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Abstract
Pannexin-1 (Panx1) forms plasma membrane channels that allow the exchange of 
small molecules between the intracellular and extracellular compartments, and are 
involved in diverse physiological and pathological responses in the nervous system. 
However, the signaling mechanisms that induce their opening still remain elusive. 
Here, we propose a new mechanism for Panx1 channel activation through a func-
tional crosstalk with the highly Ca2+ permeable α7 nicotinic acetylcholine receptor 
(nAChR). Consistent with this hypothesis, we found that activation of α7 nAChRs 
induces Panx1-mediated dye uptake and ATP release in the neuroblastoma cell line 
SH-SY5Y-α7. Using membrane permeant Ca2+ chelators, total internal reflection fluo-
rescence microscopy in SH-SY5Y-α7 cells expressing a membrane-tethered GCAMP3, 
and Src kinase inhibitors, we further demonstrated that Panx1 channel opening de-
pends on Ca2+ signals localized in submembrane areas, as well as on Src kinases. In 
turn, Panx1 channels amplify cytosolic Ca2+ signals induced by the activation of α7 
nAChRs, by a mechanism that seems to involve ATP release and P2X7 receptor acti-
vation, as hydrolysis of extracellular ATP with apyrase or blockage of P2X7 receptors 
with oxidized ATP significantly reduces the α7 nAChR-Ca2+ signal. The physiologi-
cal relevance of this crosstalk was also demonstrated in neuroendocrine chromaf-
fin cells, wherein Panx1 channels and P2X7 receptors contribute to the exocytotic 
release of catecholamines triggered by α7 nAChRs, as measured by amperometry. 
Together these findings point to a functional coupling between α7 nAChRs, Panx1 
channels and P2X7 receptors with physiological relevance in neurosecretion.
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1  | INTRODUC TION

Pannexins comprise a three membered family of plasma membrane 
glycoproteins that assemble asheptameric or octameric channel struc-
tures (Ambrosi et al., 2010; Jin et al., 2020; Michalski et al.2020, ; Mou 
et  al.,  2020). When activated, these channels allow the exchange of 
small molecules, including ATP, between the intracellular and extracel-
lular compartments (Bao et  al.,  2004; Dahl,  2015; Huang et  al.,  2007; 
Locovei et  al.,  2006; Penuela et  al.,  2013). The highly ubiquitous pan-
nexin isoform pannexin-1 (Panx1) is involved in diverse physiological/
pathological conditions in the nervous system, including neuroplasti-
city and neuropathic pain (Ardiles et al., 2014; Bravo et  al.,  2014; Spray 
& Hanani,  2017; Yeung et  al.,  2020).

Panx1 channels open at positive membrane potentials (Bruzzone 
et  al.,  2003), and also seem to be activated by high extracellu-
lar K+ concentrations (Silverman et  al.,  2009), elevated cytosolic 
Ca2+ (Locovei et al., 2006), tyrosine phosphorylation by Src kinase 
(Iglesias et  al.,  2008; Lohman et  al.,  2015; Weilinger et  al.,  2012), 
and caspase cleavage of its C-terminal autoinhibitory domain 
(Boyd-Tressler et al., 2014; Chiu et al., 2017; Sandilos et al., 2012). 
However, further investigation is required to demonstrate the rel-
evance of these mechanisms (Chiu et  al.,  2018). Different studies 
have also shown that Panx1 channels are functionally coupled to 
the P2X7 purinergic receptor (P2X7R). In this cross-talk, activation 
of P2X7Rs leads to Panx1 channel opening with the subsequent re-
lease of ATP, a signaling molecule recognized by P2X7Rs (Sáez et al., 
2017; Tozzi et al., 2018), or by other purinergic receptors, including 
P2Y1 (Pinheiro, et al., 2013), P2Y2 (Zhang et al., 2012), P2Y6 (Silva 
et  al.,  2015; Timóteo et  al.,  2014) and P2Y12 receptors (Pinheiro, 
et  al.,  2013). The P2X7R is an ATP-gated ion channel permeable 
to Na+, K+, and Ca2+ that can also form a macropore permeable to 
large molecules (<900 Da) during prolonged stimulation (Di Virgilio 
et  al.,  2018). Some evidence pointed Panx1 as part of the molec-
ular entity that constitutes the ATP-activated macropore (Locovei 
et  al.,  2007), but other findings support that the macropore is an 
intrinsic property of the P2X7R channel (Di Virgilio et al., 2018). The 
mechanism that leads to this macropore formation remains elusive 
(Ugur & Ugur, 2019).

We previously demonstrated that Panx1 channels enhance 
Ca2+ transients and exocytosis driven by the activation of nico-
tinic acetylcholine receptors (nAChRs; nomenclature follows Zoli 
et al., 2018) in bovine chromaffin cells (Momboisse et al., 2014), but 
the specific nicotinic receptor linked to Panx1 remained to be iden-
tified. nAChRs are ligand-gated cation channels made of hetero- or 
homomeric subunits arranged symmetrically around a central ion 
pore (Taly et al., 2009). nAChR subunits are encoded by 17 different 
genes (Taly et al., 2009), and the subunit composition determines the 
function and pharmacological properties of the receptors (Bouzat & 
Sine, 2018). Bovine chromaffin cells express homomeric α7 and het-
eromeric receptors made up of α3 (and possibly α5) and β4 subunits 
(Criado, 2018). Since homomeric α7 nAChRs exhibit high Ca2+ per-
meability, when compared with other nAChRs (Bertrand et al., 2015; 
Séguéla et  al.,  1993), and cytosolic Ca2+ signals seem to activate 

Panx1 channels (Alvarez et  al.,  2016; Garré et  al.,  2016; Locovei 
et al., 2006; Murali et al., 2014), we hypothesized that α7 nAChRs 
promote Panx1 channel opening, and in turn, Panx1 channels en-
hance α7 nAChR-elicited cytosolic Ca2+ signals. We first tested this 
hypothesis in SH-SY5Y neuroblastoma cells stably transfected with 
the α7 nAChR subunit (SH-SY5Y-α7) and then in primary cultured 
bovine chromaffin cells. By combining dye uptake assays, elec-
trophysiology experiments, total internal reflection fluorescence 
(TIRF) microscopy in cells expressing a membrane-tethered form of 
GCAMP3, and amperometry for catecholamine exocytosis measure-
ments, we show that activation of α7 nAChRs leads to Panx1 chan-
nel opening by a mechanism that depends on submembrane Ca2+ 
signals and Src kinases. In turn, Panx1 channels amplify cytosolic 
Ca2+ transients and exocytosis events by a mechanism that seems 
to involve P2X7Rs.

2  | MATERIAL S AND METHODS

2.1 | SH-SY5H-α7 cell culture

The SH-SY5Y cell line stably expressing human α7 nAChRs was a 
generous gift from Dr. D. Feuerbach (Research Foundation, Novartis, 
Geneva, Switzerland) (Charpantier et al., 2005). Cells were seeded 
onto 12-mm poly-l-lysine-coated glass coverslips and maintained in 
Dulbecco's Modified Eagle's medium/nutrient mixture F-12 medium 
supplemented with 10% fetal bovine serum in a humidified atmos-
phere containing 5% CO2 at 37°C. To maintain constitutive selec-
tion of transfected cells, the culture medium was supplemented with 
100 µg/ml of antibiotic G418 (Sigma-Aldrich). The maximum number 
of passages for this cell line was fifteen. The non-transfected SH-
SY5Y cell line is not listed as a commonly misidentified cell line by 
the International Cell Line Authentication Committee. We did not 
perform any authentications of this cell line.

2.2 | Bovine adrenal chromaffin cell culture

Chromaffin cells from bovine origin were isolated from adrenal 
glands acquired from the slaughterhouse “Frigorífico Don Pedro”, as 
previously described (Guerra et  al.,  2019). In brief, adrenal glands 
were digested in a solution containing 0.25% collagenase B, 0.01% 
trypsin inhibitor and 0.5% bovine serum albumin. Afterward, chro-
maffin cells were isolated by means of Percoll gradient centrifuga-
tion, resuspended in a 1:1 mixture of Dulbecco's Modified Eagle's 
medium/nutrient mixture F-12 medium supplemented with 10% of 
fetal bovine serum and maintained at 37°C in a 5% CO2 atmosphere.

2.3 | TUNEL assay

Dead cells were detected using the terminal deoxynucleoti-
dyl transferase dUTP nick end labeling (TUNEL) kit (Roche 
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Diagnostics). SH-SY5Y-α7 cells incubated with different treat-
ments were fixed in 4% PFA for 20 min, washed with phosphate-
buffered saline (PBS, NaCl 137  mM, KCl 2.7  mM, Na2HPO4 
10  mM, KH2PO4 1.8  mM, pH 7.4) and permeabilized for 30  min 
with 0.3% Triton X-100, 0.1% sodium citrate in PBS. The TUNEL 
reaction was then performed for 1 hr at 37°C. The samples were 
rinsed in PBS, counter-stained with 4,6-diamidino-2-phenylindole 
(DAPI) and mounted in Dako fluorescent mounting medium (Dako). 
Images were obtained  with a Zeiss Axiolmager Z1 microscope 
(Zeiss AxioImager Z1 with Apotome 1 attachment, objective 63×, 
NA 1.4) (Table 1).

2.4 | Immunoblot assay for Panx1

Panx1 protein expression was determined in SH-SY5Y-α7 cells, pri-
mary mouse microglia and GH3 cells. Briefly, cells were lysed in a 
non-denaturing lysis buffer (300  mM NaCl, 5  mM EDTA, 50  mM 
TRIS HCl, 1% Triton X-100, 1  μM phenylmethyl sulfonylflouride, 
0.1 mM leupeptine, 50 mM NaF, 0.2 mM Na3VO4). Protein content 
was quantified using the Quant-it Protein Assay Kit (Invitrogen). A 
total of 40 μg of proteins were separated by SDS-PAGE on a 10% 
polyacrylamide gel and were transferred electrophoretically to 
polyvinylidene fluoride membranes membranes. Afterward, mem-
branes were incubated with PBS containing 5% bovine serum al-
bumin and 1% Tween-20 for 2 hr, and then incubated overnight at 
4°C with polyclonal antibodies against Panx1 (1:1.000) or β-tubulin 
(1:1.000) for loading control. After primary antibody incubation and 
washing, membranes were incubated with a secondary donkey anti-
rabbit horseradish peroxidase (HRP) antibody (1:5.000) or with an 
anti-sheep HRP antibody (1:5.000) for 1 hr. Immunoreactive detec-
tion was carried out using the ECL Plus system (Amersham GE Lifes 
Sciences), and specific bands were detected using the image acquisi-
tion system Epichemi3 Darkroom. The ImageJ 1.43 analysis software 
was used for quantification (NIH). Information on the antibodies 
used in this study is shown in Table 2.

2.5 | Immunofluorescence

Cultured SH-SY5Y-α7 cells or bovine chromaffin cells were rinsed 
with PBS and fixed with 4% PFA for 15 min. Afterward, cells were 
permeabilized with a solution containing 0.2% Triton X-100 for 
30 min and labeled overnight with the anti-Panx1 antibody (1:100) 
or anti-P2X7 antibody (1:100) in PBS containing 5% normal goat 
serum at room temperature, followed by incubation with AlexaFluor 
488 goat anti-rabitt IgG (1:1.000) or AlexaFluor 555 goat anti-rabbit 
IgG (1:1.000) for 2 hr at room temperature. Subsequently, cell nuclei 
were stained with DAPI for 15 min, rinsed with PBS and mounted 
with Dako fluorescent mounting medium (Dako). Cells were visu-
alized with a Nikon C1 Plus laser-scanning confocal microscope 

TA B L E  1   List of chemicals used in this study

Name Catalog No. Source

BGTX 2133 Tocris

BAPTA-AM A1076 Merk Company

BSA A7906 Sigma-Aldrich

Cbx C4790 Sigma-Aldrich

Collagenase B 11088807001 Roche

Dako mounting 
medium

S3023 Dako

DAPI D9542 Sigma-Aldrich

DHβE 2349 Tocris

DMPP D5891 Sigma-Aldrich

DMSO 276855 Sigma-Aldrich

DMEM/F-12 12400-024 Gibco

EGTA-AM 99590-86-0 Calbiochem

FBS 16000-044 Gibco

Fluo−4 a.m. F14201 Invitrogen

Fura−2 a.m. F1221 Invitrogen

Gentamicin 15750078 Gibco

Goat serum G9023 Sigma-Aldrich

HBSS 14025134 Gibco

Leupeptine 78435 Thermo-Fisher

MLA 1029 Tocris

NaF 106449 Merck

Na3VO4 S6508 Sigma-Aldrich

Percoll 17089101 GE Healthcare
10Panx 3348 Tocris

Scrbld 3708 Tocris

PFA 158127 Sigma-Aldrich

PMSF P7626 Sigma-Aldrich

PNU-1205696 P0043 Sigma-Aldrich

Poly-l-lysine P4707 Sigma-Aldrich

PP2 1407 Tocris

PP3 2794 Tocris

PBN P8761 Sigma-Aldrich

Triton X-100 9036-19-5 Merk Company

oATP A6779 Sigma-Aldrich

Apyr A6535 Sigma-Aldrich

Abbreviations: 10Panx, 10Pannexin-1; BGTX, α-bungarotoxin; BSA, 
bovine serum albumin; Cbx, carbenoxolone; DAPI, 4,6-diamidino-
2-phenylindole; DhβE, dihydro-β-erythroidine hydrobromide; 
DMEM/F-12, Dulbecco's Modified Eagle's medium/nutrient mixture 
F-12; DMPP, dimethylphenylpiperazinium; DMSO, dimethyl sulfoxide; 
FBS, fetal bovine serum; HBSS, Hanks’ balanced salt solution; MLA, 
methyllycaconitine; nAChR, nicotinic acetylcholine receptor; NT, non-
treated; oATP, oxidized ATP; P2X7R, P2X7 receptor; Panx1, pannexin-1; 
PBN, probenecid; PFA, p-formaldehyde; PMSF, phenylmethyl 
sulfonylflouride; PVDF, polyvinylidene fluoride membranes; RRID, 
Research Resource Identifier; Scrbld, scrambled.
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(Nikon), equipped with a 60× objective (NA 1.49). The information 
on the antibodies used in this study is described in Table 2.

2.6 | Time-lapse imaging of DAPI uptake

Cultured SH-SY5Y-α7 cells were seeded onto 25-mm poly-l-lysine–
coated glass coverslips, and 24 hr later DAPI uptake was evaluated. 
The cells were rinsed twice with Hanks’ balanced salt solution con-
taining 2 mM Ca2+, and incubated in Hanks’ balanced salt solution 
plus 50 μM DAPI. After 500 s, cells were stimulated with 1 mM ace-
tylcholine (ACh), and after 1,500 s the vehicle or probenecid (PBN) 
was added to a final concentration of 200 µM. Fluorescence images 
were obtained using a 40× objective in an inverted microscope 
(Eclipse Ti-E; Nikon). Images were acquired with a cooled digital 
camera (ORCA-FLASH 2.0; Hamamatsu Photonics) and NIS-Element 
Advanced Research 4.3 software (Nikon). Time-lapse images were 
acquired at 200 ms intervals in stream mode at room temperature. 
Data are shown as F/F0 ratio, where F0 and F are the background-
subtracted fluorescence intensities recorded immediately before 
and after the addition of ACh, respectively. Changes in the F/F0 
slope were compared with regression lines fitted to data points using 
Microsoft Excel. No protocol for studying nAChR desensitization has 
been used in these experiments.

2.7 | DAPI uptake snapshot

DAPI uptake was measured using a snapshot protocol previously de-
scribed by Momboisse et al. (2014). Briefly, SH-SY5Y-α7 stable cells 
or bovine chromaffin cells were washed twice with Krebs-HEPES 
solution (in mM: 140 NaCl, 5.9 KCl, 1.2 MgCl2, 2 CaCl2, 10 HEPES-
NaOH, 10 glucose, pH 7.4) and incubated for 15 min in Krebs-HEPES 
solution with or without the corresponding inhibitors at 37°C. 
Afterward, cells were incubated for 10 s in a Krebs-HEPES solution 
with 50 μM DAPI in the absence or presence of 50 μM dimethylphe-
nylpiperazinium (DMPP), 100  μM acetylcholine or 10  mM choline 
and the respective inhibitors. Next, cells were washed with Krebs-
HEPES solution for 2 min, fixed in 4% PFA for 15 min, and mounted 

with DAKO fluorescent mounting medium. Cells were visualized 
with a Nikon C1 Plus laser-scanning confocal microscope (Nikon), 
and excited with a 408 nm laser line. All images were captured at 
the equatorial plane of the cells using identical exposure settings be-
tween compared samples. Confocal acquisitions were analyzed and 
processed using NIS-Elements Viewer 4.0 software (Nikon). DAPI 
uptake was determined by calculating the fluorescence intensity of 
each cell nucleus corrected by background fluorescence and divided 
by nucleus area, and expressed as arbitrary units (AU) per cell nu-
cleus area (AU/μm2). For each coverslip, 10–60 cells were analyzed, 
and DAPI fluorescences were averaged. Uptake data were normal-
ized to non-treated (NT) condition per day of experiment.

2.8 | ATP release

A luciferin/luciferase-based ATP Determination Kit (Molecular 
Probes, Invitrogen) was used to quantify ATP release. In brief, stably 
transfected SH-SY5Y-α7 cells were seeded in a 24-well plaque. After 
24 hr, culture medium was replaced with fresh culture medium or 
medium containing the corresponding inhibitors for 15 min at 37°C. 
Thereafter, the medium was replaced with medium containing 50 µM 
DMPP with or without the appropriate inhibitors for 10 min at 37°C. 
Culture supernatant was stored at −80°C until used. For ATP quan-
tification, 10 µl of each sample was mixed with 90 µl of ATP-reaction 
solution following the manufacturer's instructions. ATP concentra-
tion was determined using an ATP calibration curve ranging from 
1  nM to 1  µM, and measured with an Appliskan Luminometer 
(Thermo Electro Corporation) together with the SkanIT software 
(Thermo Electro Corporation). As control, standard curves were 
made with ATP at a concentration ranging from 1 nM to 1 µM in the 
presence of each inhibitor at the respective concentration. No ef-
fect of inhibitors over the sensitivity of ATP detection was observed.

2.9 | Cytosolic Ca2+ measurements

SH-SY5Y-α7 cells were incubated with the Ca2+ sensitive indica-
tor Fluo-4a.m. (5  µM), for a period of 30  min at 37°C. Afterward, 

Name Catalog No. RRID Source

Anti-β-tubulin ATN02 AB_10709401 Cytoskeleton

Anti-Panx1 ab139715 AB_10900459 Abcam

Peroxidase affiniPure F(ab’)2 
fragment donkey anti-rabbit IgG

711-036-152 AB_2340590 Jackson 
ImmunoResearch

HRP-conjugated donkey anti-sheep 
IgG

A16041 AB_2534715 Thermo Fisher 
Scientific

Alexa Fluor 488 goat anti-rabitt IgG A11008 AB_143165 Thermo Fisher 
Scientific

Anti-P2X7 ab77413 AB_2158249 Abcam

Alexa Fluor 555 goat anti-rabitt IgG A32732 AB_2633281 Thermo Fisher 
Scientific

TA B L E  2   List of antibodies used in 
this study, including Research Resource 
Identifier (RRID)
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the cells were incubated in recording solution with or without the 
corresponding inhibitors together or not with PNU-1205696 for 
10 min prior to and during stimulation with DMPP. Ca2+ transients 
were assessed using a 40× objective on an inverted microscope 
(Eclipse Ti-E; Nikon). Images were acquired with a cooled digital 
camera (ORCA-FLASH 2.0; Hamamatsu Photonics) and NIS-Element 
Advanced Research 4.3 software (Nikon). Data are shown as F/F0 
ratio, where F0 and F are the background-subtracted fluorescence 
intensities recorded immediately before and after the addition of 
DMPP, respectively. At least 10 cells per coverslip were analyzed and 
cell fluorescences were averaged.

Ca2+ transients in bovine chromaffin cells were measured using the 
Ca2+-sensitive indicator Fura-2 a.m. Cells were seeded onto 25-mm 
poly-l-lysine-coated glass coverslips. Forty-eight later, the cells were 
incubated with 5  μM Fura-2 a.m. for 30  min at room temperature. 
Afterward, the cells were incubated in recording solution with or with-
out the corresponding inhibitors together or not with PNU-1205696 for 
10 min prior to and during stimulation with choline. Each coverslip was 
mounted on a Nikon Eclipse Ti-inverted microscope, and imaged with 
NIS-Elements software (Nikon). Fluorescence intensity was captured 
every 1 s at 340 and 380 nm excitation wavelengths and emission at 
510 nm. Individual fluorescent ratiometric signals (F = 340/380 nm ex-
citation ratio) were automatically calculated by the software. The basal 
fluorescence (F0) was calculated before addition of nAChR ligands, and 
to plot fluorescence variations over time, fluorescent signals at each 
time point were normalized to the basal level F0 (F/F0 ratio).

2.10 | Measurements of submembrane Ca2+ signals

For the detection of local Ca2+ transients in the submembrane area, 
SH-SY5Y-α7 cells were transfected with the genetically encoded Ca2+ 
indicator GCaMP3 modified to include a membrane-tethering do-
main, pN1-Lck-GCaMP3, a gift from Baljit Khakh (Addgene plasmid 
# 26974) (Shigetomi et  al.,  2010). Cells were transfected with 1  µg 
of DNA using Lipofectamine 2000 according to the manufacturer's 
instructions. Twenty-four hours post transfection, cells were imaged 
using an inverted microscope (Eclipse Ti-E; Nikon) with a 100× APO 
TIRF objective (NA 1.49; Nikon) and a Perfect Focus Unit (TI-ND6-
PFS; Nikon). Lck-GCaMP3 transfected cells were illuminated with a 
488 nm laser (488-20LS, OBIS; Coherent). TIRF images were acquired 
at 100 ms intervals in stream mode. To determine relative changes 
in the fluorescence signals, three regions of interest (ROIs) were se-
lected for each cell, and the background obtained from a neighboring 
area was subtracted from each ROI. The three normalized ROIs were 
averaged to yield the mean values. Data are represented as F/F0 val-
ues, where F0 is the fluorescence at resting condition.

2.11 | Amperometric recordings

Amperometric recordings were done as formerly described 
(González-Jamett et al., 2017). In brief, 5 μm diameter carbon fibers 

(Thornel P-55; Amoco Performance Product) were held at a poten-
tial of 650 mV in order to detect single exocytotic events. A HEKA 
EPC10 amplifier (HEKA Elektronik; Lambrecht/Pfalz) controlled by 
PatchMaster software (HEKA Elektronik) was used to obtain the 
amperometric signals, which were low pass filtered at 1  kHz and 
digitized at 5 kHz. Cells were maintained in Krebs-HEPES solution 
throughout the recordings. Exocytosis was elicited by a 10 s pres-
sure ejection of 50  μM DMPP using a custom-made picospritzer 
operating at a pressure of 2–3 psi. In some experiments, cells were 
pre-incubated for 15 min with the corresponding blockers or inhibi-
tors and were maintained in the bath solution during the entire re-
cording. Exocytotic events were analyzed using a custom-written 
macro for IGOR PRO (Wavemetrics), obtained from Dr. R. Borges. 
The analysis was restricted to spikes with amplitudes ≥10 pA, foot 
amplitudes ≥3  pA and foot durations ≥3  ms. Each amperometric 
parameter was statistically analyzed by taking the median values 
from individual cells and then averaging these values per treatment 
group.

2.12 | Patch clamp electrophysiology in 
chromaffin cells

Patch clamp recordings were made from bovine chromaffin cells at 
48  hr post-seeding. Cells were visualized with an Olympus micro-
scope (BX51WI; Olympus) equipped with a 40× water immersion ob-
jective, infrared differential interference contrast and a cooled CCD 
camera (DS-2MBWc; Nikon) for bright-field image capture. Cells were 
voltage clamped at −60 mV in whole-cell configuration. Signals were 
amplified with an EPC7-plus amplifier (HEKA Elektronik; Lambrecht), 
filtered at 3 kHz, digitized and sampled at 10 kHz with an A/D board 
(PCI-6221; National Instruments) and recorded using custom-made 
software written in IGOR PRO (Wavemetrics). Electrodes were fab-
ricated using borosilicate glass capillaries (1.5 mm OD, 0.84 mm ID; 
WPI) and pulled to resistances between 10 and 15 MV on a Flaming/
Brown electrode puller (Sutter P-97; Sutter Instruments). Recording 
electrodes were filled with an internal solution composed of (in mM): 
125 potassium gluconate, 10 KCl, 10 HEPES, 2 EGTA, 2 Na2ATP, 2 
NaGTP, pH 7.4. In some experiments, cells were pre-incubated for 
15 min with the corresponding blockers or inhibitors and were main-
tained in the bath solution during the whole recording. Cells were 
voltage-clamped, and were stimulated with 1 s pressure ejection of 
50 µM DMPP using a custom-made picospritzer operating at 2–3 psi 
of pressure. The maximum amplitude of the DMPP response was 
measured at the peak of the fast component compared to baseline, 
using IGOR PRO. Decay rate of the DMPP response was also meas-
ured using IGOR PRO software.

2.13 | Study design and statistics analysis

This study was not pre-registered. No randomization was performed. 
Outliers were identified using the Grubbs Method, also known as 
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ESD (extreme studentized derivative; GraphPad Software Inc, La 
Jolla, CA, USA; web page for free access: https://www.graph​pad.
com/quick​calcs/​Grubb​s1.cfm). Researchers were not blinded during 
the experiments. Sample sizes were not statistically pre-determined, 
but estimated based on previous studies (del Barrio et  al.,  2011; 
Guerra et  al.,  2019; Harcha et  al.,  2019). Results are expressed as 
means  ±  SEM. According to the Kolmogorov–Smirnov test, not all 
data were normally distributed. Normally distributed data were 
analyzed using one-way ANOVA followed by Bonferroni's post hoc 
test, and non-normally distributed data with the Kruskal–Wallis 
test followed by Dunn's post hoc test. All statistical analyses were 
performed using GraphPad Prism software version 5.0 (GraphPad 
Software Inc.).

2.14 | Ethics statement

This research was approved by the Biosafety and Bioethics com-
mittees of Universidad de Valparaíso (Chile), approval identifica-
tion numbers BS002-18 and BEA119-18, respectively. Furthermore, 
the investigators followed the Manual of Biosafety Regulations 
stipulated by CONICYT (Chile) version 2008, CDC (USA) Biosafety 
Manual 4th Edition, and Laboratory Biosafety, WHO, Geneva, 
2005; mainly in reference to experiments with recombinant DNA 
and RNA and the manipulation of cell lines. This work includes the 
use of bovine adrenal glands obtained from a local slaughterhouse, 
Frigorific Don Pedro, certificated (Livestock role 04.2.03.0002 from 
the Agriculture and Livestock Service of the Chilean Government). 
The slaughterhouse is regularly inspected by a veterinarian of the 
Chilean Health Service. Transport, processing, and elimination of the 
samples were carried out in strict accordance with the Article 86 of 
the Sanitary Regulations of the Chilean Government (Supreme de-
cree Nu 977/96).

3  | RESULTS

3.1 | Panx1 channels expressed in the SH-SY5Y-α7 
cell line are activated by acetylcholine

To study the crosstalk between α7 nAChRs and Panx1 channels, 
we took advantage of SH-SY5Y-α7 cells that stably over-express 
α7 nAChR (Charpantier et  al.,  2005; Guerra-Álvarez et  al.,  2015). 
In agreement with a previous report in the parental SH-SY5Y cell 
line (Wilkaniec et  al.,  2017), we further corroborated by immuno-
fluorescence and immunoblot that SH-SY5Y-α7 cells express Panx1 
(Figure 1a,b). Under confocal microscopy, Panx1 labeling is observed 
in both intracellular and cell surface compartments (Figure 1a). In the 
immunoblot analysis, Panx1 protein was detected as a band of about 
48 kDa (Figure 1b), as in pituitary-derived GH3 and mouse primary 
microglial cell extracts, which are known to express this protein (Li 
et al., 2011; Orellana et al., 2011).

Next, we evaluated whether ACh promotes the opening of 
Panx1 channels, at a concentration (1 mM) that induces alpha-bun-
garotoxin (BGTX)-sensitive whole-cell currents in SH-SY5Y-α7 cells 
(Charpantier et al., 2005). Panx1 channel activation was measured 
by time-lapse imaging of DAPI uptake. As shown in Figure 1c,d, upon 
stimulation with 1  mM ACh, SH-SY5Y-α7 cells took up the tracer 
with increasing rate (1.5 ± 0.08 F/F0 s−1) compared to the NT condi-
tion (0.26 ± 0.04 F/F0 s−1). This uptake rate was reduced in the pres-
ence of 200 μM PBN (0.37 ± 0.05 F/F0 s−1), a Panx1 channel blocker 
(Silverman et al., 2008). The vehicle (dimethyl sulfoxide, DMSO) did 
not reduce the uptake rate (Figure 1c). These findings suggest the 
expression of functional Panx1 channels activated by cholinergic re-
ceptors in SH-SY5Y-α7 cells.

F I G U R E  1   Activation of Panx1 channel by acetylcholine (ACh) 
in SH-SY5Y-α7 cells. (a) Immunofluorescent detection of Panx1 
in SH-SY5Y-α7 cell line. Panx1 was labeled using an anti-Panx1 
antibody, and visualized with an Alexa Fluor 488 secondary 
antibody. 4,6-diamidino-2-phenylindole (DAPI) was used to stain 
nuclei. Scale bar 10 µm. (b) Immunoblot of Panx1 in the SH-
SY5Y-α7, pituitary-derived GH3 and mouse primary microglial 
cell extracts. (c) Time-lapse detection of DAPI uptake in SH-
SY5Y-α7 cells. Fluorescent images were acquired at 1 Hz. Time 
of addition of ACh (final concentration: 1 mM), probenecid (PBN; 
final concentration: 200 µM) or the vehicle DMSO, is indicated 
with red arrows. Blue dots correspond to the experiments where 
only ACh was added (n = 15 cells from different experiments 
(N = 3)); gray dots correspond to the experiment where PBN was 
added after ACh addition (n = 20 cells from different experiments 
[N = 3]). Data are shown as F/F0 ratio, where F is the background-
subtracted fluorescence intensity during the recording and F0 is 
the background-subtracted fluorescence intensity at the start of 
the experiment. Each value corresponds to the mean ± SEM. Note 
that ACh induced a fast increment in the rate of DAPI uptake that 
was significantly slowed after addition of the Panx1 blocker PBN 
(gray). (d) DAPI uptake rate (uptake slope) in the non-treated (NT) 
condition and after treatment with ACh in the absence or presence 
of PBN. Dots represent DAPI uptake slopes 
TA K E N 
from individual cells (n = 20) from three different cell cultures 
(N = 3). Horizontal lines and whiskers indicate means and SEM. 
***p < .001 compared with the ACh condition (one-way ANOVA 
followed by Bonferroni's post hoc test)

https://www.graphpad.com/quickcalcs/Grubbs1.cfm
https://www.graphpad.com/quickcalcs/Grubbs1.cfm
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3.2 | α7 nAChRs activate Panx1 channels in the SH-
SY5Y-α7 cell line

Next, we assessed the specific contribution of α7 nAChRs to the 
opening of Panx1 channels using a previously described dye uptake 
snapshot protocol (Momboisse et al., 2014). DAPI uptake was meas-
ured in SH-SY5Y-α7 cells stimulated with 50 µM of the nAChR ago-
nist DMPP in the presence of selective antagonists of α7 nAChRs 
and Panx1 channel blockers. Two selective α7 nAChRs antagonists, 
BGTX and methyllycaconitine (MLA), and three different inhibi-
tors of Panx1 channels, PBN, carbenoxolone (Cbx) and the peptide 
10Panx1, were used. An inactive scrambled peptide analog was used 
as a control of 10Panx1. Figure 2a shows examples of images of DAPI 
uptake in SH-SY5Y-α7 cells NT or stimulated with DMPP in the ab-
sence or presence of the α7 nAChR inhibitor BGTX or the Panx1 
channel blocker PBN. As shown in Figure 2b, 50 µM DMPP increased 
relative uptake (3.5 ± 0.4 times over NT uptake values; p <  .001). 
This increased uptake was significantly reduced by 100 nM BGTX 
(1.5 ± 0.2 times over NT uptake), but less affected by 10 nM MLA 
(2.0 ± 0.2 times over the NT condition; non-significantly different 
from both NT and DMPP conditions). SH-SY5Y cells express α3 
receptors (Lukas et  al.,  1993), which can form heteromeric α7α3 
receptors and have less sensitivity toward than to BGTX (Tsuneki 
et al., 2003). This might explain the lower effect of MLA.

We also evaluated the effect of DHβE, a selective antagonist of β2* 
nAChR, a receptor present in SH-SY5Y cells (del Barrio et al., 2011). 
As shown in Figures 2b 1 µM DHβE did not affect DMPP-induced dye 
uptake (3.3 ± 0.2 times over NT uptake). The Panx1 channel blockers 

PBN and 10Panx1, at concentrations that selectively inhibit Panx1 
channels (Bruzzone et al., 2005; Silverman et al., 2008) also signifi-
cantly decreased DAPI uptake (1.9 ± 0.2 and 1.8 ± 0.2 times over NT 
uptake, respectively). On the other hand, the Panx1 channel blocker 
Cbx reduced dye uptake without statistical significance (2.3  ±  0.1 
times over NT uptake). The scrambled peptide did not significantly 
affect the DMPP-induced dye uptake (2.8  ±  0.2 times over NT 

F I G U R E  2   Activation of α7 nicotinic acetylcholine receptors 
(nAChRs) promotes 4,6-diamidino-2-phenylindole (DAPI) 
uptake and ATP release in SH-SY5Y-α7 cells. (a, b) DAPI uptake 
was induced with 50 µM dimethylphenylpiperazinium (DMPP) 
without or with pre-treatments with the α7 nAChR antagonists 
α-bungarotoxin (BGTX; 100 nM) or methyllycaconitine (MLA; 
10 nM), the α4β2 nAChR antagonist Dihydro-β-erythroidine (DHβE; 
1 µM), the Panx1 channel blockers probenecid (PBN) (200 μM), 
carbenoxolone (Cbx; 5 μM) or 10Panx1 (200 µM), or the scrambled 
peptide (Scrbl; 200 µM). (a) Representative confocal image of DAPI 
uptake (snapshot protocol) in cells NT or stimulated with 50 µM 
DMPP for 10 s with or without pre-treatments with BGTX or PBN. 
Scale bar 10 µm. (b) DAPI uptake is represented as relative uptake 
compared to the NT condition. Dots represent average values 
from individual coverslips. Horizontal lines and whiskers indicate 
means and SEM, respectively. The number of coverslips analyzed 
from different cell cultures (N ≥ 3) is indicated above each bar; 
13–56 cells were analyzed for each coverslip. *p < .05, **p < .01, 
***p < .001 compared to DMPP condition; ‡p < .05, ‡‡p < .01, 
‡‡‡p < .001 compared to NT condition (Kruskal–Wallis test followed 
by Dunn's post hoc test). (c) ATP release from SH-SY5Y-α7 was 
induced by 50 µM DMPP with or without pretreatment with 
the respective inhibitors. Each dot represents ATP release from 
individual culture wells. Horizontal lines and whiskers indicate 
means and SEM, respectively. The number of experiments is 
indicated above each bar. (b, c) *p < .05, **p < .01, compared to 
DMPP condition (one-way ANOVA followed by Bonferroni's post 
hoc test)
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uptake). A TUNEL assay was used to determine whether incubation 
with the aforementioned compounds affected cell viability, produc-
ing a false-positive DAPI uptake. No positive nuclei were identified 
for any condition (Figure S1). Additionally, as control, cells in resting 
condition were incubated with the α7 nAChRs antagonists and Panx1 
channel blockers, and DAPI uptake was assessed. These compounds 
did not induce uptake by themselves (Figure S2 and Table S1).

Given that activated Panx1 channels are reportedly ATP perme-
able (Bao et al., 2004; Locovei et al., 2006), we evaluated whether 
activation of α7 nAChRs elicits ATP release mediated by Panx1 chan-
nels. As shown in Figure 2c, ATP concentration in the extracellular 
medium was 114  ±  16  nM in NT cells and 612  ±  121  nM in cells 
stimulated with 50 µM DMPP. This DMPP-induced ATP release was 
almost completely inhibited by BGTX, PBN or Cbx (121 ± 15 nM, 
201 ± 31 nM and 95 ± 11 nM, respectively). Thus, using two com-
plementary experimental approaches, DAPI uptake and ATP release, 
our results suggest that Panx1 channels are functionally coupled to 
α7 nAChRs.

3.3 | Panx1 channels are activated by cytosolic Ca2+ 
rises and in turn contribute to Ca2+ signals elicited by 
α7 nAChRs

Since it has been proposed that Panx1 channels are activated by cy-
tosolic Ca2+ rises (Locovei et  al.,  2006), we explored whether this 
mechanism contributes to the opening of Panx1 channels. We first 
analyzed the Ca2+ signals induced with 50  µM DMPP in Fluo-4-
loaded SH-SY5Y-α7 cells. Figure 3a-upper panel and Movie S1 show 
SH-SY5Y-α7 cells, in which application of 50 µM DMPP induced a 
modest increase in fluorescence. Figure  3a-bottom panel shows 
averaged fluorescence traces, which reflect relative Ca2+ changes. 
Thus, application of DMPP produced a barely detectable cytosolic 
Ca2+ signal, wherein the mean fluorescence amplitude increased to 
1.1 times over basal fluorescence values. This modest cytosolic Ca2+ 
rise might be confined to the immediate vicinity of influx sites. To 
explore this idea, we decided to measure Ca2+ signals in the sub-
membrane area taking advantage of a membrane-tethered GCAM, 
Lck-GCaMP3 (Shigetomi et  al.,  2010) together with TIRF micros-
copy. Figure 3b-upper panel and Movie S2 show a SH-SY5Y-α7 cell 
expressing Lck-GCaMP3 in the plasma membrane, wherein DMPP 
stimulation triggered a significant Ca2+ increase (1.9  ±  0.19 over 
basal fluorescence values). Figure 3b-bottom panel shows the maxi-
mum amplitude of the F/F0 signal obtained from three different ROIs 
in 29 different cells. Thus, the nAChR agonist DMPP induced tran-
sient Ca2+ elevations detectable only in the submembrane area.

Subsequently, we analyzed the contribution of the Ca2+ signals 
on DMPP-induced Panx1 channel opening using the DAPI uptake 
protocol in the absence of extracellular Ca2+ or in cells loaded with 
the membrane permeant Ca2+ chelators EGTA-AM and BAPTA-AM 
(Figure  3c). In this set of experiments, DMPP increased the DAPI 
uptake 3.8 ± 0.5 times over NT uptake. This DAPI uptake increment 
was not observed in the absence of extracellular Ca2+ or in cells 

loaded with 20 µM BAPTA-AM (0.7 ± 0.1 and 1.2 ± 0.1 times over 
NT uptake, respectively). In the presence of 20 µM EGTA-AM, DAPI 
uptake was 1.8 ± 0.2 times over NT uptake, a value non-significantly 
different from both NT and DMPP conditions.

Because α7 nAChRs can induce the activation of Src kinases 
(Dasgupta et  al.,  2006; Kihara et  al.,  2001; Li et  al.,  2019; Shen 
et al., 2012), we also studied the effects of 10 µM PP2, a Src inhib-
itor, and its inactive analog PP3 (Traxler et  al.,  1997). As shown in 
Figure 3d, in the presence of PP2, DMPP-induced DAPI uptake was 
1.8  ±  0.32 times over NT uptake, a value significantly smaller than 
that induced by DMPP alone. The inactive analog PP3 slightly reduced 
DMPP-induced DAPI uptake (2.7 ± 0.2 times over NT uptake). Thus, 
an outcome of nAChR activation is opening of Panx1 channels, which 
appear to depend on both discrete submembrane Ca2+ rises and Src 
kinases.

Since Panx1 channels amplify Ca2+ responses induced by DMPP 
in chromaffin cells (Momboisse et al., 2014), we analyzed whether 
Panx1 channels also influence α7 nAChR-induced cytosolic Ca2+ 
signals in SH-SY5Y-α7 cells. Ca2+ signals were evoked by 50  µM 
DMPP in the presence of PNU-120596, a positive allosteric modu-
lator of α7 nAChR (Hurst et al., 2005), in a concentration range pre-
viously used to detect this receptor subtype (del Barrio et al., 2011; 
Guerra-Álvarez et al., 2015; Maldifassi et al., 2014; Pérez-Alvarez 
et al., 2012). In this way, we could: (1) promote a detectable cyto-
solic Ca2+ signal, and (2) induce selective activation of α7 nAChR, 
as SH-SY5Y cells express different types of nAChRs (Antonini 
et al., 2006; Lukas et al., 1993; Peng et al., 1997). Figure 3e shows 
averaged fluorescence traces in Fluo-4 loaded SH-SY5Y-α7 cells 
stimulated with DMPP plus PNU-120596. In this condition, the 
mean fluorescence amplitude rose to 3.8 ± 0.5 times over basal flu-
orescence (p < .01 compared to the DMPP condition). As shown in 
Figure 3f, this fluorescence increase was almost completely abol-
ished by 100 nM BGTX, confirming that the cytosolic Ca2+ rise was 
because of α7 nAChR activation, consistent with previous results in 
this cell line (Guerra-Álvarez et al., 2015). The Panx1 channel inhib-
itor 10Panx1 (200 µM) also abolished such Ca2+ signals, whereas the 
scrambled peptide had no effects. Thus, the above results suggest 
that Panx1channels amplify the Ca2+ signals elicited by active α7 
nAChR.

3.4 | Panx1 channels are activated by α7 
nAChRs and in turn amplify Ca2+ response in bovine 
chromaffin cells

Because an earlier work from our group proposed that Panx1 chan-
nels are functionally associated with nAChRs in bovine chromaffin 
cells (Momboisse et al., 2014), we decided to analyze the possible 
interaction of Panx1 channels with α7 nAChRs in this cell type. 
We first studied whether membrane currents induced by DMPP 
are influenced by Panx1 channels. To this end, cells were clamped 
at a negative potential (−60  mV), stimulated for 10  s with 50  µM 
DMPP, and currents were recorded in the whole cell configuration. 
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Figure 4a shows representative current traces elicited by local appli-
cation of DMPP in the absence or presence of 200 µM of 10Panx1 or 
the scrambled peptide. The peak amplitudes of the inward currents 
elicited under those different conditions were not significantly dif-
ferent (Figure 4b). However, the kinetic properties of DMPP-induced 
current were significantly faster with the application of 200  µM 
10Panx1, and not affected by the scrambled peptide (Figure  4c). 

Decay values of the currents induced by DMPP were 0.04 ± 0.01 
pA/ms in the absence of peptides, 0.15 ± 0.02 pA/ms in the presence 
of 10Panx1, and 0.04 ± 0.01 pA/ms in the presence of the scrambled 
peptide. These data suggest that Panx1 channels contribute with a 
slow component to DMPP-induced inward currents.

To confirm the opening of Panx1 channels by activation of α7 
nAChRs in chromaffin cells, we evaluated the effects of the α7 

F I G U R E  3   α7 nicotinic acetylcholine receptors induce Ca2+-dependent activation of Panx1 channels. (a) Cytosolic Ca2+ signals induced 
with 50 µM dimethylphenylpiperazinium (DMPP) measured in Fluo-4 loaded SH-SY5Y-α7. (b) Submembrane Ca2+ signals induced with 
50 µM DMPP measured in SH-SY5Y-α7 cells expressing the membrane tethered Ca2+ sensor Lck-GCAMP3 using total internal reflection 
fluorescence microscopy. Top panels show representative images of SH-SY5Y-α7 cells loaded with Fluo-4 (a) or expressing Lck-GCAMP3 
(b) before, and during DMPP treatment. Scale bar 10 µm. Bottom graphs show relative changes in fluorescence intensity (F/F0) in n = 12 
(a) and n = 29 (b) different cells from different cell cultures (N = 3). Data show mean ± SEM. (c) Panx1 channel activation, measured as 
4,6-diamidino-2-phenylindole (DAPI) uptake using the snapshot protocol, was induced with 50 µM DMPP under 2 mM extracellular Ca2+, in 
the absence of extracellular Ca2+ (-Ca2+), or in the presence of the permeant Ca2+ chelators BAPTA-AM or EGTA-AM at 20 µM. DAPI uptake 
is represented as relative uptake as compared to the NT condition. **p < .01, ***p < .001 compared to DMPP condition (Kruskal–Wallis test 
followed by Dunn's post hoc test) (d) DMPP elicited DAPI uptake in the presence of 10 µM of the Src inhibitor PP2 or its inactive analog PP3. 
DAPI uptake is represented as relative uptake as compared to the NT condition. Dots represent average values from individual coverslips 
(n = 13–65 cells were analyzed for each coverslip). Horizontal lines and whiskers indicate means and SEM, respectively. The number of 
coverslips analyzed from independent cultures (N ≥ 3) is indicated above each bar. *p < .05, ***p < .001 compared to DMPP condition; 
‡‡‡p < .001 compared to NT condition (one-way ANOVA followed by Bonferroni's post hoc test). (e, f) Global cytosolic Ca2+ signals were 
measured in Fluo-4 loaded SH-SY5Y-α7 cells stimulated with 50 µM DMPP with or without pre-treatment with 10 µM PNU-1205696 (PNU) 
in the presence or absence of 100 nM B GTX or 200 µM of the Panx1 channel blocker 10Panx1 or the scrambled peptide (Scrbl). (e) Cytosolic 
Ca2+ transients are shown as relative changes in fluorescence intensity (F/F0). Data represent mean ± SEM. (f) Each dot represents averaged 
F/F0 maximum values from individual coverslips. At least 10 cells per coverslip were analyzed and averaged. Horizontal lines and whiskers 
indicate means and SEM, respectively. The number of coverslips analyzed from independent cultures (N ≥ 3) is indicated above each bar. 
**p < .01 compared to DMPP plus PNU condition (one-way ANOVA followed by Bonferroni's post hoc test)
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nAChR agonist choline on DAPI uptake, at a concentration (10 mM) 
previously reported to activate this receptor (Alkondon et al., 1997; 
Pérez-Alvarez et  al.,  2012). As shown in Figure  4d, 10  mM cho-
line increased DAPI uptake as compared with the NT condition 
(1.8 ± 0.2 times over NT uptake). This choline-induced uptake was 
inhibited with 100 nM BGTX (relative uptake of 0.7 ± 0.1). The rel-
ative uptake in the presence of 10 nM MLA was 1.1 ± 0.1, a value 
non-significantly different from both NT and choline conditions. 
Choline-induced DAPI uptake was also inhibited with the Panx1 
channel blockers PBN (200 μM) and Cbx (5 μM), with resulting rela-
tive uptake of 0.8 ± 0.2 and 0.8 ± 0.1, respectively. Thus, our results 
point toward the α7 nAChR as an activator of Panx1 channels in bo-
vine chromaffin cells.

Then, we analyzed whether Panx1 channels contribute to 
the Ca2+ signals elicited by activation of α7 nAChRs. Since chro-
maffin cells express diverse types of nAChRs (for a review see 
Criado,  2018), the Ca2+ signal was induced with 10  mM cho-
line plus 10  µM PNU-1205696 (as previously described by 

Pérez-Alvarez et al., 2012). For these experiments, cytosolic Ca2+ 
signals were measured using epifluorescence time-lapse micros-
copy in cells loaded with the Ca2+sensitive dye Fura-2. Figure 5a 
shows averaged fluorescence traces in cells stimulated with cho-
line without or with PNU-1205696 in the absence or presence of 
Cbx, 10Panx1 or the scrambled peptide. As shown in Figure 5b, the 
maximum F/F0 values in choline-stimulated cells were 1.1 ± 0.02 
times over basal levels, but in the presence of PNU-1205696 sig-
nificantly increased to 1.4 ± 0.02. Such fluorescence signal was 
significantly reduced in the presence of 5  μM Cbx and 200  µM 
10Panx1 (1.1  ±  0.01 and 1.2  ±  0.02 times over basal levels, re-
spectively). The inactive scrambled peptide caused a partial re-
duction (1.3 ± 0.2 over basal levels). A modest inhibitory effect 
of this peptide has also been shown on Panx1 currents in Xenopus 
oocytes (Wang et al., 2007).

Together these results suggest that activation of α7 nAChRs in 
chromaffin cells opens Panx1 channels, which in turn amplify Ca2+ 
transients.

F I G U R E  4   Panx1 channel contributions to nicotinic acetylcholine receptor-dependent currents and 4,6-diamidino-2-phenylindole (DAPI) 
uptake in chromaffin cells. (a–c) Total inward currents induced by a 10 s pulse of 50 µM dimethylphenylpiperazinium (DMPP) were measured 
in whole-cell configuration in bovine chromaffin cells. (a) Superimposed representative current traces induced with 50 µM DMPP (black 
trace) with or without pretreatment with 200 µM of 10Panx1 (blue trace) or the inactive scramble peptide (Scrbl; red trace). (b–c) Each dot 
represents peak current amplitude or decay rate, respectively, from individual cells. Horizontal lines and whiskers indicate means and SEM. 
The number of cells recorded from independent cultures (N ≥ 3) is indicated above each bar. ***p < .001 compared to the DMPP condition 
(Kruskal–Wallis test followed by Dunn's post hoc test). (d) DAPI uptake, induced by 10 mM choline in the absence or presence of 100 nM 
α-bungarotoxin (BGTX), 10 nM methyllycaconitine, 200 μM probenecid (PBN) or 5 μM Cbx, DAPI uptake is represented relative uptake 
compared to NT condition. Each dot represents average values from individual coverslips. Horizontal lines and whiskers indicate means 
and SEM, respectively. The number of coverslips analyzed from independent cultures (N ≥ 3) is indicated above each bar. *p < .05, **p < .01 
compared with the choline plus PNU condition (one-way ANOVA followed by Bonferroni's post hoc test)
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3.5 | Panx1 channel regulates the secretory 
response elicited by α7 nAChRs in bovine 
chromaffin cells

Because exocytosis of chromaffin granules is a process triggered 
by cytosolic Ca2+ rises, we analyzed how exocytosis induced by α7 
nAChRs is influenced by Panx1 channels. Exocytosis was monitored 
using carbon fiber amperometry as previously reported (González-
Jamett et  al.,  2017). Figure  5c shows examples of amperometric 
traces, where each upward spike on the current trace corresponds 
to the oxidation of the catecholamines released from a single-chro-
maffin granule (Borges et al., 2008). Figure 5d shows the amount of 
exocytotic events induced by 10 mM choline without or with 10 µM 
PNU-1205696 in the absence or presence of 100 nM BGTX, 10 nM 
MLA, 200 μM PBN or 5 μM Cbx or 200 μM 10Panx1. A 10 s pulse 
with choline induced 10 ± 2 amperometric spikes during the 100 s 
recording period, whereas the addition of 10  µM PNU-1205696 
caused a marked potentiation of the number of amperometric spikes 
(55 ± 11 spikes in 100 s). The α7 nAChR antagonists BGTX and MLA 
significantly reduced the amount of amperometric spikes induced 

by choline plus PNU-1205696 to 12 ± 3 and 6 ± 2 spikes, confirming 
the specific activation of α7 nAChRs. The Panx1 channel blockers 
PBN, Cbx, and 10Panx1 also importantly reduced the number of exo-
cytotic events induced by choline plus PNU-1205696, with 2 ± 0.7, 
7 ± 2, and 6 ± 2 spikes, respectively.

To determine whether Panx1 channels influence the character-
istics of individual exocytotic events, we analyzed different ampero-
metric parameters, including the quantal size (Q) that is proportional 
to the amount of catecholamines released per event, the amplitude 
of each spike (Imax) that indicates the maximum amount of cate-
cholamines reaching the carbon electrode, and the half-width (t1/2) 
that reflects the duration of each release event (Borges et al., 2008). 
Figure  6a shows a representation of the analyzed parameters. As 
shown in Figure  6b, PBN significantly reduced Q values, as com-
pared with the choline plus PNU-1205696 condition. However, this 
parameter was not influenced by Cbx or 10Panx. On the other hand, 
none of the Panx1 channel blockers significantly affected Imax or 
t1/2 (Figure 6c,d).

We also analyzed the characteristics of the current that precedes 
the amperometric spike, which is referred to as “foot signal.” This 

F I G U R E  5   Contribution of Panx1 channels to α7 nicotinic acetylcholine receptor dependent Ca2+-signals and exocytosis in chromaffin 
cells. (a, b) Cytosolic Ca2+ signals were measured in Fura-2-loaded chromaffin cells stimulated with 10 mM choline without or with 10 µM 
PNU-1205696 (PNU), in the absence or presence of 5 μM carbenoxolone (Cbx), or 200 µM of 10Panx1 or the scrambled peptide (Scrbl). 
(a) Cytosolic Ca2+ transients are shown as relative changes in fluorescence intensity (F/F0). (b) Dots represent F/F0 maximum values from 
individual cells. Horizontal lines and whiskers indicate means and SEM. The number of cells analyzed from independent cultures (N ≥ 3) is 
indicated above each bar. (c, d) Exocytosis was evoked by a 10 s pulse of 10 mM choline without or with pre-treatment with 10 µM PNU 
in the absence or presence of 100 nM α-bungarotoxin (BGTX), 10 nM methyllycaconitine (MLA), 200 μM probenecid (PBN), 5 μM Cbx, or 
200 µM 10Panx1, and measured by amperometry. (c) Examples of amperometric traces from chromaffin cells stimulated with choline, choline 
plus PNU, or choline plus PNU in the presence of PBN. (d) Dots represent the number of amperometric events per cell during the recording. 
The number of cells analyzed from independent cell cultures (N ≥ 3) is indicated above each bar. *p < .05, **p < .01, ***p < .001, compared 
with the choline plus PNU condition; ‡‡‡p < .001, compared with the choline condition (one-way ANOVA test followed by Dunnett Multiple 
comparisons test)
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current reflects the initial release of transmitters through an incip-
ient fusion pore. The duration of the foot signal correlates with the 
stability of the fusion pore and the amplitude of this signal is pro-
portional to the pore conductance (Albillos et al., 1997; Lindau & de 
Toledo,  2003). None of the Panx1 channel blockers affected foot 
duration (Figure 6e), but PBN and 10Panx significantly reduced foot 
amplitude (Figure 6f). Thus, Panx1 channels seem to influence the 
extent of Ca2+-regulated exocytosis, as well as the characteristics of 
individual exocytotic events.

3.6 | P2X7 purinergic receptors are involved in the 
Panx1-α7 nAChRs crosstalk

Panx1 channels are apparently not permeable to Ca2+ ions (Harcha 
et  al.,  2019), instead they reportedly act in concert with the Ca2+ 
permeable P2X7R (Sáez et al., 2017; Tozzi et al., 2018). Therefore, 
we evaluated whether this receptor contributed to α7 nAChR-elic-
ited Ca2+ signals and exocytosis. First, we detected the presence of 

P2X7R in SH-SY5Y-α7 and chromaffin cells by immunofluorescence. 
In SH-SY5Y-α7 cells, P2X7 labeling is observed in both intracellular 
and cell surface compartments (Figure  7a), whereas this receptor 
has a more plasma membrane-confined pattern in chromaffin cells 
(Figure 7b).

We then evaluated whether P2X7R inhibition by the specific 
inhibitor oxidized ATP (oATP) influenced the Ca2+ signal elicited by 
α7 nAChR activation in both cell types. Therefore, cells were incu-
bated with 100 µM oATP for 45 min prior to induction of Ca2+ signals 
with 50 µM DMPP plus PNU-120596 in SH-SY5Y-α7 cells, or 10 mM 
choline plus 10  µM PNU-1205696 in chromaffin cells. Averaged 
fluorescence traces in both types of cells are shown in Figure 7c,d 
and maximum F/F0 values are indicated in Figure 7e,f. In both cases, 
inhibition of P2X7R with oATP almost completely abolished the α7 
nAChR-elicited cytosolic Ca2+ increase. Pre-treatment with the ATP-
degrading enzyme apyrase (2  U/ml) also significantly reduced the 
Ca2+ signals in both cell types (Figure 7e,f). These data indicate that 
stimulation of α7 nAChR types induces ATP release and activation of 
P2X7R in both cells.

F I G U R E  6   Effects of Panx1 channel 
inhibition on the properties of α7 
nicotinic acetylcholine receptor-elicited 
exocytotic events. (a) Scheme of an 
amperometric spike with the analyzed 
parameters: quantal size (Q), amplitude 
(Imax), half width (t1/2), and foot duration 
and amplitude. (b–d) Dots represent 
averages of median values of Q (b), Imax 
(c), and t1/2 (d) from single cells. Horizontal 
lines and whiskers indicate means and 
SEM. The number of cells analyzed 
from independent cultures (N ≥ 3) is 
indicated above each. (e, f) Bars represent 
means ± SEM of foot duration and 
amplitude values 
taken from individual spikes. The number 
of foot analyzed is indicated above each 
bar. **p < .01, ***p < .001 compared with 
choline plus PNU-treated cells (Kruskal–
Wallis test followed by Dunn's post hoc 
test)
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We also evaluated the effect of oATP and apyrase on DMPP-
induced DAPI uptake in order to rule out that this uptake occurs red 
via P2X7R channels (Sun et  al.,  2013), or that Panx1 channels are 
opened after P2X7R activation, which could be activated first by 
ATP release via exocytosis. As shown in Table S3, oATP and apyrase 
did not influence DMPP-induced DAPI uptake.

Subsequently, we analyzed how P2X7Rs and ATP release influ-
enced α7 nAChR-elicited exocytosis in chromaffin cells. As shown in 
Figure 7g, oATP or apyrase drastically reduced the amount of amper-
ometric spikes induced by choline plus PNU-1205696 from 69 ± 22 
spikes/100 s to 0.4 ± 0.2 and 2.6 ± 0.8 spikes/100 s, respectively. 
On the other hand, oATP did not influence the amperometric pa-
rameters Q, Imax, t1/2, foot duration and foot amplitude, whereas 
apyrase increased t1/2 compared with the choline condition, and 
reduced foot amplitude compared to the PNU-1205696 condition 

(Figure  S3), suggesting the involvement of additional purinergic 
receptors.

4  | DISCUSSION

Panx1 channels, α7 nAChRs, and P2X7Rs are co-expressed in ad-
renal chromaffin cells and SH-SY5Y neuroblastoma cells. Since 
Panx1 forms non-ligand-gated channels, the signaling mechanisms 
that induce the opening of this channel are of profound interest. 
Using different experimental approaches in two cell types, we have 
found that the opening of Panx1 channels is mediated by α7 nAChR-
induced localized Ca2+ signals and Src kinase activation, and that 
Panx1 channels together with P2X7Rs amplify the Ca2+ signals and 
the secretory response in chromaffin cells.

F I G U R E  7   α7 nicotinic acetylcholine receptor-induced Ca2+-transients and exocytosis depends on P2X7 receptors. (a, b) 
Immunofluorescent detection of the P2X7 receptor in SH-SY5Y-α7 and chromaffin cells using an anti-P2X7 antibody, and visualized with 
an AlexaFluor 488 secondary antibody (a) or AlexaFluor 555 secondary antibody (b). 4,6-diamidino-2-phenylindole staining was used to 
label the nucleus. Scale bar 10 µm. (c–e) Cytosolic Ca2+ signals were measured in Fluo-4 loaded SH-SY5Y-α7 cells stimulated with 50 µM 
dimethylphenylpiperazinium (DMPP) with or without pre-treatment with the 10 µM PNU-1205696 (PNU) in the presence or absence of 
100 µM oxidized ATP (oATP) or 2 U/ml of apyrase. (c) Cytosolic Ca2+ transients are shown as relative changes in fluorescence intensity 
(F/F0). Data represent mean ± SEM. (e) Each dot represents averaged F/F0 maximum values from individual coverslips. At least 10 cells per 
coverslip were analyzed and fluorescences were averaged. Horizontal lines and whiskers indicate means and SEM, respectively. The number 
of coverslips analyzed from independent cultures (N ≥ 3) is indicated above each bar. (d–f) Cytosolic Ca2+ signals were measured in Fura-
2-loaded chromaffin cells stimulated with 10 mM choline without or with 10 µM PNU, in the absence or presence of 100 µM oATP or 2 U/
ml apyrase. (d) Cytosolic Ca2+ transients are shown as relative changes in fluorescence intensity (F/F0). (f) Dots represent F/F0 maximum 
values from individual cells. Horizontal lines and whiskers indicate means and SEM. The number of cells analyzed from independent cultures 
(N ≥ 3) is indicated above each bar. (g) Exocytosis was evoked by a 10 s pulse of 10 mM choline without or with pre-treatment with 10 µM 
PNU in the absence or presence of 100 µM oATP or 2 U/ml apyrase. Dots represent the number of amperometric events per cell during the 
recording. **p < .01, ***p < .001, compared with the choline plus PNU condition (one-way ANOVA followed by Bonferroni's post hoc test)
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4.1 | α7 nAChR-induced Panx1 channel opening 
depends on localized Ca2+ signals and Src kinases

To study this cross-activation, we took advantage of the SH-
SY5Y-α7 cell line that expresses functional α7 nAChRs (Charpantier 
et  al.,  2005; Guerra-Álvarez et  al.,  2015) and Panx1 channels 
(Alhouayek et al., 2019; Wilkaniec et al., 2017). We found that acti-
vation of α7 nAChRs increases Panx1 channel-mediated membrane 
permeability to DAPI and ATP release. A recent report indicates that 
Panx1 channel permeability to dyes, such as ethidium, is activated 
in conditions different to those that promote permeability to ani-
onic molecules (Nielsen et al., 2020). Indeed, Panx1 can form both 
small- and large-conductance channels that can be activated under 
different physiological conditions, but whether ATP release occurs 
via small- or large-conductance channels remains unclear (Chiu 
et al., 2018). Here we found that DAPI uptake and ATP release ex-
hibit a similar sensibility to Panx1 channel blockers (Figure 2), sup-
porting the idea that DAPI permeability could be a good indicator 
of Panx1 channel activity in our cell models. ATP release via Panx1 
channels has been previously shown in SH-SY5Y cells (Wilkaniec 
et al., 2017). However, these cells also show Ca2+-dependent exo-
cytosis of dense-cored noradrenergic vesicles (Ou et al., 1998; Zhao 
et  al.,  2012). Therefore, we cannot discard that a fraction of ATP 
could also be released by exocytosis.

Since α7 nAChR are highly permeable to Ca2+ (Bertrand 
et  al.,  1992, 2015; Delbono et  al.,  1997; Séguéla et  al.,  1993), we 
decided to investigate whether the α7 nAChR-induced Panx1 chan-
nel opening depends on cytosolic Ca2+ rises. First, we observed that 
DMPP induced submembrane Ca2+ signals in SH-SY5Y-α7 cells, but 
undetectable global cytosolic Ca2+ rises. Only the presence of PNU-
120596, an agent that slows α7 nAChR desensitization (Williams 
et al., 2011) allowed the detection of global cytosolic Ca2+ signals. 
Then the highly localized Ca2+ signals induced by α7 nAChR activa-
tion might be explained by its fast desensitization (Uteshev, 2012) 
and/or the efficiency of Ca2+ buffering and extrusion systems 
(Schwaller, 2010), whose inhibition might promote an amplification 
of the α7 nAChR-elicited Ca2+ rise.

In another line of experiments, the absence of external Ca2+ or 
cytosolic Ca2+ buffering with BAPTA prevented the α7 nAChR-in-
duced DAPI uptake in SH-SY5Y-α7 cells, suggesting that α7 nA-
ChR-induced Panx1 channel opening depends on highly localized 
Ca2+ signals. The fact that cytosolic Ca2+ buffering with EGTA, a 
Ca2+ chelator with a Ca2+ on-rate 150 times slower than that for 
BAPTA (Naraghi & Neher, 1997), did not significantly reduce the α7 
nAChR-induced DAPI uptake, further supports the idea that Panx1 
channel opening depends on discrete Ca2+ microdomains.

Although high cytosolic Ca2+ concentrations result in Panx1 
channel activation in Xenopus oocytes (Locovei et al., 2006), Panx1 
currents do not depend on extracellular or cytosolic Ca2+ concentra-
tions in HEK293 cells (Ma et al., 2009). These contradictory results 
may lie in intrinsic intracellular signaling properties of each cellular 
system. In this respect, Panx1 channels are reportedly activated by 
Src kinase-mediated phosphorylation (DeLalio et al., 2019; Iglesias 

et al., 2008; Lohman et al., 2015). Given that α7 nAChRs can induce 
Src kinase activation (Dasgupta et al., 2006; Kihara et al., 2001; Li 
et al., 2019; Shen et al., 2012), we evaluated its involvement. Here, 
we found that Panx1 channel-mediated DAPI uptake was signifi-
cantly reduced by Src kinase inhibitors. As Src kinases are known 
to inactivate α7 nAChRs in a negative feedback loop (Charpantier 
et al., 2005; Komal et al., 2014), their inhibition would increase α7 
nAChR-mediated responses, the effect of PP2 on Panx1-mediated 
DAPI uptake observed here might be underestimated. Therefore, α7 
nAChR-elicited Panx1 channel opening depends on both localized 
Ca2+ signals and Src kinases.

4.2 | Ca2+ signals induced by activation of α7 
nAChRs are potentiated by P2X7 receptors

In our previous study, we showed the involvement of Panx1 chan-
nels in the amplification of Ca2+ signals induced by the full nAChR ag-
onist DMPP (Momboisse et al., 2014). Here we observed that Panx1 
channels are also responsible for the amplification of α7 nAChR-
induced Ca2+ signals in both SH-SY5Y-α7 and chromaffin cells. 
These results reinforce the idea that the nature of the Ca2+ signal 
induced by the activation of nAChRs is not only determined by Ca2+ 
entry through nAChRs and voltage-gated Ca2+ channels (Arnaiz-Cot 
et al., 2008). One possibility is that Panx1 channel opening allows a 
direct influx of Ca2+ through its pore. Indeed, previous reports sug-
gest that Panx1 and Panx3 channels are permeable to Ca2+ (Abeele 
et al., 2006; Ishikawa et al., 2011; Yang et al., 2020). However, di-
rect measurement of Ca2+ permeability through this channel has not 
been reported yet. Instead, a study in Panx1 transfected Hela cells 
shows that opening of Panx1 channels induced ATP release without 
detectable Ca2+ influx (Harcha et  al.,  2019), suggesting that these 
channels are not permeable to Ca2+. This is consistent with two in-
dependent electrophysiological studies based on determination of 
the reversal potential properties indicating that Panx1 channels 
are strictly anion selective (Ma et al., 2012; Romanov et al., 2012). 
Furthermore, Panx1 channels opened by low oxygen, mechanical 
stress or elevated extracellular K+ concentrations, present high uni-
tary conductance and are permeable to ATP (Wang & Dahl, 2018). 
Therefore, Panx1 channels might contribute to amplification of Ca2+ 
signals through the release of ATP.

As Panx1 channels are known to act together with the P2X7R 
(Sáez et al., 2017; Tozzi et al., 2018), which conducts Ca2+ ions (Egan 
and Khakh, 2004), we evaluated the contribution of this receptor 
to α7 nAChR-induced Ca2+ signals in SH-SY5Y-α7 cells. We found 
that inhibition of P2X7Rs by oATP, a widely used P2X7R blocker 
(Bae et al., 2017; Park et al., 2019; Savio et al., 2018), almost com-
pletely abolished α7 nAChR-induced Ca2+ signals. This observation 
is in apparent contrast with the reported functional cross-inhibi-
tion between purinergic receptors of the P2X family and nAChRs 
(Khakh et al., 2000, 2005; Limapichat et al., 2014; Searl et al., 1998). 
However, most of those studies were performed in heterologous ex-
pression systems.
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Using the ATP-degrading enzyme apyrase, we further demon-
strated that ATP mediates an autocrine loop that regulates the α7 
nAChR-induced Ca2+ response in SH-SY5Y-α7 cells. As ATP release 
was inhibited by Panx1 channel blockers, and the Panx1/ATP/
P2X7R-mediated amplification of Ca2+ signals has been previously 
described in SH-SY5Y-α7 cells (Wilkaniec et al., 2017), as well as in 
other cell types (Sáez et al., 2017; Tozzi et al., 2018), we hypothe-
size that ATP release through Panx1 channels mediates this interac-
tion. However, we cannot rule out that ATP release in this neuronal 
cell type could also occur through Ca2+-dependent exocytosis (Ou 
et al., 1998; Zhao et al., 2012).

We also investigated whether the aforementioned feed-back 
loop was present in chromaffin cells. First, we corroborated that 
P2X7Rs were expressed in this cell type, as previously identified 
in rat chromaffin cells (Afework & Burnstock, 1999, 2000; Arribas-
Blázquez et  al.,  2019), and then demonstrated that inhibition of 
either P2X7Rs with oATP or hydrolysis of extracellular ATP with 
apyrase decreased α7 nAChR-induced Ca2+ signals. Noteworthy, 
chromaffin cell granules are known to contain, besides catechol-
amines and peptides, large amounts (~150 mM) of ATP (Winkler & 
Westhead, 1980). This ATP is co-released during exocytosis (Zhang 
et al., 2019), enables accumulation of catecholamines inside vesicles 
(Estévez-Herrera et al., 2016; Klenchin & Martin, 2000), augments 
the amounts of catecholamine released (Majdi et al., 2019; Larsson 
et  al.,  2019), and seems to additionally contribute to the P2X7R-
mediated autocrine loop. As Panx1 channel blockers importantly 
inhibited nAChR-elicited Ca2+ signals and exocytosis, these channels 
might be also involved in this autocrine loop.

4.3 | A functional crosstalk between α7 nAChRs, 
Panx1 channels, and P2X7 receptor potentiates 
neurosecretion in chromaffin cells

Since we observed that Panx1 channels, together with P2X7Rs, 
function as an amplifier mechanism of α7 nAChR-induced Ca2+ 
signals in chromaffin cells, we evaluated their contribution to α7 
nAChR-elicited exocytosis. We found that blockage of Panx1 chan-
nels greatly reduced the amount of exocytotic events induced by 
α7 nAChR stimulation, thus confirming the contribution of Panx1 
to the secretory response. Since the magnitude of the Ca2+ signal 
might also influence the properties of individual secretory events 
(Marengo & Cárdenas, 2018), the effects of Panx1 channel blockage 
on amperometry spike and foot signal properties were also analyzed. 
We found that the different amperometric parameters were not af-
fected by the Panx1 channel blockers, with the exception of Q that 
was diminished by PBN, and foot amplitude, which was reduced by 
PBN and 10Panx1. The first parameter reflects the total catechola-
mine release per event and the latter the catecholamine flux through 
the initial fusion pore. Both are influenced by cytosolic Ca2+ levels 
(Bretou et  al.,  2008; Elhamdani et  al.,  2001; Marom et  al.,  2010). 
However, these effects seem to be not related to cytosolic Ca2+ 
levels, as PNU-1205696 did not change these parameters compared 

with choline. Cytoskeletal actin also influences these two param-
eters (González-Jamett et al., 2013, 2017; Olivares et al., 2014), and 
Panx1 channels are known to interact with this protein network 
(Boyce et al., 2014). Therefore, this is another possible mechanism 
that might explain the effects of these Panx1 blockers on Q and foot 
amplitude.

Both P2X7R inhibition and apyrase treatment almost com-
pletely abolished the α7 nAChR-mediated catecholamine secretion. 
However, only apyrase significantly increased t1/2 and reduced foot 
amplitude, suggesting that other purinergic receptors, in addition to 
P2X7Rs, are also involved in the regulation of exocytosis in chro-
maffin cells. Indeed, Gi/o-coupled P2Y receptors influence fusion 
pore expansion in rat chromaffin cells (Chen et al., 2005). Thus, ATP 
release via Panx1 and/or exocytosis constitutes an autocrine feed-
back loop that amplifies exocytosis in chromaffin cells, by mecha-
nism involving P2X7Rs, but additional purinergic receptors may be 
also involved.

The possible involvement of connexins, which are known to be 
expressed by the SH-SY5Y cell line (Kim et al., 2016; Sung et al., 2007) 
and in bovine chromaffin cells (Colomer et al., 2008, 2010; Martin 
et al., 2003) was not studied in the present work. Therefore, we can-
not exclude their participation in this crosstalk. Noteworthy, diverse 
authors have pointed out that the activation of nAChRs represses 
expression and function of connexin channels (Cisterna et al., 2020; 
Colomer et al., 2010; Corsini et al., 2017; Martin et al., 2003).

Taken together, the present findings reveal a new functional 
interplay between α7 nAChR, Panx1 channels and P2X7Rs that 
depends on submembrane Ca2+ signals, Src kinases, and ATP re-
lease, and that might constitute an autocrine loop that amplifies 
the cytosolic Ca2+ signals and secretory response in physiological 
conditions.
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