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Abstract

Diverse studies have suggested that cytoplasmic inclusions of misfolded α-synuclein in

neuronal and glial cells are main pathological features of different α-synucleinopathies,

including Parkinson's disease and dementia with Lewy bodies. Up to now, most studies

have focused on the effects of α-synuclein on neurons, whereas the possible alter-

ations of astrocyte functions and neuron–glia crosstalk have received minor attention.

Recent evidence indicates that cellular signaling mediated by hemichannels and pan-

nexons is critical for astroglial function and dysfunction. These channels constitute a

diffusional route of communication between the cytosol and the extracellular space

and during pathological scenarios they may lead to homeostatic disturbances linked to

the pathogenesis and progression of different diseases. Here, we found that α-synuclein

enhances the opening of connexin 43 (Cx43) hemichannels and pannexin-1 (Panx1)

channels in mouse cortical astrocytes. This response was linked to the activation of cyto-

kines, the p38 MAP kinase, the inducible nitric oxide synthase, cyclooxygenase 2, intra-

cellular free Ca2+ concentration ([Ca2+]i), and purinergic and glutamatergic signaling.

Relevantly, the α-synuclein-induced opening of hemichannels and pannexons resulted

in alterations in [Ca2+]i dynamics, nitric oxide (NO) production, gliotransmitter release,

mitochondrial morphology, and astrocyte survival. We propose that α-synuclein-

mediated opening of astroglial Cx43 hemichannels and Panx1 channels might constitute

a novel mechanism involved in the pathogenesis and progression of α-synucleinopathies.
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1 | INTRODUCTION

α-Synuclein is a 14 kDa acidic soluble unfolded protein that participates

in synaptic vesicle turnover and neurotransmitter release (Bendor,

Logan, & Edwards, 2013). A profound revolution began when two

pioneering findings clearly linked α-synuclein to Parkinson's disease

(PD): (a) the discovery that a missense mutation of the gene

encoding α-synuclein is pathogenic for a rare familial form of PD

(Polymeropoulos et al., 1997) and (b) the revelation that α-synuclein is

the principal component of Lewy bodies (LBs) and Lewy neurites in

sporadic PD (Spillantini et al., 1997). Nowadays, the cytoplasmic inclu-

sions of misfolded α-synuclein are considered the main pathological
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features of different α-synucleinopathies, including PD, dementia with

LBs, multiple system atrophy, Alzheimer's disease, and neurodegeneration

with brain iron accumulation Type 1 (Vekrellis, Xilouri, Emmanouilidou,

Rideout, & Stefanis, 2011).

Despite the continuous ongoing research in the field, the cellular

and molecular mechanisms underlying the pathological action of

α-synuclein remain to be fully elucidated. Up to now, most studies

have focused on the effects of α-synuclein in neurons, whereas the

possible alterations of glial cells and neuron–glia crosstalk have

received minor attention. Astrocytes are the most numerous glial cell

type in the CNS and embedded in the synaptic cleft, they sense neuronal

activity and respond to it by releasing bioactive molecules termed

“gliotransmitters” (e.g., glutamate, ATP, and D-serine; Perea, Navarrete, &

Araque, 2009). In addition to their synaptic role, astrocytes are key

players in supplying energy to neurons (lactate), maintaining the homeo-

static balance of extracellular pH, neurotransmitters, and ions, as well as

controlling the redox response and Ca2+ signaling (Volterra, Liaudet, &

Savtchouk, 2014). Nevertheless, many brain disorders cause astrocyte

changes collectively referred to as “reactive astrogliosis” (Pekny & Pekna,

2014). This phenomenon constitutes a graded and multistage astroglial

cell reaction that counteracts acute damage, restoring homeostasis, and

limiting brain parenchyma injury (Pekny & Pekna, 2014). Although this

response is usually neuroprotective, when it turns persistent, impairs

gliotransmission, Ca2+ signaling, and mitochondrial function, as well as

elevates NO production, and recruitment of the innate immune response

(Pekny & Pekna, 2014).

Overexpression or in vitro or in vivo administration of α-synuclein

induces reactive astrogliosis accompanied of enhanced GFAP expres-

sion, mitochondrial dysfunction, and cell death (Fellner et al., 2013;

Klegeris et al., 2006; Koob, Paulino, & Masliah, 2010). Nonetheless,

the mechanisms that account for these changes and whether other

astrocytic functions (e.g., gliotransmitter release and Ca2+ dynamics)

are altered remain unknown. Recent findings suggest that cellular sig-

naling mediated by hemichannels and pannexons might contribute to

the dysfunction of astrocytes (Orellana, Retamal, Moraga-Amaro, &

Stehberg, 2016). Hemichannels are plasma membrane channels con-

stituted of six connexin monomers that oligomerize around a central

pore that allow the passage of ions and small molecules, serving as a

diffusional route of communication between the cytosol and the extra-

cellular space (Montero & Orellana, 2015). At the other end, pannexins

channels or pannexons result from the oligomerization of pannexins, a

three-member family of proteins that have equivalent secondary and

tertiary structures than connexins with the ability to form plasma

membrane channels (Iglesias, Dahl, Qiu, Spray, & Scemes, 2009).

Although the opening of hemichannels has been proposed as a

mechanism of gliotransmission linked to synaptic transmission,

plasticity, and memory (Chever, Lee, & Rouach, 2014; Meunier

et al., 2017; Stehberg et al., 2012), other studies have raised doubts

about the hypothetical role of hemichannels under physiological

conditions (Nielsen, Hansen, Ransom, Nielsen, & Macaulay, 2017).

Despite the data status about this matter is still inconclusive in the

connexin field, what seems most clear is the participation of

hemichannels and pannexons in the homeostatic disturbances

linked to the pathogenesis and progression of different diseases

(Leybaert et al., 2017; Orellana et al., 2016; Salameh, Blanke, &

Dhein, 2013).

Here, we show that α-synuclein enhances the opening of connexin

43 (Cx43) hemichannels and pannexin-1 (Panx1) channels in mouse

cortical astrocytes. This response was linked to the activation of cyto-

kines, the p38 MAP kinase, the inducible nitric oxide synthase (iNOS),

cyclooxygenase 2 (COX2), intracellular free Ca2+ concentration ([Ca2

+]i), and purinergic and glutamatergic signaling. Astrocytes treated for

24 hr with α-synuclein exhibited an increased ethidium (Etd) uptake

and release of glutamate and ATP when compared to control condi-

tions. Relevantly, the α-synuclein-induced opening of hemichannels

and pannexons resulted in alterations in [Ca2+]i dynamics, nitric oxide

(NO) production, gliotransmitter release, mitochondrial morphology,

and astrocyte survival.

2 | MATERIALS AND METHODS

2.1 | Reagents and antibodies

Gap19 (KQIEIKKFK, intracellular loop domain of Cx43), Tat-L2

(YGRKKRRQRRRDGANVDMHLKQIEIKKFKYGIEEHGK, second intra-

cellular loop domain of Cx43), and 10panx1 (WRQAAFVDSY, first

extracellular loop domain of Panx1) peptides were obtained from

Genscript (Piscataway, NJ). HEPES, water (W3500), DMEM, DNAse I,

poly-L-lysine, L-N6, SB203580, anti-Cx43 polyclonal antibody, anti-

GFAP monoclonal antibody, Lucifer yellow (LY), Etd bromide, wild-type

α-synuclein, and probenecid (Prob) were purchased from Sigma-Aldrich

(St. Louis, MO). Fetal bovine serum (FBS) was obtained from Hyclone

(Logan, UT). Penicillin, streptomycin, polyclonal anti-Panx1 antibody

(PI488000), FURA-2AM, BAPTA-AM, Mito Green 488, DAF-FM,

hoechst 33342, Etd homodimer-1 (EthD-1), wheat germ agglutinin

(WGA) Alexa Fluor™ 555 Conjugate, goat anti-mouse Alexa Fluor

488/555, and goat anti-rabbit Alexa Fluor 488/555 were obtained from

Thermo Fisher Scientific (Waltham, MA). Anti-Panx1 monoclonal anti-

body was purchased from Abcam (Cambridge, UK). Normal goat serum

(NGS) was purchased from Zymed (San Francisco, CA). Anti-Cx43

monoclonal antibody (610061) was obtained from BD Biosciences

(Franklin Lakes, NJ). Anti-phospho-Cx43 (Ser368) polyclonal antibody

(AB_2110169) was obtained from Cell Signaling Technologies

(Danvers, MA). IL-1β and TNF-α were obtained from Roche Diagnostics

(Indianapolis, MI). A soluble form of the TNF-α receptor (sTNF-αR1) and

a recombinant receptor antagonist for IL-1β (IL-1ra) were from R&D

Systems (Minneapolis, MN). Horseradish peroxidase (HRP)-conjugated

anti-rabbit IgGwas purchased fromPierce (Rockford, IL).

2.2 | Animals

Animal experimentation was conducted in accordance with the guideline

for care and use of experimental animals of the US National Institutes of

Health (NIH, Bethesda, MD), the ad hoc committee of the Chilean gov-

ernment (CONICYT), the Bioethics Committee of the Pontificia

Universidad Católica de Chile (PUC), and the European Community
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Council Directives of November 24th, 1986. C57BL/6 (PUC) mice of

8–9 weeks of age were housed in cages in a temperature-controlled (24
�C) and humidity-controlled vivarium under a 12 hr light/dark cycle

(lights on 8:00 a.m.), with ad libitum access to food and water.

2.3 | Cell cultures

Astroglial cell primary cultures were prepared from cortex of postnatal

Day 2 (P2) mice as previously described (Avendano, Montero, Chavez,

Von Bernhardi, & Orellana, 2015). Briefly, brains were removed, and

cortices were dissected. Meninges were carefully peeled off and tissue

was mechanically dissociated in Ca2+ and Mg2+ free Hank's balanced

salt solution (CM-HBSS) with 0.25% trypsin and 1% DNase. Cells were

seeded onto 60-mm plastic dishes (Falcon) or onto glass coverslips

(Gassalem, Limeil-Brevannes, France) placed inside 16-mm 24-well plas-

tic plates (Falcon) at the density of 2 × 106 cells/dish or 1 × 105

cells/well, respectively, in DMEM, supplemented with penicillin

(5 U/mL), streptomycin (5 μg/mL), and 10% FBS. Cells were grown at

37 �C in a 5% CO2/95% air atmosphere at nearly 100% relative humid-

ity. After 8–10 days in vitro (DIV), 1 μM cytosine–arabinoside was

added for 3 days to eliminate proliferating microglia. Medium was chan-

ged twice a week and cultures were used after 3 weeks. At that stage,

these cultures contained >97% GFAP+ cells. No neurons were detected

as judged by MAP2 and NeuN staining.

2.4 | Treatments

Astrocytes were treated for 0, 1, 24, or 48 hr with 0.1, 1, 10, or 100 nM

of α-synuclein solubilized in PBS and incubated or “aged” at 37 �C with

agitation for 0, 7, or 21 days, as previously described to generate mono-

mers, oligomers, or fibrils, respectively (Diogenes et al., 2012; Fellner

et al., 2013; Zhang et al., 2005). The protein preparations were rapidly

stored at −80 �C. To obtain conditioned media (CM) from astrocytes,

cells were seeded (2 × 106 cells in 35 mm dishes) in DMEM containing

10% FBS and treated with 10 nM α-synuclein for 24 hr. Supernatants

were collected, filtered (0.22 μm), and stored at −20 �C before used for

experiments. The following pharmacological agents were preincubated

1 hr prior and coincubated with 10 nM α-synuclein before experiments:

Mimetic peptides against Cx43 hemichannels (Tat-L2 and gap19,

100 μM) and pannexin1 (Panx1) channels (10panx1, 100 μM), Prob

(pannexin channel blocker, 500 μM), sTNF-αR1 (soluble form of the

receptor that binds TNF-α), IL-1ra (IL-1β receptor endogenous blocker),

SB203580 (p38 MAP kinase inhibitor, 1 μM), L-N6 (iNOS inhibitor,

1 μM), sc-560 (inhibitor of COX1, 20 nM), ns-398 (COX2 inhibitor,

5 μM), sc-19,220 (EP1 prostanoid receptor antagonist, 20 μM), BAPTA-

AM (intracellular Ca2+ chelator, 10 μM), oATP (general P2X receptor

blocker, 200 μM), MRS2179 (P2Y1 receptor blocker, 1 μM), A740003

(P2X7 receptor blocker, 200 nM), LY341495 (selective antagonist of

group II metabotropic glutamate receptors [mGluR2/3], 100 nM), D-AP5

(selective NMDA receptor antagonist, 1 μM), CPP (selective NMDA

receptor antagonist, 1 μM), MTEP (selective mGluR5 antagonist,

50 nM), SIB-1757 (selective mGluR5 antagonist, 5 μM), and TGN-020

(selective aquaporin4 [AQP4] antagonist, 15 μM).

2.5 | siRNA transfection

siRNA duplexes against mouse Cx43 or Panx1 were predesigned and

obtained from Origene (Rockville, MD). siRNA (10 nM) was transfected

with Oligofectamine (Invitrogen) according to the Origene application

guide for Trilencer-27 siRNA. Negligible cell death was detected after

transfection (data not shown). Sequences for siRNAs against mouse

Cx43 and Panx1 were: siRNA-Cx43: rGrCrArGrUrGrCrArCrArUrGrUr

ArArCrUrArArUrUrUrATT and siRNA-Panx1: rArGrArArCrArUrArArGrUr

GrArGrCrUrCrArArArUrCrGTA, respectively. Transfection experiments

were performed 48 hr before the treatment with 10 nM α-synuclein

for 24 hr.

2.6 | Dye uptake and time-lapse fluorescence
imaging

For time-lapse fluorescence imaging, astrocytes plated on glass cover-

slips were washed twice in Hank's balanced salt solution. Then, cells

were incubated at room temperature with Locke's solution with 5 μM

Etd and mounted on the stage of an Olympus BX 51W1I upright micro-

scope with a 40× water immersion objective for time-lapse imaging.

Images were captured by a Retiga 1300I fast-cooled monochromatic

digital camera (12-bit; Qimaging, Burnaby, BC, Canada) controlled by

imaging software Metafluor software (Universal Imaging, Downingtown,

PA) every 30 s (exposure time = 0.5 s; excitation and emission wave-

lengths were 528 and 598 nm, respectively). The fluorescence intensity

recorded from 25 regions of interest (representing 25 cells per cultured

coverslip) was calculated with the following formula: Corrected total cell

Etd fluorescence = Integrated Density – ([Area of selected cell] × [Mean

fluorescence of background readings]). The mean slope of the relation-

ship over a given time interval (ΔF/ΔT) represents the Etd uptake rate.

To assess for changes in slope, regression lines were fitted to points

before and after the various experimental conditions using Excel pro-

gram, and mean values of slopes were compared using GraphPad Prism

software and expressed as AU/min. At least three replicates (four sister

cultured coverslips) were measured in each independent experiment. In

some experiments, cultured astrocytes were preincubated with syn-

thetic mimetic peptides Tat-L2 (100 μM), gap19 (100 μM), and 10panx1

(100 μM) for 15 min before and during the time-lapse experiments of

Etd uptake.

2.7 | Western blot analysis

Astrocytes were rinsed twice with PBS (pH 7.4) and harvested by

scraping with a rubber policeman in ice-cold PBS containing 5 mM

EDTA, Halt (78440), and M-PER protein extraction cocktail (78501)

according to the manufacturer instructions (Pierce, Rockford, IL). The

cell suspension was sonicated on ice. Proteins were measured using

the Bio-Rad protein assay. Aliquots of cell lysates (100 μg of protein)

were resuspended in Laemli's sample buffer, separated in an 8%

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) and electrotransferred to nitrocellulose sheets. Nonspecific

protein binding was blocked by incubation of nitrocellulose sheets in
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PBS-BLOTTO (5% nonfat milk in PBS) for 30 min. Blots were then

incubated with primary antibody at 4 �C overnight, followed by four

15 min washes with PBS. Then, blots were incubated with HRP-

conjugated goat anti-rabbit antibody at room temperature for 1 hr

and then rinsed four times with PBS for 15 min. Immunoreactivity

was detected by enhanced chemiluminescence (ECL) detection using

the SuperSignal kit (Pierce, Rockford, IL) according to the manufac-

turer's instructions.

2.8 | Scrape loading/dye diffusion technique

Gap junction permeability was evaluated at room temperature using

the scrape-loading/dye transfer (SL/DT) technique. Briefly, astroglial

cultures were washed for 10 min in HEPES-buffered salt solution

containing the following (in mM): 140 NaCl, 5.5 KCl, 1.8 CaCl2,

1 MgCl2, 5 glucose, 10 HEPES, pH 7.4 followed by washing in a

Ca2+-free HEPES solution for 1 min. Then, a razor blade cut was

made in the monolayer in a HEPES-buffered salt solution with normal

Ca2+ concentration containing the fluorescent dye LY. After 1 min, LY

(100 μM) was washed out several times with HEPES-buffered salt solu-

tion. At 8 min after scraping, fluorescent images were captured using

an Olympus BX 51W1I upright microscope with a 40× water immer-

sion objective. Changes were monitored using an imaging system

equipped with a Retga 1300I fast-cooled monochromatic digital camera

(12-bit; Qimaging, Burnaby, BC, Canada), monochromator for fluo-

rophore excitation, and Metafluor software (Universal Imaging, Down-

ingtown, PA) for image acquisition and analysis. For each trial, data

were quantified by measuring fluorescence areas in three representa-

tive fields. Quantification of changes in gap junctional communication

induced by different treatments was performed by measuring the fluo-

rescence area, expressed as arbitrary units (AU).

2.9 | Immunofluorescence and confocal microscopy

Astrocytes grown on coverslips were fixed at room temperature with

2% paraformaldehyde (PFA) for 30 min and then washed three times

with PBS. They were incubated three times for 5 min in 0.1 M PBS-

glycine, and then in 0.1% PBS-Triton X-100 containing 10% NGS for

30 min. Cells were incubated with anti-GFAP monoclonal antibody

(Sigma, 1:400), anti-Cx43 polyclonal antibody (SIGMA, 1:400) and

anti-Panx1 monoclonal antibody (ABCAM 1:400) diluted in 0.1% PBS-

Triton X-100 with 2% NGS at 4 �C overnight. After five rinses in 0.1%

PBS-Triton X-100, cells were incubated with goat anti-mouse IgG Alexa

Fluor 355 (1:1000) or goat anti-rabbit IgG Alexa Fluor 488 (1:1000) at

room temperature for 50 min. After several rinses, coverslips were

mounted in DAKO fluorescent mounting medium and examined with

an Olympus BX 51W1I upright microscope with a 40× water immersion

or a confocal system Nikon Eclipse C2 up microscope with 60×. In a set

of experiments, the plasma membrane of astrocytes was stained with

Wheat-germ agglutinin (WGA) labeled with Alexa Fluor 555 (5 μg/mL)

for 15 min at 37 �C before fixation with PFA. Nuclei were stained with

DAPI or Hoechst 33342. To assess the fluorescent intensity of Cx43 or

Panx1 in the plasma membrane area labeled with WGA, stacks of

consecutive confocal images were taken with a confocal system Nikon

Eclipse C2 up microscope and a 60X oil immersion objective (1.4 NA) at

200 nm intervals. Images were acquired sequentially with three lasers

(in nm: 408, 488, and 543), and Z projections were reconstructed using

Nikon confocal software (NIS-elements). Image analysis of Z projections

was then performed with ImageJ software. Cx43 or Panx1 signal inten-

sity in both plasma membrane and cytoplasm was calculated with

the following formula: Corrected cell stain fluorescence = Integrated

Density – ([Area of selected cell] x [Mean fluorescence of background

readings]). Images obtained by Z projections of a selection of three out

of the total number of the serial optical sections are shown in each fig-

ure: The selected sections are all central and crossing the nucleus visual-

ized by DAPI staining. The mean ± standard error of signal staining was

calculated analyzing a minimum of 50 cells for each treatment randomly

taken from three independent experiments.

2.10 | [Ca2+]i and NO imaging

Astrocytes plated on glass coverslips were loaded with 5 μM Fura-

2-AM or 5 μM DAF-FM in DMEM without serum at 37 �C for 45 min

and then washed three times in Locke's solution (154 mM NaCl,

5.4 mM KCl, 2.3 mM CaCl2, 5 mM HEPES, pH 7.4) followed by

deesterification at 37 �C for 15 min. The experimental protocol for

[Ca2+]i and nitric oxide (NO) imaging involved data acquisition every

5 s (emission at 510 and 515 nm, respectively) at 340/380 nm and

495 nm excitation wavelengths, respectively, using an Olympus BX

51W1I upright microscope with a 40× water immersion objective at

room temperature. Changes were monitored using an imaging system

equipped with a Retga 1300I fast-cooled monochromatic digital

camera (12-bit; Qimaging, Burnaby, BC, Canada), monochromator

for fluorophore excitation, and METAFLUOR software (Universal

Imaging, Downingtown, PA) for image acquisition and analysis. Anal-

ysis involved determination of pixels assigned to each cell. The aver-

age pixel value allocated to each cell was obtained with excitation at

each wavelength and corrected for background. Due to the low exci-

tation intensity, no bleaching was observed even when cells were

illuminated for a few minutes. The FURA-2AM ratio was obtained

after dividing the 340-nm by the 380-nm fluorescence image on a

pixel-by-pixel base (R = F340 nm/F380 nm).

2.11 | Quantification of mitochondrial length

The length of individual mitochondria was measured with the fluores-

cent probe MitoGreen. Briefly, cells were loaded with MitoGreen

(1 μM) at 37 �C for 30 min in Krebs-Ringer-HEPES (KRH; 136 mM

NaCl, 20 mM HEPES, 4.7 mM KCl, 1.5 mM MgSO4, 1.25 mM CaCl2,

5 mM glucose; pH = 7.4). The experimental protocol for MitoGreen

imaging involved data acquisition at 490 nm excitation and 516 nm

emission wavelengths, using an epifluorescence microscopy (Leica

LX6000, Germany) with a 63× oil objective at room temperature. For

mitochondrial length measurements, ImageJ software was used and

calibrated using the scale determined by the Leica Application Suite

software (Leica, Germany) when images were captured. Quantitative
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analysis involved the measurement of at least 20 mitochondria per cell

from a total population of 20 cells for each experiment.

2.12 | IL-1β and TNF-α determination assay

IL-1β and TNF-α were determined in the astrocyte CM. Samples were

centrifuged at 14,000g for 40 min. Supernatants were collected and

protein content assayed by the BCA method. IL-1β and TNF-α levels

were determined by sandwich ELISA, according to the manufacturer's

protocol (eBioscience, San Diego, CA). For the assay, 100 μL of samples

were added per ELISA plate well and incubated at 4 �C overnight. A

calibration curve with recombinant cytokine was included. Detection

antibody was incubated at room temperature for 1 hr and the reaction

developed with avidin–HRP and substrate solution. Absorbance was

measured at 450 nm with reference to 570 nm with the microplate

reader Synergy HT (BioTek Instruments, Winooski, VT).

2.13 | Measurement of extracellular ATP and
glutamate concentration

Extracellular ATP in CM of astrocytes was measured using a luciferin/

luciferase bioluminescence assay kit (Sigma-Aldrich), while extracellular

levels of glutamate were determined using an enzyme-linked fluorimet-

ric assay (Sigma-Aldrich). For measurements of intracellular ATP and

glutamate levels, cells were lysed with Tris-buffered solution containing

1% TritonX-100 and supernatants of whole-cell lysates were used. The

amounts of ATP in the samples were calculated from standard curves

and normalized for the protein concentration, using the Bio-Rad protein

assay.

2.14 | Astrocyte death quantification

Astrocyte membrane breakdown was evaluated by incorporation of

the cell-impermeant viability indicator Ethidium homodimer-1 (EthD-

1). Briefly, cells were incubated with Hank's balanced salt solution

with EthD-1 (5 μM) and Hoechst 33342 (1 μM) at 37 �C for 15 min

and then washed three times in PBS. Hoechst 33342 and EthD-1

imaging involved data acquisition (emission at 350 and 528 nm,

respectively) at 461 and 628 nm excitation wavelengths, respectively,

using an Olympus BX 51W1I upright microscope with a 40× water

immersion objective. The quantification of cell death was expressed

as the percentage of cells that incorporated EthD-1 (red cells) in

relation of total cell population (blue cells) in each image captured.

A total of 15 images (20–30 cells per image) for each experiment were

analyzed using the ImageJ software.

2.15 | Dye uptake in acute brainstem slices

Mice were anesthetized under isoflurane, decapitated and brainstem

was extracted, and cut into coronal slices (300 μm) using a vibratome

(Leica, VT1000GS; Leica, Wetzlar, Germany) filled with ice-cold slicing

solution containing (in mM): Sucrose (222); KCl (2.6); NaHCO3 (27);

NaHPO4 (1.5); glucose (10); MgSO4 (7); CaCl2 (0.5) and ascorbate

(0.1), and bubbled with 95% O2/5% CO2, pH 7.4. Then, the slices

were transferred at room temperature (20–22 �C) to a holding cham-

ber in ice-cold artificial cerebral spinal fluid (ACSF) containing (in mM):

NaCl (125), KCl (2.5), glucose (25), NaHCO3 (25), NaH2PO4 (1.25),

CaCl2 (2), and MgCl2 (1), bubbled with 95% O2/5% CO2, pH 7.4, for a

stabilization period of 60 min before dye uptake experiments (see

below). For dye uptake and ex vivo “snapshot” experiments, acute

brainstem slices were incubated with 5 μM Etd for 10 min in a cham-

ber filled with ACSF and bubbled with 95% O2/5% CO2, pH 7.4.

Afterward, the slices were washed three times (5 min each) with

ACSF, and fixed at room temperature with 4% PFA for 60 min, rinsed

once with 0.1 mM glycine in phosphate buffered saline (PBS) for

5 min and then twice with PBS for 10 min with gentle agitation. Then,

the slices were incubated two times for 30 min each with a blocking

solution (PBS, gelatin 0.2%, Triton-X 100 1%) at room temperature.

Afterward, the slices were incubated overnight at 4 �C with anti-

GFAP monoclonal antibody (1:500, Sigma) to detect astrocytes. Later,

the slices were washed three times (10 min each) with blocking solu-

tion and then incubated for 2 hr at room temperature with goat anti-

mouse Alexa Fluor 488 (1:1000) antibody and DAPI. Furthermore, the

slices were washed three times (10 min each) in PBS and then

mounted in Fluoromount, cover-slipped and examined in a confocal

laser-scanning microscope (TBCS SP2, Nikon, Japan). Stacks of con-

secutive confocal images were taken with ×40 objective at 100 nm

intervals were acquired sequentially with three lasers (in nm:

408, 488, and 543), and Z projections were reconstructed using Nikon

confocal software (NIS-elements) and ImageJ software. Dye uptake

was calculated with the following formula: Corrected total cell Etd

fluorescence = Integrated Density – ([Area of selected cell] × [Mean

fluorescence of background readings]). At least six cells per field were

selected from at least three fields in each brainstem slice.

2.16 | Data analysis and statistics

Detailed statistical results were included in the figure legends.

Statistical analyses were performed using GraphPad Prism (version

7, GraphPad Software, La Jolla, CA). Normality and equal variances

were assessed by the Shapiro–Wilk normality test and Brown–

Forsythe test, respectively. Unless otherwise stated, data that passed

these tests were analyzed by unpaired t test in case of comparing two

groups, whereas in case of multiple comparisons, data were analyzed

by one or two-way analysis of variance (ANOVA) followed, in case of

significance, by a Tukey's post hoc test. A probability of p < .05 was

considered statistically significant.

3 | RESULTS

3.1 | α-Synuclein enhances the activity of Cx43
hemichannels and Panx1 channels in astrocytes

Neuropathological agents, including cytokines, amyloid-β peptide (Aβ),

and lipopolysaccharide (LPS) cause a prominent opening of hemichannels

and pannexons in diverse brain cell types (Abudara et al., 2015;
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Avendano et al., 2015; Orellana et al., 2011; Retamal et al., 2007;

Takeuchi et al., 2006). Given that α-synuclein induces reactive

astrogliosis (Fellner et al., 2013; Klegeris et al., 2006; Koob et al., 2010)

and because hemichannels and pannexons may contribute to this pro-

cess (Avendano et al., 2015; Karpuk, Burkovetskaya, Fritz, Angle, &

Kielian, 2011; Orellana et al., 2010; Saez et al., 2013; Santiago et al.,

2011; Yi et al., 2016), we examined whether α-synuclein could modulate

the activity of these channels in primary cortical astrocytes. The func-

tional state of hemichannels was evaluated by measuring the rate of Etd

uptake. This dye enters the cytoplasm of healthy cells through plasma

membrane channels with large pores, including hemichannels and pan-

nexons (Johnson et al., 2016). After its intercalation with base pairs of

DNA and RNA, Etd becomes fluorescent, reflecting the activity of chan-

nels when appropriate blockers are used.

We examined Etd uptake in astrocytes treated for different periods

with 10 nM α-synuclein incubated or “aged” for 0, 7, or 21 days at 37 �C

(see Section 2), as the aging state of this protein generates distinct

effects on glial cell function (Diogenes et al., 2012; Fellner et al., 2013;

Zhang et al., 2005). After treatment with nonaged α-synuclein, Etd

uptake in astrocytes was almost unchanged relative to control conditions

in the time intervals studied (Figure 1a). However, 7-day-old α-synuclein

induced a rapid rise in astrocyte Etd uptake that peaked a 3.2-fold aug-

ment following 24 hr of treatment and progressively decreased in further

days (Figure 1a–e). Moreover, the treatment for 24 hr with 7-day-old

α-synuclein was dependent on its concentration, reaching a maximum

with a 10 nM treatment. (Figure 1a,b). Because 21-day-old α-synuclein

increased Etd uptake to an intermediate degree (Figure 1a), we used the

7-day-old α-synuclein (10 nM) treatment in all further experiments.

F IGURE 1 α-Synuclein increases the activity of Cx43 hemichannels and Panx1 channels in astrocytes. (a) Averaged Etd uptake rate
normalized with control condition (dashed line) by astrocytes treated for several time periods with 10 nM α-synuclein not aged (white squares) or

aged by 7 (black circles) or 21 (gray triangles) days. *p < .005, **p < .0001, α-synuclein treatment compared to control conditions (two-way
ANOVA followed by Tukey's post hoc test). (b) Averaged Etd uptake rate normalized with control condition (dashed line) by astrocytes treated for
24 hr with different concentrations of α-synuclein aged for 7 days (black circles). *p < .005, **p < .0001, α-synuclein treatment compared to
control conditions (one-way ANOVA followed by Tukey's post hoc test). (c,d) Representative immunofluorescence images depicting Etd staining
from dye uptake measurements (10 min exposure to Etd) in astrocytes under control conditions (c) or treated for 24 hr with 10 nM α-synuclein
aged for 7 days (d). (e) Time-lapse measurements of Etd uptake by astrocytes under control conditions (white circles) or treated for 24 hr with
10 nM α-synuclein aged for 7 days alone (black circles) or in combination with 100 μM gap19 (gray circles). (f) Averaged Etd uptake rate
normalized with control condition (dashed line) by astrocytes treated for 24 hr with 10 nM α-synuclein aged for 7 days alone or in combination
with the following blockers: 100 μM Tat-L2, 100 μM Tat-L2H126K/I130N, 100 μM gap19, 100 μM gap19I130A, siRNACx43, 100 μM 10panx1, 500 μM
Probenecid (Prob), siRNAPanx1; and siRNAscrb. **p < .0001, α-synuclein compared to control; #p < .0001, ##p < .005; effect of pharmacological
agents compared to α-synuclein treatment (one-way ANOVA followed by Tukey's post hoc test). Data were obtained from at least three
independent experiments with three or more repeats each one (≥30 cells analyzed for each repeat). Calibration bar = 20 μm
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Because Cx43 hemichannels and Panx1 channels are major

pathways for dye influx in astrocytes (Iglesias et al., 2009; Retamal,

Cortes, Reuss, Bennett, & Saez, 2006), the possible involvement of

these channels in the α-synuclein-induced astroglial Etd uptake was

studied. To do that, astrocyte cultures were preincubated for

15 min before and during Etd uptake experiments with different

pharmacological agents, Tat-L2 (100 μM) and gap19 (100 μM). Two

mimetic peptides that block Cx43 hemichannels by interacting with

the intracellular L2 loop of Cx43 (Abudara et al., 2014; Ponsaerts

et al., 2010; Wang et al., 2013); fully reduced α-synuclein-induced

Etd uptake in astrocytes to ~113% and ~131% compared to 100%

control level, respectively (Figure 1f). In addition, a modified Tat-L2

(Tat-L2H126K/I130N), in which 2 aa critical for binding of L2 to the

CT tail of Cx43 are mutated, failed in cause an equivalent inhibitory

effect (Figure 1a). Likewise, we observed that an inactive form of

gap19 containing the I130A modification (gap19I130A), did not

counteract the α-synuclein-mediated Etd uptake in astrocytes

(Figure 1f). Consistent with this evidence, knockdown of Cx43 with

siRNA, but not the scrambled siRNA, fully abolished the Etd uptake

caused by α-synuclein (Figure 1f). To scrutinize the contribution of

Panx1 channels to the α-synuclein-induced Etd uptake in astrocytes,

we used the mimetic peptide 10panx1 with an amino acid sequence

homologous to the first extracellular loop domain of Panx1 (Pelegrin &

Surprenant, 2006), as well as probenecid and siRNAPanx1. 10panx1

(100 μM), probenecid (500 μM) and downregulation of Panx1 partially

blunted the α-synuclein-mediated astrocyte Etd uptake (Figure 1f).

These findings substantially indicate that α-synuclein treatment

increases the opening of Cx43 hemichannels and Panx1 channels in

astrocytes.

3.2 | α-Synuclein-induced hemichannel and
pannexon activity depends on cytokine production
and activation of p38 MAPK/iNOS/COX2/[Ca

2+]i-
dependent pathways and purinergic/glutamatergic
signaling

Given that prior studies have revealed the involvement of TNF-α/IL-1β,

p38 MAPK, iNOS/NO, COXs, EP1 receptor, and cytoplasmic Ca2+ in

the opening of glial cell hemichannels and pannexons (Avendano et al.,

2015; De Bock et al., 2012; Gajardo-Gomez et al., 2017; Retamal et al.,

2007), we tested whether these factors were also implicated in the

α-synuclein-induced Cx43 hemichannel and Panx1 channel activity in

astrocytes. Pretreatment with a soluble form of TNF-α receptor that

binds TNF-α (sTNF-aR1) and a recombinant antagonist for the IL-1β

receptor (IL-1ra) dramatically inhibited the Etd uptake evoked by

α-synuclein (Figure 2). When sTNF-aR1 or IL-1ra were applied by

themselves, also a significant but partial counteracting effect was

detected (Figure 2). Similarly, the α-synuclein-mediated Etd uptake in

astrocytes was strongly blunted by inhibition of p38 MAPK with 1 μM

SB202190 or blockade of iNOS with 5 μM L-N6 (Figure 2). Notably,

ns-398 (5 μM), a COX2 blocker, dramatically neutralized the Etd uptake

caused by α-synuclein, whereas sc-560 (20 nM), a COX1 inhibitor, failed

in produce a similar response (Figure 2).

NO increases COX2 activity and prostaglandin E2 (PEG2) generation

in macrophages (Swierkosz, Mitchell, Warner, Botting, & Vane, 1995)

and a similar effect likely takes place in astrocytes treated with

α-synuclein (Yu et al., 2018). Because stimulation of PEG2 receptor

1 (EP1) triggers the rise of intracellular free Ca2+ concentration

([Ca2+]i) and the latter is a well-recognized mechanism that

enhances the open probability of Cx43 hemichannels (De Bock

et al., 2012) and Panx1 channels (Locovei, Wang, & Dahl, 2006),

we explored whether this pathway was associated with the α-syn-

uclein-induced Etd uptake in astrocytes. Inhibition of the EP1

receptor with sc-19220 (20 μM) did not affect the Etd uptake cau-

sed by α-synuclein, whereas 5 μM BAPTA-AM, a Ca2+ chelator,

triggered a partial blockade (Figure 2).

The opening of Cx43 hemichannels and Panx1 channels has been

correlated with [Ca2+]i-mediated purinergic (Baroja-Mazo, Barbera-

Cremades, & Pelegrin, 2013; Chi et al., 2014) and glutamatergic signal-

ing (Voigt et al., 2015; Weilinger, Tang, & Thompson, 2012), thereby,

we evaluated if these pathways contribute to the α-synuclein-

dependent Etd uptake in astrocytes. Noteworthy, 200 μM oATP, a

wide-spectrum P2X receptor blocker, or 200 nM A740003, a P2X7

receptor antagonist, partially inhibited the Etd uptake induced by

α-synuclein (Figure 2). In a like manner, the suppression of P2Y1

receptors with 1 μM MRS2179 triggered a partial but significant

decrease in the α-synuclein-mediated Etd uptake (Figure 2). On the

other hand, 1 μM 2-AP5 or 1 μM CPP, two selective NMDA receptor

antagonists, but not the selective mGluR2/3 antagonist LY341495

(200 nM), caused a partial reduction in the Etd uptake induced by

α-synuclein. The pattern of Etd uptake inhibition evoked by some

of these antagonists was similar to that found in astrocytes stimu-

lated with α-synuclein and Panx1 channel inhibitors (Figure 1f and

2). This leads us to think that Panx1 channel opening could occur

downstream or with a positive feedback loop related to the activa-

tion of purinergic/glutamatergic signaling. Supporting this idea, the

Panx1 channel blocker probenecid did not elicit any additive inhibi-

tion in the α-synuclein-induced Etd uptake when astrocytes were

treated with BAPTA, oATP, A740003, MRS2179, 2-AP5, or CPP

(Figure 2). Collectively, these findings suggest that astrocyte Cx43

hemichannel and Panx1 channel activity triggered by α-synuclein

differentially depend on the stimulation of p38 MAPK/iNOS/COX2-

dependent pathway(s), as well as P2X7/P2Y1/NMDA receptors and rise

on [Ca2+]i.

3.3 | α-Synuclein reduces astrocyte-to-astrocyte
communication and alters the amount and distribution
of Panx1 but not Cx43

Astrocyte coupling via gap junctions determines the propagation of

intercellular Ca2+ waves and spatial buffering of neurotransmitters, K+

and H+, thus sculpting an extracellular environment that ensures

proper neuronal function (De Bock et al., 2014). Because the

increased opening of hemichannels and pannexons may take place in

parallel with astroglial uncoupling (Avendano et al., 2015; Gajardo-

Gomez et al., 2017; Retamal et al., 2007), we explored whether the
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functional state of astroglial gap junctions is disturbed by α-synuclein.

Similar to prior studies (Avendano et al., 2015), control astrocytes dis-

play a strong intercellular coupling to LY (Figure 3a). However, the

stimulation of astrocytes with α-synuclein for 24 hr notoriously

blunted the intercellular LY transfer by ~50% compared to control

values (Figure 3a–c). Given that internalization of gap junctions

from the plasma membrane is a phenomenon that might result in

cellular uncoupling, we examined whether α-synuclein-mediated

astroglial uncoupling was linked to alterations in the distribution of

Cx43 in confluent astrocytes. Under control conditions, Cx43 was

observed as fine to large granules scattered at cellular interfaces

(Figure 3d,e) and comparable patterns were detected in astrocytes

treated with α-synuclein for 24 h (Figure 3f–g). These results sug-

gest that α-synuclein-induced astrocyte-to-astrocyte uncoupling

bases in a mechanism implicating the closure and/or reduced

permeability of gap junctions rather than endocytosis from the

cell–cell interfaces.

The activity of hemichannels and pannexons could rely on aug-

ments in the open probability per channel, conductance/selectivity

and/or the number of channels at the plasma membrane. Prior evi-

dence has linked the channel-dependent Etd uptake with increased

surface levels of Cx43 and Panx1 in different cell types (Avendano

et al., 2015; Gajardo-Gomez et al., 2017) or increase in open probabil-

ity without changes in the total amount of Cx43 in the cell surface

(Schalper et al., 2008). Here, we evaluated whether the α-synuclein-

mediated Etd uptake correlates with changes in total and/or surface

amount of Cx43 and Panx1. Western blot analysis revealed that stim-

ulation with α-synuclein did not change total levels of Cx43 in astro-

cytes (Figure 4a,b). However, α-synuclein caused a significant ~60%

and ~55% reduction in total levels of Panx1 after 24 and 48 hr of

treatment, respectively (Figure 4a,c).

Because gap junctional communication depends on the

phosphorylation state of connexins (Lampe & Lau, 2004), we decided

to study whether α-synuclein affects this parameter. Phosphorylation

of Cx43 affects its electrophoretic mobility when analyzed by SDS-

PAGE, which result in multiple isoforms including a faster migrating

nonphosphorylated (NP) form of Cx43, and at least two slower

migrating phosphorylated forms, usually termed P1 and P2 (Crow,

Beyer, Paul, Kobe, & Lau, 1990). Control astrocytes exhibited three

bands with electrophoretic mobilities equivalent to the NP, P2, and

P1 forms of Cx43 (Figure 4a). After treatment with α-synuclein, the

intensity and band pattern (NP, P1, and P2 forms) of Cx43 were

indistinguishable from control conditions (Figure 4a,d). This result sug-

gests that α-synuclein does not alter the phosphorylation state of

Cx43 as preliminary measured by changes in its electrophoretic

mobility. Nevertheless, it is also important to note that changes in

phosphorylation of Cx43 not necessarily cause a shift in its electro-

phoretic mobility (Solan & Lampe, 2009). Therefore, to scrutinize

deeper in this matter, we used an antibody to detect the phos-

phorylation of Cx43 at serine 368 (S368), a residue crucial for

the PKC-mediated reduction in gap junction channel conductance

and selectivity (Ek-Vitorin, King, Heyman, Lampe, & Burt, 2006;

Lampe et al., 2000). Densitometric analysis revealed that 24 hr of

treatment with α-synuclein does not modify the phosphorylation

levels of Cx43 at serine 368 compared to control conditions

(Figure 4e,f ), indicating that this phosphorylation is not required

for the α-synuclein-induced reduction of intercellular LY transfer

between astrocytes.

F IGURE 2 The α-synuclein-induced Cx43 hemichannel and Panx1 channel activity depend on proinflammatory cytokines and activation

of p38 MAPK/iNOS/COX2/[Ca
2+]i-dependent pathways and purinergic/glutamatergic signaling. Averaged Etd uptake rate normalized with

control condition (dashed line) by astrocytes treated for 24 hr with 10 nM α-synuclein alone or in combination with the following agents:
100 ng/mL of IL-1ra, 100 ng/mL of sTNF-αR1, 100 ng/mL of IL-1ra + 100 ng/mL of sTNF-αR1, 1 μM SB203580, 1 μM L-N6, 20 nM sc-560;
5 μM ns-398; 20 μM sc-19220, 10 μM BAPTA, 200 μM oxidized ATP (oATP), 1 μM MRS2179; 200 nM A740003, 100 nM LY341495; 1 μM
D-AP5 or 1 μM CPP. It is also shown the effect of 24 hr with 10 nM α-synuclein plus 500 μM probenecid alone or in combination with the
following agents: 10 μM BAPTA, 200 μM oxidized ATP (oATP), 1 μM MRS2179; 200 nM A740003, 1 μM D-AP5 or 1 μM CPP. **p < .0001,
α-synuclein treatment compared to control conditions; #p < .0001, ##p < .005; effect of pharmacological agents compared to α-synuclein
treatment; &p < .05, effect of probenecid compared to α-synuclein treatment plus pharmacological agents (one-way ANOVA followed by
Tukey's post hoc test). Data were obtained from at least three independent experiments with three or more repeats each one (≥30 cells
analyzed for each repeat)
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In complementary studies, we used confocal microscopy to

evaluate the distribution of Cx43 and Panx1 in subconfluent astro-

cytes, the latter being a strategy to mostly detect the surface Cx43

in the form of hemichannels rather than gap junction channels.

Colocalization analysis with the membrane marker wheat germ

agglutinin (WGA) revealed that surface, intracellular and total

levels of Cx43 remains unaltered after stimulating astrocytes with

α-synuclein for 24 hr (Figure 5a–f and m). In parallel experiments,

the treatment with α-synuclein for 24 hr was found to decrease in

25% the intracellular levels of Panx1 in astrocytes without chang-

ing its surface levels (Figure 5g–l and n). These results implicate

that Cx43 hemichannel and Panx1 channel activity triggered by

α-synuclein likely does not occur by changes in the number of

channels in the plasma membrane.

3.4 | The α-synuclein-mediated release of
gliotransmitters depends on the opening of astroglial
Cx43 hemichannels and Panx1 channels

Scenarios of inflammation often cause an increased hemichannel

and/or pannexon-dependent release of glutamate and ATP from

astrocytes (Avendano et al., 2015; Gajardo-Gomez et al., 2017;

Orellana et al., 2011). Given that glutamatergic and purinergic

signaling participates in the opening of astroglial hemichannels and

F IGURE 3 α-Synuclein decreases astroglial coupling by a mechanism that does not involve changes in Cx43 distribution. (a,b)
Representative fluorescence micrographs of SL/DT with LY by astrocytes under control conditions (a) or treated for 24 hr with 10 nM
α-synuclein (b). (c) Averaged data normalized to control (dashed line) of SL/DT with LY by astrocytes treated for 24 hr with 10 nM
α-synuclein. *p < .05, α-synuclein treatment compared to control conditions (two-tailed Student's unpaired t test). Data were obtained
from at least three independent experiments with three or more repeats each one. Yellow calibration bar = 250 μm. (d–g) Representative
fluorescence images depicting Cx43 (green), GFAP (red), and DAPI (blue) staining by astrocytes under control conditions (d,e) or treated
for 24 hr with 10 nM α-synuclein (f,g). Insets: ×2.5 magnification of the indicated area of panels e and g. calibration bars: White = 80 μm
and green = 35 μm [Color figure can be viewed at wileyonlinelibrary.com]
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pannexons (Iglesias et al., 2009; Orellana et al., 2014, 2015), we evalu-

ated whether α-synuclein affects the release of glutamate and ATP from

astrocytes. Treatment with α-synuclein for 24 hr dramatically aug-

mented the release of glutamate and ATP in ~ninefold and ~sixfold

compared to control conditions (Figure 6a,b). Importantly, Tat-L2

or gap19, but not 10panx1 or probenecid, prominently blunted the

release of glutamate caused by α-synuclein (from ~126 pmol/mg to

~18 pmol/mg and ~16 pmol/mg, respectively; Figure 6a). In agree-

ment with this, knockdown of Cx43 with siRNA, but not the Panx1

or scrambled siRNA, fully abolished the release of glutamate caused

by α-synuclein (Figure 6a). At the other end, Tat-L2, gap19, 10panx1,

or probenecid, strongly reduced to control values the α-synuclein-

induced release of ATP (from ~112 pmol/mg to ~31 pmol/mg,

~30 pmol/mg, ~33 pmol/mg and ~28 pmol/mg, respectively; Figure 6b).

Consistent with the above evidence, knockdown of Cx43 or Panx1, but

not the scrambled siRNA, totally abrogated the release of ATP caused

by α-synuclein (Figure 6b).

The different contribution of Cx43 hemichannels and Panx1

channels to the α-synuclein-induced release of glutamate versus ATP

(Figure 6a,b) could imply that ATP release may occur downstream to

the release of glutamate following the activation of glutamatergic

signaling. Supporting this idea, the NMDA receptor antagonists

2-AP5 or CPP totally inhibited the α-synuclein-induced release of

ATP but not of glutamate (Figure 6a,b). The fact that α-synuclein-

mediated opening of Panx1 channels was associated with the activation

of NMDA and P2X7/P2Y1 receptors (Figure 2) may suggest that ATP

release takes place by an NMDA-dependent stimulation of Panx1 chan-

nels and the subsequent positive feed-forward loop of purinergic signal-

ing. In this line, oATP, A740003, or MRS2179 significantly blocked

the α-synuclein-evoked release of ATP (Figure 6b). In contrast, the

release of glutamate triggered by α-synuclein was not altered by

oATP, A740003, or MRS2179, suggesting that P2X7/P2Y1 receptor-

dependent release of ATP likely occurs downstream to the release of

glutamate (Figure 6a). The latter transmitter likely is released by the

activation of Cx43 hemichannels as the release of both ATP and glu-

tamate were completely abolished by inhibitions of these channels

(Figure 6a,b). Relevantly, in agreement with the fact that Cx43

hemichannels or Panx1 channels are activated by cytoplasmatic Ca2+

F IGURE 4 α-Synuclein decreases total levels of Panx1 but not alter total levels neither phosphorylation at ser368 of Cx43 in astrocytes.
(a) Total levels of Cx43 (upper panel) and Panx1 (bottom panel) by astrocytes under control conditions or treated for 1, 24, 48, or 72 hr with 10 nM
α-synuclein. The Cx43 phosphorylated (P1–P2) and nonphosphorylated (NP) forms are indicated in the left. Total levels of each analyzed band were
normalized according to the levels of α-tubulin detected in each lane. (b,c) quantification of total levels of Cx43 (b) and Panx1 (c) normalized to
control (dashed line) in astrocytes treated for 1, 24, 48, or 72 hr with 10 nM α-synuclein. **p < .0001, α-synuclein treatment compared to control
conditions. (e) Total (upper panel) and phosphorylated (middle panel) levels of Cx43 at ser368 by astrocytes under control conditions (left) or treated
for 24 hr with 10 nM α-synuclein (right). Phosphorylated levels of each analyzed band were normalized according to the levels of α-tubulin in each
lane. (f) Quantification of phosphorylated levels of Cx43 at ser368 normalized to control (dashed line) in astrocytes for 24 hr with 10 nM
α-synuclein. Averaged data were obtained from three independent experiments
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(De Bock et al., 2012; Locovei et al., 2006), BAPTA partially blunted

the α-synuclein-induced release of both glutamate and ATP

(Figure 6a,b). Altogether these observations imply that α-synuclein
triggers the release of glutamate and ATP in astrocytes by a mecha-

nism that requires the activation of a complex variety of membrane

channels and receptors, including Cx43 hemichannels, NMDA

receptors, Panx1 channels, and P2X7/P2Y1 receptors.

3.5 | The α-synuclein-induced production of NO
and altered mitochondrial morphology depends on
the opening of Cx43 hemichannels and Panx1
channels in astrocytes

During neuropathological conditions, astrocytes may release large

amounts of proinflammatory cytokines, whose autocrine/paracrine

F IGURE 5 α-Synuclein decreases intracellular
levels of Panx1 but does not alter surface levels of
Panx1 and Cx43 in astrocytes. (a–f) Representative
confocal images depicting Cx43 (green), WGA (red),
and Hoechst (blue) staining by astrocytes under
control conditions (a–c) or treated for 24 hr with
10 nM α-synuclein (d–f). (g–l) Representative confocal
images depicting Panx1 (green), WGA (red), and
Hoechst (blue) staining by astrocytes under control
conditions (g–i) or treated for 24 hr with 10 nM
α-synuclein (j–l). Calibration Bar: 10 μm. (m,n)
Quantification of membrane, intracellular, and total
staining of Cx43 (m) and Panx1 (n) by astrocytes under
control conditions (white bars) or treated for 24 hr
with 10 nM α-synuclein (black bars). *p < .05,
α-synuclein treatment compared to control conditions
(two-tailed Student's unpaired t test). Data were
obtained from at least three independent experiments
with three or more repeats each one (≥20 cells
analyzed for each repeat) [Color figure can be viewed
at wileyonlinelibrary.com]
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signaling could impact astrocyte homeostasis at the molecular,

morphological, and functional level (Agulhon et al., 2012). In this line,

the opening of Cx43 hemichannels in astrocytes has been observed

upon the treatment with IL-1β and TNF-α (Abudara et al., 2015; Ret-

amal et al., 2007). Because sTNF-aR1 and IL-1ra greatly abrogated the

α-synuclein-induced Etd uptake by astrocytes (Figure 2), we explored if

α-synuclein could disturb the release of IL-1β and TNF-α in our system.

Upon 24 hr of stimulation with α-synuclein, astrocytes showed a

~eightfold and ~10-fold augment in the release of IL-1β and TNF-α

compared with control levels, respectively (Figure 7a,b). Of note, astro-

cytes treated for 24 with these concentrations of IL-1β (2 ng/mL) and

TNF-α (1 ng/mL) exhibited values of Etd uptake indistinguishable from

those triggered by α-synuclein (Figure SS1). Previous studies have

related the opening of hemichannels and pannexons with the

production and release of cytokines in diverse cell types (Mugisho

et al., 2018; Parzych et al., 2017; Pelegrin & Surprenant, 2006),

including astrocytes (Wei et al., 2016). In contrast to this evidence,

we found that Tat-L2, gap19 or 10panx1 failed in to prevent the

α-synuclein-induced release of IL-1β and TNF-α, suggesting that

Cx43 hemichannels and Panx1 channels are not implicated in this

response.

During reactive astrogliosis, the activation of iNOS is one of the

major downstream targets of IL-1β/TNF-α signaling (Agulhon et al.,

2012). Because LN-6, a specific iNOS inhibitor, strongly counteracted

the α-synuclein-mediated Etd uptake in astrocytes (Figure 2), we

investigated if α-synuclein could impact the production of NO in these

cells. DAF-FM fluorescence imaging showed that α-synuclein-treated

astrocytes exhibit a ~twofold increase in basal NO levels compared to

those under control conditions (Figure 7c,d and h,i). Of note, Tat-L2,

gap19, or 10panx1 completely suppressed the production of NO cau-

sed by α-synuclein in astrocytes (from ~203% to ~80%, ~102% or

~88%, compared to 100% of control, respectively), revealing that

Cx43 hemichannels and Panx1 channels are crucial for this phenome-

non (Figure 7c,f,g,j,k).

Stimulation of iNOS and further production of NO disturb the

function and morphology of astrocyte mitochondria (Motori et al.,

2013). In this context and given that α-synuclein induces mitochon-

drial fragmentation in astrocytes (Fellner et al., 2013; Gustafsson

et al., 2017; Lindstrom et al., 2017), we examined whether this protein

could modify mitochondrial morphology of astrocytes by a mechanism

involving the activation of Cx43 hemichannels and/or Panx1 channels.

To do that, we measured the size of mitochondria by using the fluores-

cent probe MitoTracker Green. Astrocytes stimulated with α-synuclein

for 24 hr exhibited smaller mitochondria (~35% size reduction) com-

pared to control conditions (Figure 7l–n). Similar to that found for NO

production, gap19 greatly blunted the reduction in mitochondrial size

evoked by α-synuclein in astrocytes (from ~4.6 μm to ~6.2 μm;

Figure 7l). In addition, 10panx1 also slightly prevented the α-synuclein-

induced reduction in mitochondrial size (from ~4.6 μm to ~5.1 μm,

Figure 7l), suggesting that Cx43 hemichannels and Panx1 channels are

involved in this response.

3.6 | α-Synuclein alters ATP-mediated [Ca2+]i
dynamics by a mechanism that involve the opening of
Cx43 hemichannels and Panx1 channels in astrocytes

Moderate increments (>500 nM) in [Ca2+]i cause the opening of Cx43

hemichannels (De Bock et al., 2012), whereas equivalent responses

seem to take place with Panx1 channels (Locovei et al., 2006). More-

over, [Ca2+]i dynamics control astroglial activation and function, as

well as the release of gliotransmitters through different pathways

(Volterra et al., 2014), including those associated with the opening of

Cx43 hemichannels (Meunier et al., 2017). Because BAPTA signifi-

cantly blocked the α-synuclein-induced Etd uptake by astrocytes, we

tested whether α-synuclein could alter [Ca2+]i levels in these cells. As

depicted by the measure of Fura-2AM ratio (340/380), astrocytes

F IGURE 6 α-Synuclein increases the release of gliotransmitters
via the opening of Cx43 hemichannels and Panx1 channels. Averaged
data of glutamate (a) or ATP (b) release by astrocytes under control
conditions (white bars) or treated for 24 hr with 10 nM α-synuclein
alone (black bars) or in combination with the following agents:
100 μM Tat-L2, 100 μM gap19, 100 μM 10panx1, 500 μM Probenecid
(Prob), siRNACx43, siRNAPanx1; siRNAscrb, 10 μM BAPTA, 200 μM
oxidized ATP (oATP), 200 nM A740003, 1 μM MRS2179; 1 μM
D-AP5 or 1 μM CPP. *p < .0001, α-synuclein treatment compared to
control conditions; #p < .0001, effect of pharmacological agents
compared to α-synuclein treatment (one-way ANOVA followed by

Dunnett's post hoc test). Data were obtained from at least three
independent experiments with three or more repeats each one
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treated for 1, 24, 48, or 72 hr with α-synuclein displayed basal Ca2+

levels that were similar to those under control conditions (Figure 8a,c,g).

Although α-synuclein did not affect the basal Ca2+ signal, these

findings do not rule out whether α-synuclein modulates Ca2+ dynamics

triggered by autocrine/paracrine gliotransmitters, such as ATP. Given

that this gliotransmitter is released through Cx43 hemichannels and

Panx1 channels upon treatment with α-synuclein (Figure 6a), we also

explored the impact of this condition on ATP-mediated Ca2+ signaling.

After treatment with 500 μM ATP, control astrocytes exhibited a

rapid Ca2+ signal response with a large peak amplitude (Figure 8b,e,h).

Nevertheless, astrocytes stimulated with α-synuclein showed a time-

dependent reduction in the Ca2+ peak response that reached a maxi-

mum decrease of ~twofold following 48 hr of treatment (Figure 8d,f,h).

This phenomenon was accompanied by a time-dependent decrease in

the integrated ATP-dependent Ca2+ signal response and the remaining

difference between the final and initial basal Ca2+ signal (Figure 8i,j).

F IGURE 7 Legend on next page.
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These data indicate that α-synuclein decrease ATP-mediated Ca2+

signaling in astrocytes.

Hemichannels and pannexons regulate [Ca2+]i responses, as

they are permeable to Ca2+ (Fiori et al., 2012; Ishikawa et al., 2011)

and because they release molecules (e.g., ATP) that impact [Ca2+]i

dynamics (Baroja-Mazo et al., 2013). Notably, blockade of Cx43

hemichannels with Tat-L2 and gap19 totally prevented the

decrease in ATP-mediated Ca2+ peak induced by treatment with

α-synuclein for 48 hr (Figure 8k). In addition, the inhibition of Cx43

hemichannels completely blunted the reduction in the integrated

and remaining basal ATP-dependent Ca2+ signal responses evoked

by α-synuclein (Figure 8l,m). Notably, similar preventive effects on

α-synuclein-induced alterations in [Ca2+]i dynamics were observed

upon blockade of Panx1 channels with 10panx1 (Figure 8k–m). Alto-

gether these findings suggest that opening of Cx43 hemichannels and

Panx1 channels contribute to the α-synuclein-induced decrease in

ATP-mediated Ca2+ signaling in astrocytes.

3.7 | α-Synuclein causes astrocyte death by a
mechanism involving the Cx43 hemichannel-
dependent release of glutamate and further activation
of mGluR5 and AQP4 channels

Recent evidence has revealed that α-synuclein triggers astroglial death

(Liu et al., 2018), whereas the uncontrolled opening of Cx43

hemichannels seems critical for inducing cell damage in astrocytes

(Orellana et al., 2010; Rovegno et al., 2015). With this in mind, we

assayed whether α-synuclein could mediate astrocyte death by a mech-

anism implicating the opening of Cx43 hemichannel and/or Panx1

channels. We examined the incorporation of EthD-1, indicative of loss

of membrane integrity as due to its large size, this molecule is taken up

only by cells with disrupted membranes. Under control conditions, few

astrocytes took up EthD-1 (Figure 9a,j). Nevertheless, after 48 or 72 hr

of treatment with α-synuclein, ~15% and ~30% of astrocytes took up

EthD-1 and were dead, respectively (Figure 9b,j). Relevantly, astrocyte

death induced by 72 hr of treatment with α-synuclein was greatly

prevented by the Cx43 hemichannel blocker gap19 (Figure 9c,k),

whereas the Panx1 channel inhibitors 10panx1 and probenecid were

slightly protective (Figure 9d,k).

Recently, it was described that the aquaporin-4 (AQP4) water chan-

nel mediates the glutamate-induced astrocyte swelling via mGluR5 acti-

vation (Shi et al., 2017). Given that in our system α-synuclein increased

the release of glutamate via the activation of Cx43 hemichannels, we

examined the contribution the release of mGluR5 and AQP4 α-syn-

uclein-induced astrocyte death. We found that α-synuclein-evoked

astrocyte death was strongly prevented by 50 nM MTEP or 5 μM

SIB-1757, two selective antagonists of mGluR5 (Figure 9e), whereas

the selective NDMA receptor antagonist D-AP5 caused similar weak

protection than Panx1 channel inhibitors (Figure 9e). Noteworthy,

selective blockade of AQP4 with TGN-020 totally counteracted the

astrocyte cell death triggered by α-synuclein (Figure 9e). Taken

together these findings suggest that astroglial death resulting from

α-synuclein treatment is due to the Cx43 hemichannel-dependent

release of glutamate and subsequent activation of mGluR5 and open-

ing of AQP4 water channels.

3.8 | α-Synuclein increases the activity of Cx43
hemichannels and Panx1 channels in astrocytes of
brainstem slices

To evaluate the effect of α-synuclein in a more integrated system,

we investigated its influence on astrocyte hemichannels and pan-

nexons in the brainstem, a region where α-synucleinopathies pre-

dominate (Seidel et al., 2015). Etd uptake was evaluated in

“snapshot” experiments in GFAP-positive astrocytes of control

brainstem slices or after treatment with 10 nM α-synuclein for 3 hr.

Treatment with α-synuclein increased in ~2.6-fold the Etd uptake of

astrocytes in the intermediate reticular formation of the brainstem

compared to control conditions (Figure 10a–c). Similar to the pre-

ventive effect of hemichannel and pannexon inhibitors on Etd

F IGURE 7 The α-synuclein-induced release of proinflammatory cytokines is associated with increased levels of NO and alterations in
mitochondrial morphology that involve the opening of Cx43 hemichannels and Panx1 channels in astrocytes. (a,b) Averaged data of levels of IL-1β
(a) and TNF-α (b) found in the extracellular media of astrocytes cultured under control conditions (white bars) or treated for 24 hr with 10 nM
α-synuclein alone (black bars) or in combination with the following agents: 100 μM Tat-L2, 100 μM gap19, and 100 μM 10panx1. *p < .0001,
α-synuclein treatment compared to control conditions (one-way ANOVA followed by Dunnett's post hoc test). Data were obtained from at least
three independent experiments with three or more repeats each one. (c) Average of DAF-FM fluorescence normalized to control conditions
(dashed line) by astrocytes treated for 24 hr with 10 nM α-synuclein alone or in combination with the following agents: 100 μM Tat-L2, 100 μM
gap19 and 100 μM 10panx1. *p < .0001, α-synuclein treatment compared to control conditions, #p < .0001, effect of pharmacological agents
compared to α-synuclein treatment (one-way ANOVA followed by Tukey's post hoc test). Data were obtained from at least three independent
experiments with three or more repeats each one (≥35 cells analyzed for each repeat). (d–k) Representative fluorescence micrographs of basal
NO production (DAF-FM, green and pseudo-colored scale) by astrocytes under control conditions (d–h) or treated for 24 hr with 10 nM
α-synuclein alone (e–i) or in combination with 100 μM tat-L2 (f–j) or 100 μM 10panx1 (g–k). (l) Average of mitochondrial length by astrocytes
under control conditions (white bar) or treated for 24 hr with 10 nM α-synuclein (black bars) alone or in combination with the following agents:
100 μM gap19 and 100 μM 10panx1. *p < .01, **p < .001, α-synuclein treatment and effect of pharmacological agents compared to control
conditions, #p < .01, ##p < .001, effect of pharmacological agents compared to α-synuclein treatment (one-way ANOVA followed by Tukey's post
hoc test). Data were obtained from at least three independent experiments with three or more repeats each one (≥25 cells analyzed for each
repeat). (m,n) Representative fluorescence micrographs of mitochondrial morphology (MitoGreen, green) by astrocytes under control conditions
(m) or treated for 24 hr with 10 nM α-synuclein (n). Insets: ×3.5 magnification of the indicated area of panels m and n. Calibration bars:
White = 100 μm, green = 25 μm, and yellow = 6.5 μm [Color figure can be viewed at wileyonlinelibrary.com]
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uptake in cultures (Figure 1f), we found that 100 μM Tat-L2 or

100 μM gap19 abrogated almost totally the astroglial Etd uptake

evoked by α-synuclein in brainstem slices (from ~260% to ~140% or

~144%, compared to 100% control, respectively; Figure 10c). On the

other hand, 100 μM 10panx1 or 500 μM probenecid also significantly

blunted the α-synuclein-induced Etd uptake by astrocytes (from ~260%

to ~204% or ~212%, compared to 100% control, respectively;

Figure 10c). In addition, when the IL-1β/TNF-α signaling was

counteracted with sTNF-aR1 and IL-1ra, the α-synuclein-induced Etd

uptake was completely abolished in brainstem astrocytes, whereas sim-

ilar findings were observed upon inhibition of iNOS and COX2 with

1 μM LN-6 and 5 μM ns-398, respectively (Figure 10c). The above

F IGURE 8 Legend on next page.
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results indicate that α-synuclein increases the activity of Cx43

hemichannels and Panx1 channels ex vivo in brainstem astrocytes by a

mechanism involving the stimulation of IL-1β/TNF-α iNOS/COX2-

dependent pathway(s).

4 | DISCUSSION

In this study, we demonstrated for the first time that α-synuclein

activates Cx43 hemichannels and Panx1 channels in astrocytes. This

enhanced channel activity occurred by a mechanism involving the acti-

vation of IL-1β/TNF-α and the stimulation of p38 MAPK/iNOS/COX2/

[Ca2+]i-dependent pathways and purinergic/glutamatergic signaling.

Furthermore, the α-synuclein-induced opening of Cx43 hemichannels

and Panx1 channels resulted in profound alterations in [Ca2+]i dynam-

ics, NO production, gliotransmitter release, mitochondrial morphology,

and astrocyte survival (Figure 11).

Here, as assayed by Etd uptake, we showed that α-synuclein

increases in a time and concentration-dependent manner, the activity of

Cx43 hemichannels and Panx1 channels in primary cortical astrocytes.

Indeed, the α-synuclein-induced Etd uptake in astrocytes was drastically

blocked by Tat-L2, gap19, probenecid, and 10panx1 or by down-

regulation of Cx43 or Panx1, indicating that both Cx43 hemichannels

and Panx1 channels were the principal responsible for this response.

These findings are in agreement with the increased activity described

for both channels in astrocytes exposed to pathological scenarios

F IGURE 8 α-Synuclein alters ATP-dependent Ca2+ dynamics in astrocytes by a mechanism implicating the opening of Cx43 hemichannels and
Panx1 channels. (a–d) Representative photomicrographs of basal (a, c) or 500 μM ATP-induced (b, d) Ca2+ signal denoted as Fura-2 ratio

(340/380 nm excitation) of astrocytes under control conditions (a, b) or treated for 48 hr with 10 nM α-synuclein (c, d). Calibration bar: 100 μm.
(e–i) Representative plots of relative changes in Ca2+ signal over time induced by 500 μM ATP (green horizontal line) in astrocytes under control
conditions (e) or treated for 48 hr with 10 nM α-synuclein (f) alone or in combination with the following agents: 100 μM Tat-L2 (g), 100 μM
gap19 (h), and 100 μM 10panx1 (i). (j–n) averaged data of basal Fura-2AM ratio (j), ATP-induced peak amplitude normalized to basal Fura-2AM
ratio (k), integrated ATP-induced Fura-2AM ratio response (l), and altered basal Fura-2AM ratio (m) by astrocytes under control conditions (white
bars) or treated for different periods (1, 24, 48, and 72 hr) with 10 nM α-synuclein (black bars). (n–p) Averaged data of ATP-induced peak
amplitude normalized to basal Fura-2AM ratio (n), integrated ATP-induced Fura-2AM ratio response (o) and altered basal Fura-2AM ratio (p) by
astrocytes under control conditions (white bars) or treated for different periods (1, 24, 48, and 72 hr) with 10 nM α-synuclein (black bars) alone or
in combination with the following agents: 100 μM Tat-L2, 100 μM gap19 and 100 μM 10panx1. *p < .05, **p < .01, α-synuclein treatment
compared to control conditions, #p < .01, effect of pharmacological agents compared to α-synuclein treatment (one-way ANOVA followed by
Dunnett's post hoc test). Data were obtained from at least three independent experiments with three or more repeats each one (≥35 cells
analyzed for each repeat) [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 9 Cx43 hemichannel-dependent
release of glutamate and further activation of
mGluR5 and AQP4 channels contribute to the
α-synuclein-induced astroglial death. (a–c)
Representative fluorescence micrographs of
Eth-D1 (red) uptake and Hoechst 33342 nuclear
staining (blue) by astrocytes under control
conditions (a) or treated for 72 hr with 10 nM
α-synuclein (b) alone or in combination with
100 μM gap19 (c). (d) Quantitation of cell death
measured by Eth-D1 staining as percentage of
total cells identified with Hoechst 33342 by
astrocytes under control conditions (white bars) or
treated for 1, 24, 48, or 72 hr with 10 nM
α-synuclein (black bars). (e) Averaged data
normalized to the effect induced by 72 hr of
treatment with 10 nM α-synuclein on cell death
measured by Eth-D1 staining by astrocytes
treated for 72 hr with 10 nM α-synuclein in
combination with 100 μM gap19, 100 μM
10panx1, 500 μM Probenecid, 50 nM MTEP, 5 μM
SIB-1757, 1 μM D-AP5, and 15 μM TGN-020.
*p < .0001, α-synuclein treatment compared to
control conditions, #p < .05, ###p < .0001, effect
of pharmacological agents compared to

α-synuclein treatment (one-way ANOVA followed
by Tukey's post hoc test). Data were obtained
from at least three independent experiments with
three or more repeats each one. Calibration
bar = 200 μm
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including prenatal nicotine and postnatal high-fat diet (Orellana et al.,

2014), restraint stress (Orellana et al., 2015), epileptic seizures (Santiago

et al., 2011), prenatal LPS exposure (Avendano et al., 2015), spinal cord

injury (Garre, Yang, Bukauskas, & Bennett, 2016), and acute infection

(Karpuk et al., 2011).

How does α-synuclein treatment cause the opening of Cx43

hemichannels and Panx1 channels in astrocytes? A growing body of

evidence suggests that α-synuclein signaling triggers a long-lasting

activation of astrocytes and thereof a wide-range production of

inflammatory mediators, including IL-1β and TNF-α (Chavarria,

Rodriguez-Bottero, Quijano, Cassina, & Souza, 2018; Fellner et al.,

2013). In fact, the expression of both cytokines is increased in postmor-

tem tissue of patients suffering α-synucleinopathies (Garcia-Esparcia,

Llorens, Carmona, & Ferrer, 2014; Nagatsu, Mogi, Ichinose, & Togari,

2000) and their production has been implicated in the opening of

astroglial hemichannels and pannexons (Avendano et al., 2015; Retamal

et al., 2007). In agreement with these antecedents, we observed that

α-synuclein augments astroglial production of IL-1β and TNF-α,

whereas inhibition of IL-1β/TNF-α signaling prominently tackled the

α-synuclein-induced Cx43 hemichannel and Panx1 channel activity. In

the same line, astrocytes treated with the concentrations of IL-1β and

TNF-α measured upon treatment with α-synuclein displayed an Etd

uptake comparable to that triggered by α-synuclein.

IL-1β and TNF-α enhance the activity of astrocyte Cx43

hemichannels by stimulating a p38 MAPK-mediated pathway and

eliciting the NO-dependent S-nitrosylation of Cx43 (Avendano et al.,

2015; Retamal et al., 2006, 2007). Here, we found that α-synuclein

increases the production of NO by astrocytes, while blockade of both

p38 MAPK and iNOS greatly reduced the α-synuclein-induced-Etd

uptake. On the other hand, it is known that COXs and PGE2 receptor

EP1 activation, as well as [Ca2+]i, are required for the opening of Cx43

hemichannels and Panx1 channels triggered during inflammatory con-

ditions (Avendano et al., 2015; Orellana et al., 2014; Orellana, Mon-

tero, & Von Bernhardi, 2013; Saez et al., 2018). In this line, we

noticed that BAPTA or selective blockade of COX2 but not COX1 or

PGE2 receptor EP1, dramatically abrogated the α-synuclein-induced

hemichannel/pannexon opening. Taken together all above results har-

monize with the fact that α-synuclein induces the production of IL-1β

and TNF-α, as well as the activation of p38MAPK, iNOS, and COX2 in

astrocytes (Rannikko, Weber, & Kahle, 2015; Yu et al., 2018; Figure 11).

A parallel mechanism of hemichannel and pannexon modulation to that

resulting from covalent modifications (e.g., phosphorylation and/or

S-nitrosylation) or changes in [Ca2+]i is the sorting of channels to the cell

surface. Here, we observed that α-synuclein did not alter surface levels

of Cx43 and Panx1, suggesting that other mechanisms rather than

changes in surface expression of these proteins are likely involved in the

regulation of Cx43 hemichannel and Panx1 channels activity elicited by

α-synuclein.

Astrocyte hemichannels and gap junction channels are oppositely

activated during inflammatory scenarios (De Bock et al., 2014). Con-

sistent with this, we observed that the opening of astrocyte Cx43

hemichannels caused by α-synuclein was accompanied by a reduction

in astrocyte coupling, as detected by intercellular LY diffusion. Astro-

cyte gap junction coupling underpins the spreading of intracellular

K+, Na+, and Ca2+ (Langer, Stephan, Theis, & Rose, 2012; Scemes,

Dermietzel, & Spray, 1998; Wallraff et al., 2006), thus participating in

F IGURE 10 α-Synuclein increases the activity of Cx43
hemichannels and Panx1 channels in brainstem astrocytes ex vivo. (a,b)
Representative images of DAPI staining (blue) and Etd uptake (red) in
GFAP-positive astrocytes (green) from the intermediate reticular
formation of acute brainstem slices under control conditions (a) or after
3 hr of treatment with 10 nM α-synuclein (b). Insets of astrocytes were
taken from the area depicted within the white squares in a and
b. (c) Averaged Etd uptake ratio normalized with control condition
(dashed line) by astrocytes from acute brainstem slices after 3 hr of
treatment with 10 nM α-synuclein alone or in combination with the
following blockers: 100 μM Tat-L2, 100 μM gap19, 100 μM 10panx1,
500 μM Probenecid (Prob), 100 ng/mL of IL-1ra + 100 ng/mL of
sTNF-αR1, 1 μM L-N6 or 5 μM ns-398. **p < .001, α-synuclein
compared to control; #p < .001, ##p < .005; effect of pharmacological
agents compared to α-synuclein treatment (one-way ANOVA followed
by Dunnett's post hoc test). Data were obtained from at least three
independent experiments (≥42 cells analyzed for each independent
experiment). Calibration bars: White bar = 180 μm and yellow bar:
45 μm [Color figure can be viewed at wileyonlinelibrary.com]
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K+ buffering, maintenance of neuronal membrane potential and coor-

dination of large populations of astrocytes, all processes being critical

for synaptic transmission (Chever, Dossi, Pannasch, Derangeon, &

Rouach, 2016; Pannasch et al., 2011, 2014). Additionally, Cx43 gap

junctions mediate glucose and lactate trafficking among astrocytes (Ball,

Gandhi, Thrash, Cruz, & Dienel, 2007; Rouach, Koulakoff, Abudara,

Willecke, & Giaume, 2008), whose actively provide glucose to neurons

when they needed and remove lactate from high activity areas (Gandhi,

Cruz, Ball, & Dienel, 2009). With this in mind, a reduction in astroglial

gap junctional coupling may constitute a crucial step in the pathogenesis

and progression of α-synucleinopathies.

Here, we found that uncoupling between astrocytes did not depend

on modifications in Cx43 levels or phosphorylation state detectable by

changes in electrophoretic mobility, because Cx43 total levels and pat-

tern of immunoreactive bands were equivalent in α-synuclein-stimulated

and control astrocytes. Given that changes in the phosphorylation of

Cx43 not necessarily correlate with a shift in its electrophoretic mobility

(Solan & Lampe, 2009), we also analyzed the phosphorylation of Cx43 at

S368, a residue crucial for the PKC-mediated reduction in gap junction

channel conductance and selectivity (Ek-Vitorin et al., 2006; Lampe

et al., 2000). Densitometric analysis revealed that α-synuclein did not

alter the phosphorylation of Cx43 at S368 compared to control condi-

tions, revealing that α-synuclein-induced uncoupling takes place by a dif-

ferent mechanism. Nevertheless, at the moment, we cannot rule out

whether other specific Cx43 phosphorylations could be involved. On the

other hand, confocal immunofluorescence labeling revealed no apparent

differences in the distribution of structures compatible with gap junction

plaques in astrocytes stimulated with α-synuclein, implicating that inter-

nalization or degradation of gap junctions do not account for the astro-

cyte uncoupling.

F IGURE 11 Schematic diagram showing the possible pathways involved in the α-synuclein-induced activation of Cx43 hemichannels/Panx1
channels and its consequences for astroglial function. Upon stimulation with α-synuclein, astrocytes respond with intracellular signal transduction
that possibly involve the release of IL-1β/TNF-α associated with the p38 MAPK and iNOS activation, NO production, and further stimulation of
COX2. The latter likely induces unknown mechanisms that cause opening of Cx43 hemichannels enabling the release of glutamate. Glutamate
released via Cx43 hemichannels activates NMDA receptors resulting in the opening of Panx1 channels possibly through phosphorylation of
Panx1 by Src family kinases. Opening of Panx1 channels allow the release of ATP that stimulates P2X7 receptors, and its degradation to ADP may
activate P2Y1 receptors. These events trigger the influx of extracellular Ca2+ and activation of IP3 receptors and further release of Ca2+ stored in
the endoplasmic reticulum. The later could trigger an unknown self-perpetuating mechanism, in which [Ca2+]i could reactivate Panx1 channels
and likely Cx43 hemichannels (not depicted). Relevantly, modulation of [Ca2+]i dynamics evoked by Cx43 hemichannel/Panx1 channel signaling
may alter mitochondrial morphology and NO production (not depicted). Furthermore, Cx43 hemichannel-dependent release of glutamate triggers
the activation of mGluR5, which for an unknown mechanism could result in the opening of AQP4 and subsequent osmotic unbalance and cell
death. In parallel, α-synuclein also reduces astrocyte-astrocyte gap junctional communication [Color figure can be viewed at wileyonlinelibrary.com]
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Glutamate and ATP play crucial roles on astrocyte-to-neuron signal-

ing, but at high synaptic concentrations, they can cause excitotoxicity

(Arbeloa, Perez-Samartin, Gottlieb, & Matute, 2012; Ashpole et al.,

2013; Lau & Tymianski, 2010). Here, we found that α-synuclein ele-

vates the extracellular levels of glutamate and ATP by a mechanism

implicating the activation of Cx43 hemichannels, NMDA receptors,

Panx1 channels, and P2X7/P2Y1 receptors in astrocytes (Figure 11).

Particularly, the inhibition of NMDA and P2X7/P2Y1 receptors totally

suppressed the α-synuclein-evoked release of ATP but not glutamate.

The latter suggests that release of glutamate occurred upstream to

the release of ATP evoked by glutamatergic and purinergic signaling.

Importantly, probenecid did not cause an additive reduction in the

α-synuclein-induced Etd uptake when astrocytes were treated with

inhibitors of NMDA and P2X7/P2Y1 receptors, indicating that Panx1

channel opening could operate via glutamatergic and purinergic signal-

ing. This leads us to speculate that the release of glutamate likely cau-

ses the Panx1 channel-dependent release of ATP via activation of

NMDA receptors (Figure 11). The latter may be potentiated by the pos-

itive feedback loop linked to ATP-dependent stimulation of P2X7/P2Y1

receptors (Figure 11). Supporting this line of thought, the release ATP

takes place by the activation of Panx1 channels (Iglesias et al., 2009)

and their opening depends on NMDA and P2X7/P2Y receptor signaling

(Iglesias et al., 2009; Locovei et al., 2006; Weilinger et al., 2012). Of

note, the α-synuclein-evoked Etd uptake and release of glutamate and

ATP were completely abrogated by inhibition or downregulation of

Cx43 hemichannels. This possibly reflects that the Cx43 hemichannel-

dependent release of glutamate causes the release of ATP via Panx1

channels following the stimulation of NMDA receptors (Figure 11).

ATP produces a biphasic [Ca2+]i mobilization in astrocytes: The

release of internal Ca2+ (first spike) and Ca2+ influx from the extracel-

lular compartment (sustained response; Neary et al., 1991). The first

spike in ATP-evoked [Ca2+]i mobilization relies on P2Y receptors,

whereas the second sustained response occurs due to P2X receptors.

Here, we observed that after ATP stimulation, control astrocytes

showed a prominent Ca2+ signal peak that was followed by a sustained

response. On the contrary, α-synuclein-stimulated astrocytes exhibited

reduced ATP-evoked [Ca2+]i mobilizations compared to those

untreated, specifically, concerning to peak amplitude, integrated

area, and sustained signal. Of note, in terms of basal levels of [Ca2+]i,

α-synuclein-treated astrocytes were not significantly different of

their control counterparts, suggesting that α-synuclein is affecting

mainly ATP-mediated Ca2+ dynamics that could depend on the

inflammatory profile of astrocytes. It is known that Ca2+ dynamics

modulate mitochondrial dynamics in astrocytes (Jackson & Robinson,

2015), whereas α-synuclein disturbs the function and morphology of

mitochondria (Gustafsson et al., 2017; Lindstrom et al., 2017). In

agreement with the latter, we noticed that α-synuclein greatly

reduced the size of mitochondria by a mechanism involving the acti-

vation of both Cx43 hemichannels and Panx1 channels in astrocytes.

In this study, we observed that astrocytes treated with α-synuclein

exhibited a significant decrease in cell survival, the latter response was

strongly prevented by the blockade of Cx43 hemichannels rather than

Panx1 channels. Relevantly, a recent study demonstrated that AQP4

water channel is crucial for the glutamate-induced astrocyte swelling

caused by mGluR5 activation (Shi et al., 2017). Consistent with this, we

observed that α-synuclein-evoked astrocyte death was strongly

prevented by the blockade of both AQP4 or mGluR5, whereas inhibition

of NDMA receptors resulted in similar weak protection than Panx1

channel blockers. We speculate that Cx43 hemichannel-dependent

release of glutamate and further activation of mGluR5 and opening of

AQP4 water channels is a crucial step in the astrocyte death induced by

α-synuclein (Figure 11). NMDA receptor signaling linked to the opening

of Panx1 channels could also contribute to astrocyte death as has been

demonstrated previously in neurons (Weilinger et al., 2012).

Here we observed that inhibition of Cx43 hemichannels or

Panx1 channels counteracted the α-synuclein-evoked alterations in

NO production, ATP-mediated [Ca2+]i, dynamics, and mitochondrial

morphology. Of note, despite that hemichannel/pannexon activity

has been linked to astroglial cytokine production (Wei et al., 2016),

the α-synuclein-induced release of IL-1β and TNF-α did not depend

on the opening of Cx43 hemichannels and Panx1 channels, as Tat-

L2, gap19 or 10panx1 failed in to prevent this response. In addition,

we show that α-synuclein increased the activity of astrocyte Cx43

hemichannels and Panx1 channels in acute slices of the brainstem,

a region where α-synucleinopathies predominate (Seidel et al.,

2015). The combination of this integrated preparation, where all

cell types are present, allowed us to confirm the effect of

α-synuclein on hemichannel/pannexon activity found in astrocyte

cultures. Altogether, these findings argue for an α-synuclein-

induced inflammatory mechanism with hemichannel/pannexon

activation taking place in the early phases of astroglial dysfunction,

and being consequences of this process: (a) the augment of NO

production, (b) the alterations of ATP-mediated [Ca2+]i, dynamics,

(c) the reduction in mitochondrial size, and (d) the decrease of

astrocyte survival (Figure 11).

In conclusion, our study reveals a new mechanism by which

α-synuclein impairs astrocyte function involving the sequential stimu-

lation of inflammatory pathways that further increase the opening of

astroglial hemichannels and pannexons. The latter mechanism could

provide a solid basis for determining alternative pharmacological strat-

egies aiming at preserving astrocyte function and neuronal survival

during the progression of different α-synucleinopathies.
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