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Abstract

Pannexins (Panx1, 2 and 3) comprise a group of proteins expressed in vertebrates that share weak
yet significant sequence homology with the invertebrate gap junction proteins, the innexins. In
contrast to the other vertebrate gap junction protein family (connexin), pannexins do not form
intercellular channels, but at least Panx1 forms non-junctional plasma membrane channels. Panx1
is ubiquitously expressed and has been shown to form large conductance (500pS) channels that are
voltage-dependent, mechanosensitive and permeable to relatively large molecules, such as ATP.
Pharmacological and knockdown approaches have indicated that Panx1 is the molecular substrate
for the so-called “hemichannel” originally attributed to connexin43 (Cx43) and that Panx1 is the
pore forming unit of the P2X7 receptor. Here, we describe, for the first time, conductance and
permeability properties of Panx1-null astrocytes. The electrophysiological and fluorescence
imaging analysis performed on these cells fully support our previous pharmacological and Panx1
knockdown studies that showed profoundly lower dye uptake and ATP release than wild-type
untreated astrocytes. As a consequence of decreased ATP paracrine signaling, intercellular
calcium wave spread is altered in Panx1-null astrocytes. Moreover, we found that in astrocytes as
in Panx1 expressing oocytes, elevated extracellular K* activates Panx1 channels independently of
membrane potential. Thus, based on the present findings and our previous report, we propose that
Panx1 channels serve as K* sensors for changes in the extracellular milieu such as those occurring
under pathological conditions.
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INTRODUCTION

There is controversy in the literature regarding the non-vesicular pathways by which ATP is
released from astrocytes and other cell types and through which dye molecules can be taken
up. The two main candidates for such roles are currently “hemichannels” formed by the gap
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junction connexin proteins [where the principal candidate in most cell types is connexin43
(Cx43)] and non-junctional channels formed by pannexinl (Panx1).

Connexins are the pore forming elements of vertebrate gap junction channels, while
invertebrate gap junctions use totally unrelated (but topologically similar) proteins termed
innexins. Pannexins comprise a group of proteins with weak yet significant homology to
innexins that was discovered 10 years ago through homology searches of mammalian
sequence databases (Baranova et al. 2004; Panchin et al. 2000, 2005). Despite initial studies
suggesting that pannexins might form gap junction channels (Bruzzone et al. 2003), it is
now widely accepted that pannexins, at least Panx1, form plasma membrane channels and
do not function as intercellular channels [reviewed in (Dahl and Locovei 2006; Scemes
2011; Sosinsky et al. 2011)].

Gap junction “hemichannels” formed of Cx43 have been implicated in ATP release and/or
dye uptake in a variety of cell types under various conditions. The identity of the channel
was inferred from the inhibition of dye uptake and ATP release by certain gap junction
channel blockers (Contreras et al. 2002; De Vuyst et al. 2007; Kang et al. 2008) and
connexin-mimetic peptides (Clarke et al. 2009; Leybaert et al. 2003) and reported absence in
Cx43-null astrocytes (Contreras et al. 2003; Retamal et al. 2007). However, Panx1 channels
are even more sensitive to most gap junction channel blockers (Bruzzone et al. 2005)
including connexin-mimetic peptides (Dahl 2007) than are channels formed of connexins.
Panx1 channels are opened by activation of the P2X5 receptor (Locovei et al. 2007; Pelegrin
and Surprenant 2006), membrane stretch (Bao et al. 2004) and high extracellular K*
concentration (Silverman et al. 2009), all of which can occur under physiological and
pathological conditions, and both ATP release and dye uptake induced by these stimuli are
blocked by Panx1 knockdown strategies (lglesias et al. 2008, 2009a,b).

Missing, however, has been a mouse model in which Panx1 is deleted, so that its role in
physiology as well as cell properties could be inferred from functions absent in the
knockout. Several mouse lines are newly available in which Panx1 has been deleted using
different strategies, and we have recently shown in two of the mouse models that we have
tested, the severity of kainic acid-induced seizures was markedly and consistently reduced
(Santiago et al. 2011). We now provide data indicating that ATP release and other
phenomena that have been associated with Cx43 hemichannels or to the P2Z pore are absent
in astrocytes from these mice.

MATERIAL and METHODS

Panx1-null mice

Heterozygous (HT) Panx1m1a(KOMP)Wisi mice were purchased from the Knockout Mouse
Project (KOMP) at UCDavis and maintained in IACUC approved animal facilities at Albert
Einstein College of Medicine. Mice homozygous for the transgene (Panx1~~) and wild-type
(Panx1*/*) littermates were obtained by breeding HT mice. Tail PCR was performed on
progeny using the specific primers, as previously described (Santiago et al., 2011). All
studies used protocols approved by the Einstein Animal Care and Use Committee.

Astrocyte cultures

Brain cortices of neonatal (P0) Panx1*/* and Panx1~~ mice were minced in ice cold Ca2*-
free Dulbecco’s phosphate buffered saline (DPBS, Cellgro, Herndon, VA, USA) and tissue
digested with 0.05% trypsin (Cellgro) for 5 min at 37°C, after which digests were
centrifuged at 1.500 RPM for 5 min. Supernatants were removed and cells re-suspended in
Dulbecco’s minimal essential medium (DMEM, Invitrogen, NY, USA) containing 10% fetal
bovine serum (FBS, Invitrogen) and 1% penicillin/streptomycin antibiotics (Invitrogen).
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Cells were grown for 1-2 weeks in plastic tissue cultures dishes (BD Falcon, NJ, USA) and
maintained at 37°C in a humidified 5% CO, incubator.

Electrophysiology

Oocytes

Dye uptake

Solitary Panx1*/* and Panx1~/~ astrocytes were plated on glass coverslips 6 hrs prior to
recordings. Whole cell patch clamp recordings were performed on cells that were round and
exhibited no or few short processes, as previously described (Iglesias et al., 2009). Briefly,
cells were bathed in external solution containing (mM): NaCl 147, Hepes 10, glucose 13,
CaCl, 2, MgCl, 1 and KCI 5, pH 7.4; K* was varied through equimolar substitution of KCI
with NaCl. The pipette solution contained (mM): CsCl 130, EGTA 10, Hepes 10, CaCl, 0.5.
Activation of Panx1 channels by voltage was performed using a 5.5 second voltage ramp
protocol from a holding potential of —60mV to +80mV. To analyze the participation of
Panx1 channels in agonist-induced P2X7R activation, astrocyte membrane potential was
held at —60mV and the P2X7R agonist BzZATP (50 or 100i.M; Sigma-Aldrich, MO, USA)
was superfused for 5-10 seconds. After the first response to the agonist, the gap junction
channel blockers carbenoxolone (50uM; CBX; Sigma-Aldrich) and mefloguine (100nM;
MFQ; QU-024 Bioblocks, CA, USA) were superfused for 5 min prior to the addition of the
P2R agonist. Electrophysiological recordings were accomplished using an Axopatch 200B
amplifier and pClamp9 software was used for data acquisition and analysis.

Oocytes were prepared as described previously (Dahl et al. 1992). Xenopus laevis oocytes
were isolated by incubating small pieces of ovary in 2 mg ml~1 collagenase in calcium free
oocyte Ringer’s solution (OR2) and stirring at 1 turn/second for three hours at room
temperature. After being thoroughly washed with regular OR2, oocytes devoid of follicle
cells and having uniform pigmentation were selected and stored in OR2 at 18°C. OR2
solution in mM: 82.5 NaCl, 2.5 KCI, 1.0 MgCl,, 1.0 CaClsy, 1.0 NapHPQy, 5.0 HEPES,
antibiotics (Penicillin, 10,000 units/ml; Streptomycin, 10 mg/ml, pH7.5).

In vitro transcription of mMRNAs—The vector pCS2 containing mouse Panx1 cDNA
was linearized with Not1. mRNA was transcribed by Sp6 RNA Polymerase from 10 pg of
linearized plasmid using the mMessage mMachine kit (Ambion). mRNA was quantified by
absorbance (260nm), and the proportion of full-length transcripts was checked by agarose
gel electrophoresis. 20 nl of mMRNA (50 ng/p.l) was injected into oocytes. The injected
oocytes were then incubated at 18°C for 18-24 hours.

Voltage clamp—Whole cell voltage clamp recording was performed with two intracellular
electrodes as described (Dahl et al., 1992) using a Gene Clamp 500B apparatus (Axon
Instruments). Voltage ramps of 70 second duration were applied with a custom made device.

Astrocytes (Panx1*/* and Panx17/~) plated on glass bottomed dishes (MatTek, MA, USA)
were bathed for 5 min in phosphate buffered solution (PBS, pH 7.4) containing the cell-
impermeant dye YoPro-1 (5 pM; Molecular Probes-Invitrogen). Cells were then exposed to
a solution containing 300 wM BzATP and 5 wM of the dye or to 10 mM K* solution
containing 5 .M YoProl. YoProl fluorescence intensity was measured during 500 sec
BzATP and high K* solution stimulation, as previously described (Iglesias et al., 2009a).
YoProl fluorescence was captured with Metafluor software Molecular Devices, CA, USA)
using a CoolSNAP-HQ2 CCD camera (Photometrics, AZ, USA) attached to an inverted
Nikon microscope (Eclipse TE-2000E, Nikon, Japan) equipped with a 20X dry objective
and FITC filter set.
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Confluent cultures of Panx1*/* and Panx1~/~ astrocytes plated in 35 mm dishes were washed
twice in PBS and then exposed for 3 min to PBS containing 300itM BzATP. After complete
removal and washout of the agonist, cells were bathed in PBS for 2 min before collection of
samples of BzATP-induced ATP release. For measurements of ATP released following
exposure to high K* solution, cells were exposed to 10mM K* solution for 2 min before
collection of samples. The amount of ATP in samples was measured as previously described
(Iglesias et al., 2009), using the luciferin/luciferase assay (Molecular Probes-Invitrogen) and
a plate reader luminometer (Veritas, Turner Instruments, CA, USA). The amount of ATP in
each sample was calculated from standard curves and normalized for the protein
concentration, using the BCA assay (Pierce, Rockford, IL, USA).

calcium waves

Astrocytes plated on glass bottomed (MatTek) dishes were loaded with Fluo-3 AM (7 uM;
Molecular Probes-Invitrogen) for 45 min at 37°C. After several washes with DPBS (pH 7.4),
cells were imaged on a Nikon TE2000 inverted microscope equipped with a CCD digital
camera (Orca-ER; Hamamatsu Photonics, Hamamatsu, Japan) and a 10x panfluo objective
(numerical aperture, 0.45; Nikon). Changes in Fluo-3 fluorescence intensities emitted at
excitation 480 nm wavelength were acquired at one Hz using the Lambda DG-4 (Sutter
Instruments, Novato, CA) driven by a computer through Metafluor software. Intercellular
calcium waves (ICWs) were triggered by focal mechanical stimulation of single cells in the
center of the microscope field of view (460 x 367 um), as described previously (Suadicani
et al. 2006). ICWs were analyzed in terms of the extent of spread.

Dye coupling

The scrape loading (el-Fouly et al. 1987) and micro-injection techniques were used to
evaluate the degree of gap junctional communication, as previously described (De Pina-
Benabou et al. 2001; Thi et al. 2010). For the scrape loading, Panx1*/* and Panx1~/~
astrocytes plated in 35 mm dishes to confluency were bathed in DPBS, pH 7.4, containing
0.5 mg/mL Lucifer yellow (LY; Sigma-Aldrich). Using a razor blade, two scrapes per dish
allowed the dye to enter the damaged cells. Five minutes after scraping, preparations were
washed five to six times with DPBS and then fixed in 4% p-formaldehyde (Electron
Microscopy Sciences, PA, USA) and photographed using Metafluor software and a
CooISNAP-HQ2 CCD camera attached to an inverted Nikon microscope (Eclipse
TE-2000E) equipped with a 10X dry objective and FITC filter set. To determine the extent
of LY spread from the scrape edge to adjacent cells, the optical density profile of LY
obtained using Scion NIH Image software was used. Values of LY spread were obtained by
averaging the maximal distances at which LY fluorescence could be detected; at least four
measurements of LY spread were obtained along each single scrape line in three
independent experiments. Fractional changes in LY spread were calculated as [(test/ Gtontrol)
- 1]. For LY microinjections, single astrocytes in confluent cultures were impaled with a
glass microelectrode containing LY (5% weight in 150 mM LiCl). LY iontophoresis was
performed by applying 0.1 pA current for 3 min using an electrometer (Model 3100; A-M
Systems Inc, WA, USA). LY fluorescence images were acquired immediately after removal
of the microelectrode from the injected cells. Quantification of the degree of dye coupling
was performed by measuring the distance of LY spread from the injected cells. At least 18
microinjections were performed in 3-5 independent experiments.

Western blot

Samples of whole cell lysates of Panx1*/* and Panx1~/~ astrocytes were electrophoresed in
4-20% SDS-PAGE (Bio-Rad, Hercules, CA) and then transferred to nitrocellulose
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membranes (Schleicher & Schuell, Keene, NH, USA). Immunoblots were performed after
overnight incubation of membranes with blocking solution consisting of 1X PBS containing
2% dry nonfat milk and 0.4% polyoxyethylenesorbitan monolaurate (Tween-20; Sigma)
using primary antibodies. After several washes with 1X PBS-Tween-20, membranes were
incubated with HRP-conjugated secondary antibodies (1:2000; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Detection of bands was performed on X-ray films (Kodak,
Rochester, NY, USA) following incubation with enhanced chemiluminescence reagents
(Amersham Pharmacia Biotechnology, Piscataway, NJ, USA). Quantification of the
expression levels of Cx43 and Panx1 was performed by densitometric analysis (Scion-NIH
Image software) using GAPDH as an invariant control against which the protein of interest
was normalized. The following primary antibodies were employed: polyclonal anti-Panx1
(1:1000; Aves Labs), polyclonal anti-Cx43 (1:5000; Sigma), polyclonal anti-P2X7 receptor
(1:500; Alomone), and monoclonal anti-GAPDH antibodies (1:5000; Fitzgerald).

Statistical Analysis

RESULTS

Data were expressed as mean + s.e.m. ANOVA analysis of variance followed by Tukey’s
multiple comparison tests was performed when three or more groups were compared.
Student’s t-test was used when two groups were analyzed.

Electrophysiological features of Pannexinl currents: activation by voltage, elevated
extracellular K* and following P2X7 receptor stimulation

Pannexinl channels expressed in Xengpus oocytes have been shown to be activated by
elevated extracellular K* even when held at potentials at which the channels are normally
closed (Silverman et al., 2009). When bathed in 2.5 mM K* concentration Ringer solution,
Panx1 currents were activated at potentials close to -5 mV when voltage ramps (=100 to
+100mV) were applied (FigurelA). Five min incubation of oocytes in 50 mM K* solution
shifted the activation voltage of Panx1 channels and significantly increased current
amplitudes (Figure 1A). In response to the elevated K* concentration the channels were
already open while held at =100 mV and stayed open throughout the voltage ramp to +100
mV. As compared to the same oocyte exposed to regular K* concentration (2.5 mM), the
reversal potential was shifted to the left. Similar results were obtained by exposure of the
cells to 10 mM K* (not shown), except that the current amplitudes were lower, as would be
expected from a dose-dependent process. Dose dependency is shown in Figures 1B and C.
Compared to Panx1 currents evoked by +10 mV voltage steps (from a holding potential of
—-60 mV to -50mV) in oocytes bathed in 2.5 mM K* solution, significant increases in
current amplitudes were recorded when cells were bathed in 10, 20, and 50 mM K* and
similar voltage steps applied (Figure 1C).

In astrocytes, Pannexinl currents are also evident from electrophysiological recordings in
response to voltage ramps (holding potential of —60mV; ramps from —-60mV to +80 mV, at
28 mV/sec) as nonlinearities above 0 mV (Figure 2A). In Panx1~/~astrocytes bathed in 5
mM K* solution, such outward currents are smaller compared to Panx1*/* cells (Figure 2A);
in this condition, current amplitudes, as measured by the ratio between non-linear to linear
currents (current amplitudes at +80 mV divided by current amplitudes at =60 mV), were
significantly reduced in Panx1~/~ compared to Panx1*/* (Panx1*/* ratio: 5.29 + 1.28, N= 13
cells; Panx1~/~ ratio: 2.14 + 0.58, N=16 cells; P=0.024, unpaired t-test). However, when
bathed in 2 mM K* no statistically significant difference in the ratio of non-linear to linear
currents was detected in experiments with Panx1*/* and Panx1~/~ astrocytes (Panx1*/* ratio:
439 +0.74, N = 8 cells; Panx1~/~ ratio: 3.02 + 0.13, N = 10 cells; P = 0.059, unpaired t-
test). Thus, these results besides indicating that Panx1 channels are activated by membrane
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depolarization, suggest that opening of Panx1 channels is modulated by extracellular K*
concentration.

To further evaluate the extent to which native Panx1 channels are activated by elevated
extracellular K*, we used cultured astrocytes from Panx1*/* and Panx1~~ mice. Whole cell
recordings of solitary Panx1*/* astrocytes exposed to elevated extracellular K* indicated that
the activation voltage of Panx1 channels was shifted to more negative potentials when
extracellular K* was raised from 4 to 12 mM (Figure 2B). The shift in the activation voltage
was reversed by exposing the cells to lower 2.5 mM K* solutions (Figure 2B). When bathed
in 10 mM K* solution, Panx1 currents measured at +60 mV were increased 1.5 fold
compared to those recorded from cells exposed to 2.5 mM K* (Figures 2C-D). In contrast,
Panx1~/~ astrocytes did not display such K*-sensitive currents (Figures 2C-D). It should be
noted that conductance of 9 out of 10 Panx1*/* astrocytes increased as K+ was elevated
while conductance of every Panx1~/~ astrocyte was decreased or unchanged (Figure 2C).
Thus, similarly to mPanx1 channels expressed in oocytes, opening of native Panx1 channels
in astrocytes occurs at elevated extracellular K* independently of membrane potential.

We have previously shown that in response to brief exposure to 50 LM BzATP, Panx1*/*
astrocytes rapidly respond with two current components, a small amplitude current that is
followed by large amplitude current (Iglesias et al., 2009a); this second component is
sensitive to mefloquine (MFQ, a Panx1 inhibitor: Iglesias et al., 2009b), resulting in BzZATP-
induced currents of reduced amplitudes (Figure 3A). In contrast, Panx1~/~ astrocytes
respond to prolonged application of 100 .M BzATP with only low amplitude, MFQ-
insensitive currents (Figure 3B; Iglesias et al., 2009b), supporting the idea that Panx1
channels are responsible for the second current component activated following P2X5
receptor stimulation. Figure 3C shows the bar histograms of the mean amplitude values of
BzATP-induced currents [for each bar, means + s.e.m. are from 4-6 recordings]. In
Panx1*/* astrocytes, BzZATP-induced currents (352.5 + 30 pA) were significantly reduced
(P<0.01) in the presence of mefloquine (MFQ 100 nM; 105 + 18 pA), or carbenoxolone
(CBX 50 wM; 90 + 27 pA), and were also low in untreated Panx1~/~ astrocytes (101 + 16

pA).

Western blot analysis of astrocyte cultures derived 6 Panx1*/* and 6 Panx1~/~mice indicated
no changes in P2X7 receptor expression levels between the two genotypes (Figure 4),
indicating that reduced P2X> currents in Panx1~/~ cells are not related to decreased
expression of these receptors but rather to the lack of Panx1 expression.

Permeability features of Panx1~/~ astrocytes

Following 500 sec BzATP (300 M) stimulation, a significant increase in YoPro-1
fluorescence was recorded from Panx1*/* astrocytes compared to non-stimulated Panx1+/*
cells (Figure 5A). Under this condition, there was a 1.34 + 0.1 fold increase in dye uptake (N
= 300 cells from 3 independent experiments). This increase in dye uptake was much lower
when BzATP was bath applied to Panx1~/~ astrocytes (Figure 5A). In this case, only a 1.04
+ 0.01 fold increase in YoPro fluorescence (N = 800 cells from 8 independent experiments)
was measured.

Under similar conditions, BzZATP-induced ATP release seen in Panx1*/* astrocytes was
totally absent in Panx1~/~ astrocytes (Figure 5B). After BzZATP stimulation of Panx1*/*
astrocytes, there was a 3.12 + 0.13 fold increase in extracellular ATP compared to that
recorded from non-stimulated Panx1*/* cells (Figure 5B). For Panx1~/~astrocytes, the
extracellular levels of this purine induced by the same stimulation were significantly
(P<0.001) lower when compared to non-stimulated Panx1~/~ cells (Figure 5B).
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Similar results to those described above were obtained when astrocytes were exposed to 10
mM K* solution. After high K* stimulation, there was 1.24 + 0.03 fold increase in YoPro
uptake compared to that measured from non-stimulated Panx1*/* cells (Figure 5C). In
contrast to Panx1*/* astrocytes, high K* solution bath applied to Panx1~/~ cells evoked a
small (0.96 + 0.001 fold) but significant decrease in YoPro-1 fluorescence compared to non-
stimulated Panx1~/~ cells (P<0.001; Figure 5C).

The 2.64 + 0.13 fold increase in extracellular ATP measured following high K* stimulation
of Panx1*/* astrocytes (Figure 5D) was altogether absent in Panx1~/~ cells (Figure 5D).

Absence of calcium wave amplification in Panx1~/~ astrocytes

Gap junctional communication and extracellular ATP-mediated P2 receptor stimulation are
the two pathways involved in the transmission of calcium waves between astrocytes
[reviewed in (Scemes and Giaume 2006)]. Increased distance of transmission of calcium
waves between cultured astrocytes has been proposed to involve a mechanism of ATP-
induced ATP release (Anderson et al. 2004) which we have shown to involve the ATP
sensitive P2X7 receptor and the ATP-releasing channel Panx1 (Suadicani et al. 2006;
Suadicani et al. 2009).

Focal mechanical stimulation of single Panx1*/* astrocytes in confluent cultures bathed in
DPBS led to a calcium waves that spread to a distance of 186.9 £ 7.84 um (N = 53) from the
point of stimulation (Figure 6). When bathed in low divalent cation concentration solution
(LDPBS: nominal zero Ca%* and 43 LM MgCly), the distance of calcium wave transmission
significantly increased (P<0.001), spreading to 274.2 £ 9.5 um (N = 44) from the point of
stimulation (Figure 6A). This 1.5 fold increase in the transmission distance of calcium
waves was totally abrogated in Panx1~/~ astrocytes (Figure 6B). When bathed in PBS, the
radius of calcium wave transmission between Panx1~/~ astrocytes was 279.4 + 9.1 um (N =
48), which was not significantly different from that measured in Panx1~/~ cells bathed in
LDPBS (Figures 6A, B; 266.4 + 10.0 um; N=36; P>0.05). Interestingly, the radius of
calcium waves traveling between Panx1~/~astrocytes bathed in PBS was significantly higher
than that measured from Panx1*/* cells (Figure 6A; P<0.001). This appears to be due to
altered gap junctional communication as described below.

Increased coupling and connexin43 expression in Panx1~/~ astrocytes

To evaluate whether the larger extent of calcium wave spread recorded in Panx1~/~
astrocytes bathed in PBS compared to that of Panx1*/* was related to coupling strength, we
compared gap junctional coupling between these cells using the scrape loading and dye-
injection techniques. As shown in Figures 7A-B, Panx1~/~ astrocytes are better coupled than
Panx1*/* cells. Analyses of LY microinjections indicated a significant increase in dye
coupling in Panx17/~ cells (125.5 + 3.7 um; N = 18 injections from 5 independent
experiments) compared to Panx1*/* astrocytes (78.4 + 2.0 um; N = 26 injections from 3
independent experiments) (Figure 7A). Similarly, the scrape loading technique revealed a 2
fold increase in LY spread, from 107.3 £ 8.3 wm (N = 28 measurements from 6 independent
experiments) in Panx1*/* astrocyte cultures to 213.4 + 9.1 um (N = 29 measurements from 7
independent experiments) in Panx1~/~ cultures (Figure 6B; P<0.001).

This increased dye coupling recorded in Panx1~/~ astrocytes is likely to be due to the 1.6
fold increase in Cx43 expression levels measured in western blots of these cells compared to
that measured in Panx1*/* cells. (Figure 7C; P = 0.02; N = 4).
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DISCUSSION

Pannexins comprise a group of proteins that bear no sequence homology to connexins but
have been included in the gap junction family due to their sequence homology with the
invertebrate gap junction proteins, the innexins (Panchin et al. 2000). Pannexinl (Panx1) is
the best characterized of the three pannexins present in the rodent and human genomes.
Panx1 is widely distributed in mammalian tissues and forms plasma membrane channels
with large conductance (~500 pS) that are permeable to ATP (Bao et al. 2004; Locovei et al.
2006a). Although Panx1 does not share sequence homology with connexins, several
compounds known to block gap junction channels are effective in blocking Panx1 channels,
even at much lower concentrations (Bruzzone et al. 2005; Iglesias et al. 2009b). Such
overlap in pharmacology is not surprising as most gap junction channel blockers were first
identified in invertebrate preparations, but it imposes some difficulties when evaluating the
contribution of connexins and pannexins to biological processes. Recently, Panx1 knockout
mouse lines were generated by three independent groups (Dr. H. Monyer, Genentech and by
Knockout Mouse Project -KOMP) and reports on these mice in general support the role of
Panx1 as an ATP releasing channel (Qiu et al. 2011; Qu et al. 2011; Santiago et al. 2011;
Seminario-Vidal et al. 2011). Interestingly, however, Panx1 and Panx2 double knockout
mice were reported not to show the phenotype of depressed ATP release seen in the single
Panx1 knockout mice (Bargiotas et al., 2011). Although we do not know the reason for such
divergency, it is possible that genetic differences may have accounted for this discrepancy.

We have previously shown that Panx1 channels in cultured neurons and astrocytes can be
activated by elevated extracellular K* concentrations (Silverman et al. 2009). Similarly, in
hippocampal slices, rise in extracellular K* as occurs under intense neuronal activity
(epileptiform activity) was recently shown to lead to the influx of the dye YoPro-1 and to
the release of ATP in a Panx1 dependent manner (Santiago et al. 2011). The mechanism by
which K* activates Panx1 channels is likely to involve direct interaction of the cation with
the channel, which is shown here to induce a shift toward lower activation voltage when
extracellular K* rises. That the action of K* is direct is also supported by the fact that in
Xenopus oocytes expressing mPanx1 channels similar effects on the activation voltage was
recorded. Nevertheless, it is possible that under non-voltage clamp conditions, intracellular
signaling pathways may also modulate Panx1 channels when extracellular K* concentration
increases. Such a mechanism may be synergistic with the facilitation of Panx1 opening due
to the depolarization induced by K*. Among the possible mechanisms, intracellular calcium
elevation due to the influx of calcium through L-type calcium channels (De Pina-Benabou et
al. 2001) has been shown to induce opening of Panx1 channels either directly or as a
consequence of purinergic receptor activation (Locovei et al. 2006b). In the presence of 10
mM K*, increased outward currents, YoProl uptake and ATP release from cultured
astrocytes were totally eliminated in astrocytes lacking Panx1. Thus, Panx1 channels may be
regarded as having a dual function as sensors and as “paracrine” channels.

Here we show for the first time using the KOMP transgenic mice lacking Panx1 that in
cultured astrocytes channels formed by this protein are the main pathway for ATP release
following P2X7 receptor stimulation, which we have shown to contribute to the
amplification of calcium waves (Scemes et al. 2007; Suadicani et al. 2006). These new
findings, besides supporting our previous studies indicating the involvement of Panx1 in
purinergic transmission between astrocytes (lglesias et al. 2009a; Scemes et al. 2007),
clearly show that Panx1 channels in astrocytes are the major ATP permeation pathway
induced by P2X7 receptor stimulation. The original studies indicating that the
permeabilization “pore” of the P2X5 receptor was the Panx1 channel (Locovei et al. 2007;
Pelegrin and Surprenant 2006) have been debated based on knockdown and pharmacological
assays and reports suggesting that P2X5 receptor activation triggers distinct
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“permeabilization” pathways for cations and anions (Pelegrin and Surprenant 2007, 2009;
Schachter et al. 2008). Data presented here clearly indicate that in astrocytes Panx1 is the
main permeation pathway for the flux of both positively and negatively charged molecules
such as YoProl and ATP following activation of P2X7 receptors. Nevertheless, we cannot
rule out that a Panx1-independent pathway may also provide for the flux of charged
molecules, as reported in macrophages (Marques-da-Silva et al. 2011). However, given that
Panx1 channel currents reversed close to zero mV under symmetrical KCI or K*-gluconate
conditions (Bao et al. 2004), it is expected that both cationic and anionic dyes or molecules
would equally permeate these channels.

In astrocytes, the release of “gliotransmitters” such as ATP has been proposed to occur via
both vesicular and non-vesicular pathways [reviewed in (Hamilton and Attwell 2010;
Parpura et al. 2004)], and in astrocytes both Cx43 hemichannels and Panx1 channels have
been proposed as non-vesicular routes (lglesias et al. 2009a; Kang et al. 2008; Ye et al.
2003). The present results showing complete absence of ATP release from Panx1-null
astrocytes following elevated extracellular K* stimulation or following P2X7 receptor
activation are in favor of the idea that Panx1 channels represent the main pathway for ATP
release from these cells. Nevertheless, we cannot exclude that other mechanisms may also
contribute to this release when stimuli other than the ones investigated in the present study
are in play. For instance, in case of connexin43 mutations, such as that associated with
oculodentodigital dysplasia, hypoxia and low [Ca2*], were reported to lead to increased
ATP release due to enhanced opening of the mutated Cx43CG138R hemichannels
(Dobrowosky et al., 2008; Torres et al., 2012).

Paracrine signaling and gap junctional communication are the two pathways by which
astrocytes communicate via calcium waves [reviewed in (Scemes and Giaume, 2006)]. This
form of communication is highly plastic, such that when one of these two pathways is
altered ICWs can be preserved by a compensatory mechanism. As we originally proposed
based on purinergic signaling alteration in Cx43-null astrocytes (Scemes et al., 2000;
Suadicani et al., 2003), our present results showing up-regulation of Cx43 in Panx1-null
astrocytes, indicate that in the absence of the ATP releasing channel, increased gap
junctional communication may sustain the transmission of ICW in Panx1-null cells.
Similarly, increased contribution of purinergic signaling in the transmission of calcium
waves when gap junctional communication was decreased was previously reported for
astrocytes treated with IL1-p (John et al. 1999). These studies thus indicate that gap junction
proteins (connexins and pannexins) and purinergic receptors form a calcium signaling unit
in which components can be reciprocally regulated (lacobas et al. 2008). The recent report
showing absence of calcium wave spread in astrocytes of Cx30/Cx43 double knockout mice
(Torres et al., 2012) is consistent with this because gap junctional communication was
abolished along with putative Cx43 hemichannel function.

As mentioned above, pannexins are unlikely to form gap junction channels between native
cells. Nevertheless, it has been claimed that Panx1 can form gap junction channels under
conditions of massive over-expression (Bruzzone et al. 2003; Lai et al. 2007). However,
canonical gap junction structures formed by Panx1 have not been observed by electron
microscopy in either transfected cells or in native tissues and nor have gap junction channels
induced by Panx1 overexpression in mammalian cells been characterized [see (Sosinsky et
al. 2011)]. The present study showing that Cx43 expression and gap junction coupling are
substantially higher in Panx1-null than in wild-type astrocytes support the idea that Panx1
does not contribute to gap junctional communication and thus does not form gap junction
channels. Moreover, although our results suggest that decreased expression of Panx1 is
accompanied by increased Cx43 expression, further studies are necessary to evaluate the
extent to which such modulation occurs, especially in system were Panx1 is over-expressed.
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In conclusion, the present study provides further evidence that phenomena attributed to
Cx43 hemichannels or to the P2Z pore such as ATP release and dye uptake are due to Panx1
channels. Moreover, here we indicate that Panx1 channels are exquisitely tuned to respond
to changes in extracellular environment by releasing “gliotransmitter”.
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Figure 1. Elevated extracellular K* activates Panx1 channels in oocytes

(A) Example of currents recorded from mPanx1 expressing oocytes bathed in 2.5 and 50
mM K* solution and subjected to voltage ramps (=100 to +100 mV). Arrows indicate the
activation voltage of Panx1 currents in these two conditions. (B) Whole cell recordings of
mPanx1 oocytes bathed in 10, 20, and 50 mM K* abtained by applying +10 mV voltage
steps (from a holding potential of =60 mV). (C) Mean + s.e.m. values of current amplitudes
obtained from experiments shown in part B; N as indicated in figure.
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Figure 2. K* sensitivity of astrocyte Panx1 currents

(A) Examples of whole cell recordings performed in solitary astrocytes derived from
Panx1*/* and Panx1~/~ mice exposed to 5 mM K* solution and subjected to voltage ramps
(-60mV to +80 mV, at 28 mV/sec; holding potential of —60mV). (B) Panx1 currents
recorded from Panx1*/* solitary are shown to be activated at negative membrane potentials
in a time dependent manner by increasing extracellular K* concentrations from 4 to 12.5
mM. Six minutes after washout of 12.5 mM K* solution with a 2.5 mM K* solution, Panx1
currents were of smaller amplitudes than those recorded in 4 mM K* solution (C) Peak
conductance of Panx1 channels recorded from 10 Panx1*/* and 11 Panx1~/~ astrocytes
bathed in 2.5 and 10 mM K* solutions. (D) Bar histograms of the mean + s.e.m. values of
the fold changes in Panx1 peak conductance recorded from Panx1*/* and Panx1~/~
astrocytes induced by 10 mM K* solution normalized to those recorded at 2.5 mM K*
(dotted line).
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Figure 3. Panx1 channels contribute to P2X7 receptor currents

(A, B) Examples of BzATP-induced whole cell currents recorded from (A) Panx1*/* and (B)
Panx1~/~ solitary astrocytes (holding potential of =60 mV). (C) Bar histograms of the mean
+ s.e.m values of BzATP-induced currents recorded from solitary Panx1*/* astrocytes in the
absence and presence of MFQ (100 nM) and CBX (50 uM). Note that BZATP current
amplitudes recorded from Panx1~/~ astrocytes are quite similar to those recorded from
Panx1*/* in the presence of Panx1 channel blockers. **P<0.01 calculated from 4-6
independent recordings.
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Representative western blots of (A) Panx1 and (B) P2X7 receptor expression obtained from
Panx1*/* and Panx1~/~ cultured astrocytes. (C) Bar histogram of the mean + s.e.m. values of
P2X7 expression levels (normalized to GAPDH) measured from 6 independent cultures of

Panx1** and of Panx1~/~ astrocytes.
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Figure 5. Panx1 channels mediate dye uptake and ATP release from cultured astrocytes

Bar histogram of the mean + s.e.m. values of (A, C) Yopro-1 fluorescence changes relative
to control conditions (ctrl) and (B, D) of ATP release from cultured Panx1*/* and Panx1~/~
astrocytes induced by (A, B) a P2X7 receptor agonist (300 uM BzATP) and (C, D) by 10
mM K* solution. P values were obtained using ANOVA analysis of variance followed by
Tukey’s multiple comparison tests. Data are from 3-8 independent experiments.
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Figure 6. Impaired calcium wave amplification in cultured Panx1~/~ astrocytes

(A) Bar histogram of the mean + s.e.m. values of the radius of calcium wave spread between
confluent cultures of Panx1*/* and Panx1~/~ astrocytes bathed in divalent containing
phosphate buffered solution (PBS) and in low divalent (LDPBS) solutions. Part (B) shows
the amplification of calcium waves measured as the fold changes in radius of calcium wave
spread recorded in Panx1*/* and Panx1~/~ astrocytes exposed to LDPBS normalized to that
obtained from the same cells bathed in PBS. P values were obtained by ANOVA analysis of
variance followed by Tukey’s multiple comparison tests. Values were obtained from 30-50
independent experiments performed on at least three different litters of each genotype.
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Figure 7. Increased Cx43 mediated coupling in Panx1 ™/~ cultured astrocytes

Bar histograms of the mean + s.e.m. values of the distance of dye spread (in um) between
Panx1*/* and Panx1~/~ cultured astrocytes measured by (A) the LY microinjection and (B)
the scrape loading techniques. (C) Representative western blot and analysis of Cx43
expression level changes in cultured astrocytes derived from 3 Panx1*/* and 3 Panx17/~
mice. Note the significant increase in Cx43 expression in relation to GAPDH in the
Panx1~/~ compared to Panx1*/* cells. P values were obtained by unpaired t-test.
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