was
supplemented with BAPTA-AM (25 pM). To dissect the activity-dependent signaling
cascade regulating Cx30 expression, the selective group Il metabotropic glutamate
receptor antagonist LY341495 (20 uM), the competitive P2Y;R antagonist MRS2179
(10 puM) and the selective GABAgR antagonist CGP55845 (2 uM) were added to
ACSF. Finally, the proteasomal inhibitor MG132 (10 puM) and the lysosomal blocker
GPN (200 uM) were used to determine the nature of the protein degradation pathway
regulating Cx30 protein levels. Lastly, to selectively block protein synthesis ACSF was
supplemented with cycloheximide (400 uM). All drugs were from Tocris, except for

GPN, which was from Sigma.

Antibodies, immunohistochemistry 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), GFAP rabbit

polyclonal (1:2,000, G3893, Sigma), tubulin rabbit polyclonal (1:10 000, T6199,
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Sigma), B-actin mouse monoclonal (1:10,000, A5316, Sigma), PSD95 mouse
monoclonal (1:500, 610495, BD Biosciences), Synapsin | mouse monoclonal (1:10000,
106 011, Synaptic Systems). The HRP-conjugated primary anti-GAPDH antibody
(1:10000, ab9385, Abcam) has been used as loading control. The following HRP-
conjugated secondary antibodies were used: goat anti rabbit 1gG (1:2500, sc-2004, Tebu
Santa Cruz), goat anti-mouse 1gG (1:2500, sc-2005, Tebu Santa Cruz). The following
fluorescent dye conjugated secondary antibodies were wused in appropriate
combinations: goat anti-mouse 1gG conjugated to Alexa 555 (1:2000, A-21424,
Molecular Probes), and goat anti-rabbit IgG conjugated to Alexa 488 or 555 (1:2000, A-
11034 and A-21429, Molecular Probes). Immunohistochemistry and quantification were
performed as previously described (Pannasch et al., 2011). Briefly, hippocampal acute
slices were fixed overnight at room temperature with 4% paraformaldehyde, then
washed three times with PBS, and pre-incubated 1h with PBS-1% gelatin in the
presence of 1% Triton-X100. Brain slices were then stained by overnight incubation at
4°C with primary antibodies, and washed three times in PBS. Appropriate secondary
antibodies were applied for 1-2h at room temperature. After several washes,
hippocampal slices were mounted in Fluoromount or Prolong gold antifade reagent and
examined with either inverted confocal laser-scanning microscopes (TCS SP5, Leica or
custom designed), or custom designed Structured Illumination Microscopy (SIM)
(Young et al., 2016) and Stimulated Emission Depletion (STED) microscopes.

For confocal microscopy (TCS SP5, Leica), stacks of consecutive confocal images
taken with a 63x objective at 600-1000 nm intervals were acquired sequentially with
two lasers (argon 488 nm and helium/neon 543 nm) and Z projections were

reconstructed using imageJ software. Lysotracker red DND99 (1:5000, L7528,
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Thermofisher) was perfused with oxygen for 10 min on living hippocampal slices,
which were then fixed overnight at room temperature with 4% paraformaldehyde and
further processed for Cx30 immunohistochemistry as previously described. Finally, the
tissue was mounted for confocal imaging and analyzed with imageJ software: the
intensity of Cx30 puncta within stratum radiatum LysoTracker-positive structures was
measured for each plane of the Z-stack.

For analysis of the Cx30 radial intensity profile, confocal microscopy Z-stacks were
processed using the imageJ software. Briefly, the intensity radial profile plugin imageJ
was used to measure the sum of the pixel values around a circle centered at the cell
soma, and plotted it as a function of the actual radial distance from this center.

For analysis of astrocytic ramification, we used an adaptation of Sholl’s concentric
circles technique. Briefly, five circles at 5 pum intervals were drawn around each
astrocyte; the circle enclosing the soma had a diameter of 7 um. The number of
intersections of astrocytic processes with each circle was quantified.

Immunoblotting and quantification were performed as previously described (Pannasch
et al., 2014). Briefly, hippocampal acute slices were collected in a small volume of cold
SDS 2% containing a cocktail of protease inhibitors and phosphatase inhibitors (j3-
glycerophosphate (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. Membranes 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 secondary antibodies.

Specific signals were revealed with the chemiluminescence detection kit (ECL, GE
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Healthcare). Semi-quantitative densitometric analysis was performed after scanning the

bands with the imageJ software.

Super resolution Imaging

STED-confocal imaging. Super-resolved and confocal images were acquired on a
home built, time-gated STED microscope described previously (Mahou et al., 2015). In
brief, the system is based around a commercial point scanning microscope (RESOLFT,
Abberior Instruments) comprising a microscope frame (1X83, Olympus), galvanometer
mirrors (Quad scanner, Abberior Instruments) and a detection unit consisting of two
avalanche photodiodes (SPCM-AQRH, Excelitas Technologies). Images were acquired
with a 100X/1.4 NA oil immersion objective lens (UPLSAPO 100X, Olympus).
Confocal images of GFP were taken using the in-built laser and detector of the
commercial system. Fluorescence excitation was from a 488 nm laser source (Cobolt
06-MLD-488 nm, Cobolot). GFP fluorescence was separated using a dichroic mirror (zt
594 RDC, Chroma) and an emission filter (Brightline HC 550/88, Semrock). STED
images were acquired using 638 nm fluorescence excitation and 765 nm depletion. The
depletion light was obtained from a titanium-sapphire oscillator (Mai Tai HP,
Spectraphysics) operating at 765 nm. Excitation pulses were selected from a
supercontinuum generated by pumping a photonic crystal fibre (SCG800, NKT
photonics) with the same titanium-sapphire. The depletion beam was shaped using a
spatial light modulator (X10468-02, Hamamatsu), which also allowed correction for
aberrations. Image acquisition was controlled using the Imspector software (Andreas
Schonle, Abberior Instruments GmbH, Gaéttingen, Germany). The pixel dwell time was

10 ps for STED and 7 ps for GFP. 5 line accumulations were acquired. Excitation

10
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powers were 20-30 uW (GFP) and 20-30 uW (STED). The depletion laser power was
100-150 mW. The pixel size used throughout was 50 nm (xy) and 1 pm in z. In the

STED channel a time gate of 1.5 ns between excitation and detection is used.

Structured Ilumination Microscopy. Images of the sample were collected using 3-
color Structured Illumination Microscopy (SIM) for optical sectioning (Stréhl and
Kaminski, 2015, 2016). A 60X/1.2NA water immersion lens (UPLSAPO 60XW,
Olympus) focused the structured illumination pattern onto the sample, and the same lens
was also used to capture the fluorescence emission light before imaging onto an SCMOS
camera (C11440, Hamamatsu) (Young et al.,, 2016). The wavelengths used for
excitation were: 488 nm (iBEAM-SMART-488, Toptica), 561 nm (OBIS 561,
Coherent), and 640 nm (MLD 640, Cobolt). Images were acquired using custom SIM
software described previously (Young et al., 2016). Nine raw images were collected at
each plane and were recombined using a custom implementation of a Super-Resolution
Optical Sectioning reconstruction algorithm (O'Holleran and Shaw, 2014). For each
cell, 12 planes spaced at 0.5 um were captured, providing a complete 3D reconstruction
of the cell. For each cell, the plane with strongest labeling of Cx30 was selected for
colocalization analysis between Cx30 and the synaptic markers (VGLUTL1 or PSD95).
Colocalization analysis was performed using a batch protocol in Icy (de Chaumont et
al., 2012). The key steps in the protocol were: 1. Noise removal; 2. Spot detection; 3.

Object-based colocalization using Ripley’s K-function analysis.

Brain slices biotinylation

Biotinylation of cell surface proteins was performed as previously described (Gabriel et

11
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al., 2014). Briefly, after a 3h pre-incubation period in either regular ACSF or OMg**-
Picrotoxin containing ACSF, hippocampal acute slices were washed three times in ice
cold ACSF and then incubated in 0.75 ml of 1 mg/ml sulfo-NHS-SS-biotin on ice for 45
min. Biotinylated brain slices were then washed three times in ice cold ACSF and
incubated 10 min in ice cold ACSF. Hippocampal slices were next washed three times
in ice cold quench buffer (ACSF supplemented with 100 mM Glycine) and incubated
with 0.75 ml quenching buffer on ice two times for 25 min. Finally, slices were washed
three times in ice cold ACSF and pelleted by centrifuging at 200 g/min. The pellet was
then resuspended in 400 pl of ice cold RIPA/PI, and incubated at 4°C for 30 min, before
centrifuging at 18000 g at 4°C for 15 min. The protein concentration of the supernatant
was next determined by BCA protein assay, and the bead/total protein ratio was set
empirically at =1/4, such that 70 ul of beads were incubated with 275 pg of tissue
lysate. Finally, biotinylated proteins were then bound to streptavidin beads by rotating
the mix overnight at 4°C, and pelleted at 18000 g at RT for 2 min. After washing the
beads three times with 0.75 ml RIPA, biotinylated proteins were eluted by adding 25 pl
of 2X SDS-PAGE reducing sample buffer, vortexed and rotated at RT for 30 min. Last,
biotinylated and total lysate samples were analyzed in parallel by immunoblot as

described above.

Isolation of synaptosomal crude membrane fraction

For the isolation of synaptosomal crude membrane fractions, 8-10 hippocampal acute
slices for each condition were first lysed in 500 pl of ice cold homogenization buffer
(0.32 M sucrose, 10 mM HEPES, 2 mM EDTA, containing a freshly prepared cocktail

of protease inhibitors) using a mechanical Potter-Elvehjem homogenizer. Then, the

12
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homogenates were centrifuged at 1000g for 15 min at 4°C. The supernatants were
further centrifuged at 200 000g for 30 min at 4°C, while the pellet nuclear fractions
were discarded. Subsequently, the new pellets were washed and resuspended in ice cold
homogenization buffer, while the supernatant crude cytosols were withdrawn. Finally,
crude membrane pellets were centrifuged once more at 200, 000g for 30 min at 4°C and
resuspended in 100 pl of HEPES lysis buffer (50 mM HEPES, 2 mM EDTA, pH 7.4,
containing a freshly prepared cocktail of protease inhibitors). Samples were briefly
sonicated and the protein concentration of synaptosomal crude membrane fraction was
next determined by BCA protein assay, and further processed for immunoblot as

described above.

Hemichannel activity

Basal and evoked HC activity was analyzed as previously described (Chever et al.,
2014). Briefly, HC opening was investigated at a depth of 20-40 um from the surface of
acute slices and at a recovery time of at least 2h after the slicing procedure, because in
such conditions astrocytes exhibited no sign of reactivity, as previously described
(Chever et al., 2014). Living slices were incubated for 1h in regular ACSF or ACSF
containing OMg?* picrotoxin (100 um) within small customized submerged chambers.
To investigate the contribution of Cx HCs to dye uptake, independent experiments were
performed where slices were pre-incubated 15 min before and during the application of
ethidium bromide (EtBr, 314 Da, 4 uM, 10 min), an HC-permeable fluorescent tracer,
with carbenoxolone (CBX, 200 uM). Slices were then rinsed for 15 min in ACSF, fixed
for 2h in 4% paraformaldehyde, immunostained for S1008 and mounted in

Fluoromount. Labeled cells were examined in a confocal laser-scanning microscope

13
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(TCS SP5, Leica). Stacks of consecutive confocal images with high-bit depth color (16
bit) were taken at 1 um intervals. Dye uptake analysis was performed in stratum
radiatum CAL astrocytes that were positive for S100B. Fluorescence intensity was
digitized into arbitrary units in 65536 shades of gray with ImageJ software. Dye uptake
was evaluated as the difference between the fluorescence measured in astrocytes (20-40
cells per slice) and the background fluorescence measured in the same field where no

labeled cells were detected.

Gap junctional coupling

Slices were transferred to a submerged recording chamber mounted on a microscope
equipped for infrared-differential interference (IR-DIC) microscopy and were perfused
with ACSF at a rate of 1.5 ml/min. Somatic whole-cell recordings were obtained from
visually and electrophysiologically identified stratum radiatum astrocytes using 4-6
MQ glass pipettes filled with (in mM): 105 K-gluconate, 30 KCI, 10 HEPES, 10
phospho-creatine, 4 ATP-Mg, 0.3 GTPTris, 0.3 EGTA (pH 7.4, 280 mOsm). The
recorded stratum radiatum astrocytes exhibited typical morphological and
electrophysiological properties and were identified by their small soma (5-10 pum), low
membrane resistance and resting membrane potentials (= - 80 mV), passive membrane
properties (linear I-V relationship) and lack of action potentials. For intercellular
coupling experiments, the internal solution contained 2-[N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino]-2-deoxyglucose (2-NBDG, 2 mg/ml) and the recorded astrocytes
were loaded during 20 min in current-clamp mode. Intercellular diffusion of fluorescent
glucose was captured online with a digital camera after 20 min of astrocyte dialysis and

the number of coupled cells was analyzed offline with Image J software. Astrocyte

14
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recordings were discarded when the resting membrane potential varied by more than 10
% or when series resistance varied by more than 20 % during the experiment.
Recordings were acquired with Axopatch-1D amplifiers, digitized at 10 kHz, filtered at

2 kHz, stored and analyzed on computer using Pclamp9 and Clampfit9 softwares.

Statistical Analysis

All data are expressed as mean = SEM. Statistical significance for within-group
comparisons was determined by one-way or two-way ANOVAs (followed by
Bonferonni’s post-test), whereas unpaired or paired t-tests were used for between-group
comparisons. Statistical analysis was performed in GraphPad InStat and Prism

softwares.

Results

Neuronal activity increases Cx30 expression through a calcium-dependent
pathway

To examine the role of neuronal activity on Cx30 protein levels, we investigated the
impact of spontaneous action potential firing in acute hippocampal slices using
tetrodotoxin (0.5 uM, 1h) (Fig. 1A). When action potentials were inhibited, total
hippocampal Cx30 protein levels decreased by more than 50 %, as assessed by western
blotting (n = 3, Fig. 1B, C) and immunohistochemistry (n = 9, Fig. 1D, E). We then
investigated the role of network bursting activity generated spontaneously in
disinhibited hippocampal slices (0 Mg/picrotoxin) (Fig. 1A). In this case, we found that
Cx30 expression levels increased by ~ 30 %, as assessed by immunoblotting (+ 37 £ 5

%, n = 3) and immunohistochemistry (+ 36.2 + 10 %, n = 9, 3h treatment, Fig. 1B-E).

15
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These data show that Cx30 protein levels are activity-dependent, and can be
bidirectionally regulated by changes in neuronal firing.

Astrocytes integrate neuronal activity in part through intracellular calcium signaling
(Bazargani and Attwell, 2016). To gain insight into the molecular pathway underlying
the activity-dependent regulation of Cx30 expression, we thus investigated the
contribution of calcium signaling. Calcium chelation with BAPTA-AM (25 pM, 1h)
strongly decreased hippocampal Cx30 total protein levels (- 61 £ 5 %, n = 3, Fig. 2 A,
B). In addition, genetic deletion of inositol triphosphate type 2 receptors (IP3R2”" mice),
which are enriched in astrocytes (Zhang et al., 2014) and thought to contribute partly to
their calcium fluctuations (Srinivasan et al., 2015), inhibited the bidirectional control of
Cx30 levels by neuronal activity (n = 3, Fig. 2 A, B). Calcium increases in astrocytes
are largely mediated by G protein-coupled receptors (GPCRSs), such as metabotropic
glutamate receptors (mGIuRs), purinergic P2Y1 receptors (P2Y1Rs) or gamma-
aminobutyric acid receptors (GABAgRS). Blockade of mGIluRs (LY341495, 20 uM,
3h), but not of P2Y1Rs (MRS2179, 10 M, 3h) or GABAgRs (CGP55845, 2 pM, 3h),
prevented the increase in Cx30 protein levels induced by bursting activity (n = 3, Fig.
2C, D). These data indicate that mGluR-dependent calcium signaling contributes to the

regulation of hippocampal Cx30 protein levels by neuronal activity.

Activity-dependent control of Cx30 expression is mediated by the lysosomal
degradation pathway

Cx proteins undergo a rapid turnover (Falk et al., 2014). Their expression levels are
regulated by synthesis and degradation rates, which occur via the lysosomal and

proteasomal pathways. We therefore investigated whether the rapid decrease in

16
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hippocampal Cx30 protein levels induced by action potential inhibition resulted from
degradation. Immunoblot analysis revealed that inhibition of the lysosomal pathway
(GPN, 200 pM, 1h), but not proteasomal pathway (MG132, 10 uM, 1h), prevented
Cx30 downregulation induced by action potentials blockade (TTX, n = 3, Fig. 3A, B).
Accordingly, action potential inhibition strongly increased the number of Cx30 puncta
in lysosomal compartments, as revealed by co-localization of Cx30 and the lysosomal
dye LysoTracker (+ 68.4 £ 20.9 %, n = 9; Fig. 3C, D). We then examined whether the
increase in Cx30 protein levels induced by bursting activity resulted from protein
synthesis and/or impaired degradation via the lysosomal pathway. Inhibition of protein
synthesis (cycloheximide, 400 uM, 3h) failed to prevent the upregulation in Cx30
expression, as shown by western blot analysis (n = 3; Fig. 3E, F). However, inhibition
of lysosomal degradation mimicked and occluded the effect of bursting activity on Cx30
expression, as it increased by itself Cx30 levels, and prevented bursting activity to
further upregulate Cx30 protein levels (n = 3, Fig. 3G, H).

Altogether, these data suggest that neuronal activity bidirectionally controls Cx30

proteins levels through regulation of lysosomal degradation.

Activity-dependent subcellular recruitment of Cx30

We investigated whether neuronal activity also altered the subcellular localization of
Cx30. For this, we first examined the effect of bursting activity on Cx30 protein levels
at membranes using a biotinylation assay in acute hippocampal slices. Strikingly,
network activity induced a strong increase (~ + 300 %, n = 3, Fig. 4A, B) in Cx30 cell
surface expression compared to the enhancement of Cx30 total levels (~ + 35 %, Fig.

1B, C). We then determined the effect of bursting activity on Cx30 distribution
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throughout the domain of single astrocytes using confocal imaging of eGFP labeled
astrocytes in acute hippocampal slices of GFAP-eGFP mice (Nolte et al., 2001;
Hirrlinger et al., 2004). Network activity induced an overall recruitment of Cx30
towards distal processes of astrocytes, as revealed by quantification of Cx30 radial
distance from soma center (n = 9; Fig. 4C, D).

Because distal processes of astrocytes are sites of privileged interactions with synapses,
we then determined whether neuronal activity altered Cx30 distribution in perisynaptic
astroglial processes (PAPs). PAPs are the relevant nanodomains for morphological and
functional neuroglial interactions, where synaptic information is integrated, processed
and modulated (Ghezali et al., 2016).

We first examined whether Cx30 is present in PAPs. Since PAPs co-purify with
synapses during synaptosome isolation (Chicurel et al., 1993), we purified hippocampal
synaptosomes. The latter were characterized by an enrichment in synaptic markers such
as PSD95 and synapsin I, but not actin (Fig. 5A). Hippocampal synaptosomes were
closely associated with PAPs, as shown by the enrichment of the astroglial GLT1
glutamate transporters (total protein levels normalized to actin: synaptosomes: 9.7 + 0.9,
n = 6; whole hippocampi: 5.3 £ 0.9, n = 4; p = 0.0107, unpaired t test) and the very low
levels of the GFAP protein, known to be poorly expressed in PAPs (Fig. 5A).
Remarkably, we found that Cx30 was also enriched in synaptosomal fractions (total
protein levels normalized to actin: synaptosomes: 3.3 £ 0.6, n = 6; whole hippocampi:
1.3£0.2, n=4; p=0.0262, unpaired t test), suggesting that PAP membranes do contain
high levels of Cx30. To directly visualize Cx30 in PAPs, we then used super resolution
imaging of GFP labeled astrocytes (GFAP-EGFP mice) in hippocampal slices

immunostained with Cx30. Consistent with the detection of Cx30 in synaptosomal
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fractions, stimulated emission depletion (STED) microscopy in hippocampal sections
revealed that Cx30 was abundantly expressed throughout the arborisation of fine
astroglial processes (Fig. 5B). In addition, structured illumination microscopy (SIM),
which enables rapid 3D muticolor fluorescence imaging in hippocampal slices, revealed
that a significant subset of Cx30 puncta displayed close proximity to synapses (% of
Cx30 within 350 nm of synaptic markers: VGLUT1: 11.1 + 1.2 %, n = 8 cells; PSD95:
125 £ 1.2 %, n = 9 cells), with a similar distance to both presynaptic (VGLUTL1) or
postsynaptic (PSD95) elements (VGLUT1: 223.6 £ 2.5 nm, n = 1107 puncta; PSD95:
224.3 £ 2.4 nm, n = 1089 puncta; Fig. 6C-D). Taken together, these data reveal the
presence of Cx30 in PAPSs.

Remarkably, bursting activity altered the distribution of Cx30, whose level increased in
synaptosomal fractions (+ 65.7 £ 11.5 %, n = 3, Fig. 6A-B), indicating the recruitment
in PAPs. However, bursting activity did not alter the distance of Cx30 puncta within
PAPs to presynaptic or postsynaptic elements, as revealed by SIM (VGLUT1: 218.6
2.9.nm, n = 862 puncta; PSD95: 221.3 + 3.5 nm, n = 599 puncta; Fig. 6C-D).
Altogether, these data show that neuronal activity promotes Cx30 localization at

astrocyte membranes and perisynaptic processes.

Neuronal activity differentially regulates Cx30 functions

Changes in protein expression and localization reportedly lead to functional alterations.
We therefore investigated whether the increase of Cx30 protein levels induced by
neuronal activity resulted at the functional level in changes in Cx30 channel and non-
channel functions. GJ communication of various neuroactive factors is a typical feature

of astrocytes (Pannasch and Rouach, 2013). We previously reported that intercellular
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diffusion of the fluorescent glucose derivative 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino]-2-deoxyglucose (2-NBDG) into neighboring astrocytes is largely mediated by
GJ channels containing the Cx30 subunit and is activity-dependent (Rouach et al.,
2008). We thus assessed here the effect of bursting activity on Cx30-mediated astroglial
GJ communication using a glucose coupling assay. As previously described (Rouach et
al., 2008), we found that bursting activity increased the intercellular diffusion of 2-
NBDG, dialyzed by patch clamp recording of stratum radiatum astrocytes, into the GJ
astroglial network (+ 35.8 + 9.6 %, n = 15, p < 0.05, Fig. 7A-B). However, deletion of
Cx30 (Cx30" mice) did not alter the activity-dependent increase in 2-NBDG trafficking
into the gap-junction mediated astroglial network (+ 37.9 + 9.8 %, n = 6, p > 0.05, Fig.
7A-B). These data therefore suggest that changes in Cx30 expression and distribution
do not contribute to the activity-dependent increase in glucose trafficking into astroglial
networks mediated by GJ channels.

In various cell types, Cx30 can also form HCs which mediate direct exchange with the
extracellular space (Majumder et al., 2010; Svenningsen et al., 2013). Although
functional Cx30 HCs have not yet been described in astrocytes, we investigated whether
bursting activity may induce their activation. An ethidium bromide (EtBr) uptake assay
in stratum radiatum astrocytes from wild type acute hippocampal slices showed that the
majority of S100B-positive astrocytes exhibited a basal EtBr labeling in control
conditions (Fig. 8A). Such labeling is currently thought to be partly (~ 30 %) mediated
by active uptake through Cx43 HCs (Chever et al., 2014). We found that bursting
activity increased activation of Cx HCs by ~ 40 % (+ 42.4 + 14. 6%, n = 4, Fig. 8B,C),
as suggested by inhibition of the EtBr uptake increase by HCs blockade with

carbenoxolone (CBX, 200 uM, 15 min) (n = 4, Fig. 8B,C). Remarkably, knocking out
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Cx30 in mice fully inhibited the activity-dependent increase in HCs activity (n = 4, Fig.
8B,C), suggesting that bursting activated Cx30 HCs in astrocytes.

Cx30 also exhibits non channel functions regulating the morphology of astrocytes by
controlling the ramification of their distal processes (Pannasch et al., 2014). We
therefore examined whether bursting activity also altered ramification of astrocytes. As
previously described (Pannasch et al., 2014), we observed an enhancement in the
ramification of astroglial distal processes from Cx30”" mice in control conditions (+/+:
13.1+ 1.1 vs -/-: 19.3 + 2 for processes located 22 um from the soma, p < 0.01; +/+: 8.9
+ 0.8 vs -/-: 15.6 + 1.7 for processes located at 27 pum from the soma, p < 0.001). We
found that activity enhanced ramification of distal astroglial processes, as a Sholl
analysis revealed a selective increase in the number of processes located at large
distances from the soma (+ 23.2 + 5.8 % and + 41.9 + 7.9 %, n = 21, for processes
located at 22 and 27 um from the soma respectively, Fig. 9A,B). Cx30 was involved in
this effect, as its deletion inhibited the activity-dependent ramification of astroglial
processes (n = 17, Fig. 9A,B). To determine whether the activity-dependent control of
astroglial ramification mediated by Cx30 relied on its GJ-mediated biochemical
coupling, we investigated astrocyte ramification in Cx30 T5M mice, in which the
replacement of a threonine by a methionine at position 5 of Cx30 leads to defective
channel pores inhibiting intercellular biochemical coupling with no alteration in
membrane targeting (Grifa et al., 1999; Schutz et al., 2010). We found that, despite the
loss of Cx30 channel-mediated biochemical coupling, Cx30T5M mice still displayed
the activity-dependent ramification of astrocyte distal processes (n = 16, Fig. 9B).
Altogether, these data indicate that neuronal activity promotes Cx30 functions

independent of GJ-biochemical coupling.
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Discussion

Our study reveals that Cx30 expression, distribution and functional properties are
activity-dependent. Indeed we found that neuronal activity tightly controls Cx30 protein
levels via calcium signaling and inhibition of lysosomal degradation. Moreover,
network bursting orchestrates Cx30 localization by promoting expression at astroglial
membranes and perisynaptic processes. This resulted in specific regulation of Cx30
functions, as bursting activity induced activation of Cx30 HCs, and promoted structural
remodeling of astroglial processes independently of Cx30 GJ-mediated biochemical

coupling.

Activity-dependent regulation of Cx30 protein levels

We show here that spontaneous spiking activity, as well as network bursting, upregulate
Cx30 protein levels. This novel activity-dependent regulation of Cx30 is mediated by a
post-translational mechanism, which differs from the transcriptional controls of Cx30
previously reported (Rampon et al., 2000; Princen et al., 2001; Condorelli et al., 2002;
Bernard et al., 2011; Ernst et al., 2011; Liu et al., 2013). Several mechanisms thus
control Cx30 abundance at the mRNA and protein levels, suggesting that tight and
dynamic regulations of Cx30 plays important roles in normal and pathological
conditions. Interestingly, we found that the increase in Cx30 expression is mediated by
a mGIuR signaling pathway. This suggests that Cx30 expression may be specifically
regulated by excitatory transmission through activation of astroglial mGluRs coupled to
intracellular calcium signaling and downstream pathways. This hypothesis is consistent
with our finding that Cx30 control of neurotransmission also appears to be selective of

excitatory synapses (Pannasch et al., 2014). Astroglial Cx30 indeed alters excitatory
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synaptic transmission in hippocampal CA1 pyramidal cells by controlling the insertion
of astroglial processes into synaptic clefts, but has no effect on inhibitory synaptic
transmission (Pannasch et al., 2014). Taken together, our findings suggest mutual
regulations between glutamatergic activity and astroglial Cx30. Noteworthy, Cx30
transcription has also been reported to be calcium-dependent in the inner ear, through a
P2Y mediated- IP3 pathway (Ortolano et al., 2008). However in our study P2YRs were
not involved in the activity-dependent regulation of Cx30 levels.

We also show here that neuronal bursting regulates Cx30 protein levels by inhibiting its
degradation via lysosomal pathways, and not by promoting its synthesis. This is in line
with the long lifespan (>12h) of Cx30 (Kelly et al., 2015) and previous data showing
that Cxs are indeed degraded by lysosomal pathways (Falk et al., 2014). Since Cxs have
also been reported to be degraded by the proteasomal and autophagosomal pathways,
our data suggest that neuronal activity specifically alters the lysosomal degradation
pathway. This likely occurs through the activity-dependent astroglial calcium signaling
mediated by IP3 receptors, as lysosomal function critically depends on lysosome uptake
of calcium released by IP3 receptors from ER (Lopez Sanjurjo et al., 2014; Garrity et

al., 2016).

Activity-dependent recruitment of astroglial Cx30

Bursting activity redistributed Cx30 to specific astroglial compartments. Cx30 indeed
accumulated at plasma membranes, suggesting its functional activation. Cx30 levels
were also enriched in perisynaptic processes, the relevant nanodomains for functional
neuroglial interactions. Since one important function of Cx30 is to regulate astroglial

synapse coverage (Pannasch et al., 2014), enhanced levels of Cx30 in PAPs may serve
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to locally decrease astroglial contacts with synapses. Such reduced coverage should
promote excitatory synaptic efficacy, as Cx30 ensures efficient transmission by
preventing astrocytic processes from entering synaptic clefts and clearing glutamate
(Pannasch et al., 2014). This hypothesis is supported by recent studies showing that
hippocampal LTP decreases astrocytic coverage of dendrites (Perez-Alvarez et al.,
2014), and that consolidation of contextual memory decreases astroglial synapse
coverage in the amygdala (Ostroff et al., 2014). Overall, these findings suggest
reciprocal regulations between glutamatergic activity and astroglial Cx30, since
enhanced excitatory activity may promote Cx30 protein levels, which would in turn
enhance excitatory activity. Interestingly, this positive feedback loop may sustain the
development of aberrant bursting leading to epileptiform activity, and chronic seizures.
This hypothesis is consistent with the upregulation of Cx30 expression in kainate or

kindling models of epilepsy (Condorelli et al., 2002; Akbarpour et al., 2012).

Neuronal activity differentially regulates Cx30 functions

We show here that neuronal activity promoted several Cx30 functions independent of
GJ-biochemical coupling, namely Cx30-mediated HC activity and remodeling of
astroglial morphology. However neuronal activity did not alter Cx30-mediated GJ
metabolic coupling, since Cx30 based GJ channels did not contribute to the activity-
dependent increase in glucose trafficking into astroglial networks. This suggests that it
is the regulation of Cx43, but not Cx30, that is involved in the activity-dependent
plasticity of astroglial metabolic networks.

Our data show for the first time that Cx30 HCs are functional in astrocytes and open as

a result of bursting activity. This is consistent with findings reporting on the activity of
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Cx30 HCs in various cell types (Majumder et al., 2010; Svenningsen et al., 2013), and
the opening of Cx HCs by calcium signaling (Decrock et al., 2011). The differential
regulation of Cx30 GJ and HC functions by neuronal activity is also consistent with
several studies reporting activation of Cx HCs with no alteration or opposite regulation
of GJ function (Retamal et al., 2007; Abudara et al., 2015). This further suggests that
the activity-dependent regulatory pathway differentially affects Cx30 channel functions.
Cx hexamers can form functional HCs, as well as GJ channels by docking of HCs from
adjacent cells. Neuronal activity is thus likely to control the fate of the Cx hexamer pool
towards functional HCs rather than GJ channels through post-translational regulations
that may alter their assembly, trafficking or activity.

Recent data show that Cx43 HCs can be active in both physiological (Stehberg et al.,
2012; Chever et al., 2014) and pathological conditions (Giaume et al., 2013). Cx30 HCs
are likely activated by sustained neuronal activity as we show here that they are opened
in response to network bursting, while previously we showed that Cx30 HCs are not
active in basal conditions (Chever et al., 2014; Pannasch et al., 2014). Moreover, Cx30
HCs may mediate specific signaling as the permeability of Cx30 and Cx43 HCs to
several physiologically relevant molecules such as glutamate or glucose, differ (Hansen
et al., 2014). Since Cx HCs can release or uptake various neuroactive substances, their
opening should efficiently modulate the activity of adjacent synapses. This would
particularly hold true at perisynaptic processes, as suggested by the activity-dependent
recruitment of Cx30 in PAPs.

Cx30 interacts with elements of the cytoskeleton (Qu et al., 2009) and its non-channel
function has been shown to regulate cell morphology, adhesion and migration

(Pannasch et al., 2014). We demonstrate here that bursting activity also induced a Cx30-
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mediated remodeling of astroglial morphology independently of GJ biochemical
intercellular coupling. We found that Cx30 controlled the increased ramification of
astrocytes induced by bursting epileptiform activity. This may translate into loss of
astroglial domain organization, as reported in several mice models of epilepsy
(Oberheim et al., 2008). Such structural alteration most probably perturbs proper
synaptic processing within astroglial territories.

Altogether these data reveal that astroglial Cx30 is endogenously regulated by neuronal
activity, especially in perisynaptic nanodomains regulating the moment to moment
synaptic transmission. Such regulations may thus actively shape synaptic network

activity underlying physiological brain rhythms or aberrant bursting during epilepsy.
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Figure legends

Figure 1. Activity-dependent regulation of Cx30 protein levels. A. Spontaneous
activity of hippocampal CA1 pyramidal cells recorded in current clamp in control, TTX
(0.5 pM, 1-3h), and OMg?*-picrotoxin (0 Mg-P, 100 pM, 1-3h) conditions. Scale bar: 20
mV, 6.7 s. B. Immunoblot detection of Cx30 in hippocampal acute slices in regular
ACSF (Control), or ACSF containing TTX (0.5 pM, 1h) or OMg?®*-picrotoxin (OMg-P,
100 uM, 3h). GAPDH was used as a loading control. C. Quantitative analysis of Cx30
protein levels showing that Cx30 expression was reduced in TTX (n = 3) and increased

in OMg-P (n = 3). Relative expression levels of Cx30 normalized to GAPDH levels;
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control ratio is set to 1 (n = 3). D. Immunofluorescent staining for Cx30 in the
hippocampal CAl region from acute slices in regular ACSF (Control), or ACSF
containing TTX (0.5 uM, 1h) or OMg®*-Picrotoxin (OMg-P, 100 uM, 3h). Scale bar: 25
pum. E. Quantification of Cx30 staining intensity; control intensity level is set to 1. Cx30
immunostaining intensity was decreased in TTX (n = 9) and increased in OMg-P (n = 9)
compared to control ACSF (n = 9; ANOVA and Dunnett’s post hoc test). Asterisks

indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).

Figure 2. Activity-dependent regulation of Cx30 expression relies on mGluRs and
calcium signaling. A. Immunoblot detection of Cx30 levels in hippocampal acute slices
from wild type (+/+) or IP3R2"" mice, treated with either BAPTA (25 uM, 1h), TTX
(0.5 pM, 1h) or OMg**-picrotoxin (0 Mg-P, 100 uM, 3h). GAPDH was used as a
loading control. B. Quantitative analysis of Cx30 expression. Relative expression levels
of Cx30 normalized to GAPDH levels showing that Cx30 expression is reduced in the
absence of intracellular free calcium (BAPTA, n = 3), and its activity-dependent
regulations by TTX (n = 3) and OMg-P (n = 3) are inhibited in hippocampal acute slices
from IP3R2” mice; control ratio is set to 1. C. Immunoblot detection of Cx30
expression in hippocampal acute slices incubated in OMg?*-picrotoxin for 3h with or
without antagonists of mGIuRs (LY341495, 20 uM), P2Y1Rs (MRS2179, 10 uM) or
GABAgRs (CGP55845, 2 uM). D. Quantitative analysis of Cx30 expression. Relative
expression levels of Cx30 normalized to GAPDH levels showing that Cx30 expression
was decreased to control level by inhibition of mGluRs (LY, n =3), but was unaltered
by blockade of P2Y1Rs (MRS, n = 3) or GABAgRs (CGP, n = 3; ANOVA and

Dunnett’s post hoc test); control ratio is set to 1. Asterisks indicate statistical
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significance (*p < 0.05, **p < 0.01).

Figure 3. Neuronal activity controls Cx30 protein levels through lysosomal
degradation. A. Immunoblot detection of Cx30 expression in hippocampal acute slices
incubated in TTX (0.5 uM, 1h) with or without inhibitors of the lysosomal (GPN, 200
MM) or proteasomal (MG132, 10 uM) degradation pathways. GAPDH was used as a
loading control. B. Quantitative analysis of Cx30 expression showing that Cx30 levels
were restored to control level by lysosomal inhibition (GPN, n = 3), but not by
proteasomal inhibition (MG132, n = 3), thereby blocking the effects of action potential
inhibition by TTX. Relative expression levels of Cx30 normalized to GAPDH levels;
control ratio is set to 1. C. Immunofluorescent staining of Cx30 (green) associated with
Lysotracker labeling (red) in hippocampal CA1 region from acute slices incubated in
ACSF or TTX (0.5 uM) for 1h. Merge images show a net enrichment of Cx30 staining
within lysosomes (yellow puncta) in TTX condition. Zooms are shown in white boxes
for selected regions-of-interest highlighting Lysotracker-stained lysosomes contacting
Cx30 aggregates. Scale bar: 25 pum. D. Quantitative analysis of Cx30 intensity within
lysosomes. Relative intensity levels of Cx30 staining within Lysotracker particles
normalized to Lysotracker staining intensity in Control (n = 9) and TTX (n = 9)
conditions. E. Immunoblot detection of Cx30 expression in hippocampal acute slices
incubated in OMg?*-picrotoxin (OMg-P, 100 pM, 3h) with or without cycloheximide, a
protein synthesis inhibitor (Cyclo, 400 uM). GAPDH was used as a loading control. F.
Quantitative analysis of Cx30 expression. Relative expression levels of Cx30
normalized to GAPDH levels showing that the activity-dependent up-regulation of

Cx30 expression (0 Mg-P, n = 3) was not blocked by inhibition of protein synthesis
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(Cyclo, n = 3); control ratio is set to 1. G. Immunoblot detection of Cx30 expression in
hippocampal acute slices incubated with a lysosomal inhibitor (GPN, 200 uM, 3h) with
or without OMg?*-picrotoxin (100 pM). GAPDH was used as a loading control. H.
Quantitative analysis of Cx30 expression. Relative expression levels of Cx30
normalized to GAPDH levels, showing that blocking lysosomal degradation in control
conditions (GPN, n = 3) increased by itself Cx30 expression, and to a similar extent as 0
Mg-P. In addition, bursting activity did not further increase Cx30 levels (GPN + 0 Mg-
P, n = 3); control ratio is set to 1 (n = 3). Asterisks indicate statistical significance (*p <

0.05, **p < 0.01).

Figure 4. Cx30 subcellular localization is regulated by neuronal activity. A.
Activity-dependent Cx30 plasma membrane trafficking measured by hippocampal acute
slices biotinylation. Immunoblot detection of total and surface Cx30 proteins in slices
incubated in ACSF or 0Mg**-picrotoxin (OMg-P, 100 uM, 3h). Tubulin was used as a
loading control. B. Quantitative analysis of normalized surface Cx30 protein levels (n =
3). C. Immunofluorescent staining for Cx30 (red) within eGFP-expressing hippocampal
CAL astrocytes (green) from acute slices incubated in ACSF or 0Mg?*-picrotoxin (100
pM, 3h). Cx30 intensity profile was determined at any given radial position as the sum
of the pixel values around a circle centered at the cell soma, as shown in yellow. D.
Quantification of Cx30 radial intensity profile (n = 9 cells). Cx30 intensity was
increased in distal astrocytes processes (~ 20-40 um from the center of the cell soma) in
0Mg?*-picrotoxin condition. Scale bar: 25 pm. Asterisks indicate statistical significance

(*p < 0.05, **p < 0.01).
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Figure 5. Cx30 is localized in distal perisynaptic astrocyte processes. A. Western
blotting detection of pre- (Synapsin | (Syn I) and post- (PSD95) synaptic proteins
showed an enrichment of plasma membrane synaptic proteins in crude synaptosomal
membrane fraction (S) compared to total hippocampal fraction (T), while actin did not
change. Astroglial GLT1 glutamate transporters are also enriched in synaptosomal
fractions, while GFAP protein levels are very low. Astroglial Cx30 is strongly
expressed within crude synaptosomal membrane fraction (n = 6). B. Confocal/STED
images of GFAP-eGFP (green) mouse brain slices immunostained for Cx30 (red). The
single-plane merged image reveals the localization of Cx30 STED-resolved puncta
(ATTO 647, 1:250) within distal GFP-labeled astrocyte processes. Scale bar: 10 uM. C.
SIM images of GFAP-eGFP (white) mouse brain slices immunostained for VGLUT1
(red) and Cx30 (green). The single-plane merge image indicates occasional
colocalization of Cx30 with the presynaptic protein VGLUT1. Scale bar: 10 puM. D.
SIM imaging of GFAP-eGFP (white) mouse brain slices immunostained for PSD95
(red) and Cx30 (green). The single-plane merge image reveals occasional colocalization
of Cx30 with the postsynaptic protein PSD95. Scale bar: 10 uM. White squares in (B-

D) indicate the small regions of interest that are magnified: Scale bar: 5 pM.

Figure 6. Neuronal activity drives Cx30 to perisynaptic astroglial processes. A.
Activity-dependent relocalisation of astroglial Cx30 proteins assessed by western
blotting of crude synaptosomal membrane fractions. Cx30 protein level in crude
synaptosomal fraction was increased in OMg?*-picrotoxin (OMg-P, 100 pM, 3h, n = 3).
Quantitative analysis of Cx30 expression in crude synaptosomal membrane fraction. B.

Images showing colocalization analysis of Cx30 and PSD95 puncta using SIM. Scale
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bar: 2 uM. The white square indicates the magnified small region of interest. Scale bar:
1 uM. C. Neuronal activity does not alter the distance of Cx30 puncta within PAPSs to
synapses. Quantitative analysis of the mean distance of Cx30 puncta to pre- (VGLUT]Z,
Control: n = 1107, 0Mg-P: n = 862) and postsynaptic (PSD95, Control: n = 1089, 0Mg-

P: n =599) markers. Asterisks indicate statistical significance (**p < 0.01).

Figure 7. Cx30 gap junction channels do not contribute to the activity-dependent
increase in glucose trafficking within astroglial networks. A. Sample images of
functional coupling between CAL astrocytes visualized by diffusion of 2-NBDG (green)
via patch clamp whole-cell recording for 20 min, together with dextran
tetramethylrhodamine (red) to identify the recorded astrocyte. The upregulation of 2-
NBDG inter-astrocytic trafficking induced by OMg?®*-picrotoxin (100 pM, 3h) is
independent of Cx30 GJ channels as it is unchanged in Cx30"" mice . Scale bar: 100 um
B. Graph summarizing the extent of 2-NBDG astrocytic coupling during spontaneous
and neuronal bursting conditions (+/+: Ct: n = 21, OMg-P: n = 15; -/-: Ct: n = 11, OMg-

P: n =6). Asterisks indicate statistical significance (*p < 0.05).

Figure 8. Bursting induces activation of astroglial Cx30 HCs. A. Representative
basal EtBr (red) in CAl stratum radiatum astrocytes labeled with S1003 (green) in
hippocampal slices. Scale bar: 25 um. B. EtBr uptake through Cx HCs is significantly
increased in OMg®*-picrotoxin (OMg-P, 100 uM, 3h) compared to control conditions, as
this effect is abolished by carbenoxolone (CBX, 200 uM,). Cx30 is mediating the
activity-dependent increase in astroglial EtBr uptake, as such increase is inhibited in

Cx30™ mice (n = 4). C. Quantitative analysis of astroglial EtBr uptake normalized to
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type and Cx30™ mice. Asterisks indicate statistical significance (*p < 0.05).

Figure 9. Cx30 controls the activity-dependent remodeling of distal astroglial
processes via non channel function. A. Schematic representation of Sholl analysis for
intersection quantification in a GFAP -labeled astrocyte from the hippocampal CAl
area. Scale bar: 10 pm. B. Quantification of the branching pattern of CA1 hippocampal
astrocytes normalized to control condition in acute slices treated by OMg**-picrotoxin
(OMg-P, 100 uM, 3h) from wild-type (n = 21), Cx30T5M (n = 14) and Cx30" (n=17)
mice. Neuronal bursting increased GFAP branching within almost all concentric radii
between 18-28 um in wild-type astrocytes, while this activity-dependent remodeling of
astroglial distal processes was inhibited Cx30”" mice, but not in Cx30T5M mice lacking

Cx30 channel functions. Asterisks indicate statistical significance (***p < 0.001).
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