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Introduction

Extracellular ATP is known to play relevant roles in diverse 
responses of T cells,1 including CD27, CD23 and CD62L 
shedding,2,3 secretion of IL-2 and IFN-γ,4 cell proliferation and 
antigen presentation.5-7 In murine T cells, extracellular ATP 
signaling is transduced mainly, if not exclusively, through the 
P2X

7
 receptor (P2X

7
R).8 This receptor is unique among other 

P2X receptors, and 4 main features distinguish it from others: (1) 
it presents an unusual long C terminus, known to interact with a 
variety of cytoskeletal and signaling proteins;9 (2) its activation 
requires high (> 100 µM) ATP concentrations; (3) the activation 
process can exhibit striking changes in time course and amplitude 
after prolonged application of agonists and (4) cells expressing 
P2X

7
Rs are susceptible to lyses after a sustained activation of 

the receptor.10-12 Lately, P2X
7
R has been proposed to interact 

with multiple permeation pathways, although so far only those 
formed by pannexin1 (Panx1) channels have been demonstrated 
to interact with it. These channels have been shown to mediate 

increases both in membrane current amplitude and membrane 
permeability induced by extracellular ATP.13,14

Pannexins (Panxs) are a family of 3 membrane glycoproteins 
termed Panx1, Panx2, and Panx3.15 Panx1 forms membrane 
channels permeable to small signaling molecules (< 1 kDa), 
including ATP.16 Since Panx1 channels are widely expressed in 
most cell types, they might represent one of the most commonly 
used cellular pathways for ATP release.17 Different cellular 
processes, including mechanical stress, membrane depolarization 
and intracellular Ca2+ signals are known to open Panx1 
channels.18 Interestingly, ATP itself can activate Panx1 channels 
via a purinergic receptor-dependent mechanism,13,14 although 
high extracellular ATP concentrations can also inhibit Panx1 
channels rapidly and reversibly.19,20

Despite the fact that Panx1 channels were recently discovered, 
they have already been shown to be involved in a wide variety of 
cellular functions in the immune system. For instance, diverse 
immune cells including macrophages, neutrophils, microglia and 
T cells express Panx1.17,21-24 Panx1 was also found to be critical 
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Death of murine T cells induced by extracellular ATP is mainly triggered by activation of purinergic P2X7 receptors 
(P2X7Rs). However, a link between P2X7Rs and pannexin1 (Panx1) channels, which are non-selective, has been recently 
demonstrated in other cell types. In this work, we characterized the expression and cellular distribution of pannexin 
family members (Panxs 1, 2 and 3) in isolated T cells. Panx1 was the main  pannexin family member clearly detected in 
both helper (CD4+) and cytotoxic (CD8+) T cells, whereas low levels of Panx2 were found in both T-cell subsets. Using 
pharmacological and genetic approaches, Panx1 channels were found to mediate most ATP-induced ethidium  uptake 
since this was drastically reduced by Panx1 channel blockers (10Panx1, Probenecid and low carbenoxolone concentration) 
and absent in T cells derived from Panx1-/- mice. Moreover, electrophysiological measurements in wild-type CD4+ cells 
treated with ATP unitary current events and pharmacological sensitivity compatible with Panx1 channels were found. In 
addition, ATP release from T cells treated with 4Br-A23187, a calcium ionophore, was completely blocked with inhibitors 
of both connexin hemichannels and Panx1 channels. Panx1 channel blockers drastically reduced the ATP-induced T-cell 
mortality, indicating that Panx1 channels mediate the ATP-induced T-cell death. However, mortality was not reduced in T 
cells of Panx1-/- mice, in which levels of P2X7Rs and ATP-induced intracellular free Ca2+ responses were enhanced suggesting 
that P2X7Rs take over Panx1 channels lose-function in mediating the onset of cell death induced by extracellular ATP.
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for the cryopyrin-dependent caspase-1 activation and IL-1β 
secretion induced by diverse microbial stimuli.14,25-28 Additionally, 
it participates in monocyte recruitment by apoptotic cells that 
use this channel as pathway for ATP and UTP release,21,29 and is 
essential for T-cell activation.7,24

Although the presence of Panx1 has been demonstrated in T 
cells, a detailed characterization including cellular distribution, 
pharmacological and functional properties, as well as the 
presence of other Panx family members has not been reported. 
In the present work, several aspects of these issues were studied. 
We found Panx1 and a small amount of Panx2 at the cellular 
membrane of T cells. The former expresses functional Panx1 
channels that serve as the main cell membrane pathway 
for ATP-induced uptake of small molecules and mediates 
the ATP-induced T-cell death. We also found that P2X

7
Rs 

are overexpressed in T cells of Panx1-/- mice and retain their 
sensitivity to ATP, suggesting that P2X

7
Rs take over the lost 

function of Panx1 channels.

Results

Panx1 and Panx2, but not Panx3, are expressed by T cells 
and cells of peripheral immune organs

Even though the function and expression of Panx1 has 
been described in helper T cells,7,24 currently there is no report 
describing the expression of other members of the Panx family 
in T cells. To address this issue, we first examined the presence 
of Panxs in isolated T cells and lymphoid tissues by RT-PCR 
and western blot analyses. RT-PCR analyses indicated that T 
cells expressed both Panx1 and Panx2 mRNA as revealed by the 
amplicon bands displayed at ~280 bp for Panx1 and ~270 bp for 
Panx2, similar to the ones present in proliferating C

2
C

12
 cells30 

used as positive controls (Fig. 1A). In contrast, Panx3 was not 
detected in T cell samples but was present in C

2
C

12
 cells (Fig. 1A).

Also, relative levels of Panx1 in total cells and lymphoid 
tissue homogenates from BALB/c mice were evaluated by 
immunoblotting. The band profile of Panx1 included 1–3 
bands between ~45 and ~90 kDa that were present in different 

Figure 1. Panxs 1 and 2 are present in mouse T cells and secondary lymphoid organs. (A) RT-PCR products generated with specific primers for Panx1, 
Panx2 and Panx3 were obtained from RNA extracts of T cells isolated from lymph nodes of Balb/c mice and C2C12 cells used as positive control. Panx1 
amplicon was detected from RNA purified from T cells and C2C12 cells at the expected electrophoretic mobility (~280 bp). Panx2 amplicon was also pres-
ent in both samples (~270 bp). However, Panx3 amplicon was detected in C2C12 cells but not in T cells. No amplicons were detected in samples having 
RNA-DNase or water (not shown) that were used as DNA-contamination controls for mRNA isolation and PCR amplification control, respectively. (B) 
Immunoblot of Panx1 in total homogenates of mouse blood, thymus, axillar lymph nodes and spleen, as well as freshly isolated T cells obtained from 
lymph nodes of BALB/c mice and Jurkat cells. C2C12 cells and mouse brain were used as positive controls. One to four main bands reactive to anti-Panx1 
antibody were detected at 45–50 kDa and 90 kDa. (C) Immunoblot analysis of Panx2 in total homogenates of spleen, thymus and lymph node. Brain was 
used as Panx2 positive control. Panx2 reactive bands were detected mainly between 90–110 kDa.
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samples (Fig.  1B). Two bands with electrophoretic mobility 
between ~45 kDa and ~50 kDa, which correspond to the non-
glycosylated (immature, fastest) and glycosylated (mature, 
second fastest) forms of Panx131 were present in most analyzed 
samples (Fig. 1B). However, only the mature form of Panx1 was 
detected in red blood cell homogenates, while the immature one 
was detected in spleen (Fig. 1B). In addition, a third band that 
might represent a Panx1 dimer at ~90 kDa was also detected in 
thymus, lymph nodes and brain, as well as in both Jurkat and 

C
2
C

12
 cells. Additional bands were also present in brain samples, 

possibly representing Panx1 isoforms as those described by Li and 
colleagues.32 In support to the specificity of the antibody used, all 
bands detected with the anti-Panx1 antibody were not observed 
in immunoblots developed with antibody preabsorbed with the 
antigenic peptide (not shown).

Lastly, we examined the presence of Panx2 in different 
lymphoid tissues by using confocal immunofluorescence and a 
commercial anti-Panx2 antibody. We found that in addition to 
the monomeric Panx2 detected at 70 kDa a second band of ~110 
kDa, similar to the one detected in the cochlea by Wang and 
colleagues33, was also evident in all 3 lymphoid tissues analyzed. 
In addition, a third band at ~98 kDa, that might correspond 
to the palmitoylated state of the protein34 was detected in both 
brain and thymus homogenates (Fig.  1C). The Panx2 mRNA 
was not detected in human T cells (not shown). In addition 
and consistent with the PCR finding, we did not detect Panx3 
reactivity by western blot or immunofluorescence analyses in T 
cells (not shown).

Panxs 1 and 2 are located near the cell membrane of both 
helper and cytotoxic T cells

We studied the distribution of Panxs 1 and 2 in acute T-cell 
cultures. T cells were labeled with anti-CD4 and anti-CD8 
antibodies together with anti-Panx1 and anti-Panx2 antibodies, 
respectively. Under resting conditions, both Panxs were detected 
in the majority (100% Panx1 and ~98% Panx2) of helper 
(CD4+) and cytotoxic (CD8+) T-cell subsets (Panx1 in Figs. 2 
and 4; Panx2 in Figs. 3 and 4). Each Panx was localized mainly 
at or under the cell membrane. However, in both T-cell subsets 
fluorescent intensity of Panx1 seemed greater than that of Panx2, 
as observed by FACS using saturating antibody concentrations 
(Fig. S1). In addition, neither CD4+ nor CD8+ T cells presented a 
significant difference in total levels of Panx1 or Panx2 measured 
by flow cytometry (Fig. 4).

Electrophysiological recordings of Panx1 channel currents 
in CD4+ T cells

To further demonstrate the presence of functional Panx 
channels at the T-cell membrane, we measured the macroscopic 
and microscopic membrane currents generated by the application 
of 2 transmembrane voltage protocols in the absence and 
presence of extracellular ATP. In patch clamp experiments using 
whole cell configuration and intracellular solution that excludes 
most selective ion channels, we searched for discrete current 
events after the application of positive and negative membrane 
potentials. The total membrane current was evaluated under 
control condition and right after treatment with 500 μM ATP. 
Additionally, it was applied either a ramp voltage protocol from 
-80 to + 80 mV or rectangular voltage steps with increments 
of 20 mV. The total current measured under these conditions 
showed a rather linear I-V relationship with reversal potential 
at 0 mV, consistent with the presence of non-selective channels 
(Fig. 5A). Treatment with ATP increased the slope of the current 
trace recorded during the voltage ramp application (Fig.  5A), 
indicating the opening of non-selective ATP responsive channels. 
In the same way, the application of rectangular voltage steps 
under resting conditions (not treated with ATP) promoted a 

Figure 2. Resting T lymphocytes present high Panx1 reactivity. Confocal 
immunofluorescence microphotographs that depict helper and cyto-
toxic T cells showing CD4 (in green), CD8 (in blue), and Panx1 (in red) 
immunoreactivity. (A–C) Representative field of T cells obtained from 
the lymph nodes of Balb/c mice (calibration bar: 20 μm). In (D–G) and 
(H–K), it is shown a detailed view of Panx1 distribution in helper and 
cytotoxic T cells, respectively (calibration bar: 10 μm). Bright fields of 
fluorescent views are shown in gray (A, D, and H).
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small increment in macroscopic currents, and current traces 
did not show discrete microscopic current transitions (58/60 
successful patches) (Fig.  5B, see Basal). However, right after 
the addition of ATP the total current increase promoted by each 
voltage step was larger than that under control conditions, and 
discrete microscopic current transitions were evident, particularly 
at positive potentials (Fig.  5B, ATP). Then, we searched for 
single channel events using voltage steps from 0 to +60 mV. As a 
result, 4 consecutive sweeps were done for each protocol allowing 
us to follow the time course of current transition changes from 
the time of ATP addition and on. Under control conditions 

(just voltage step), no discrete current events were found  
(Fig.  5C, 0 s). However, bath application of ATP (at time  
> 20 s) promoted trains of small current events of ~20 pS, likely 
to correspond to P2X

7
Rs, while after ~80 s of recording large 

current events with single channel conductance of ~400 pS were 
recorded (Fig. 5C, right records) and remained open for more 
than 120 s (Fig. 5C). At this time, the application of 200 μM 
La3+ (Fig. 6), a connexin hemichannels (Cx HCs) blocker, P2X 
receptors and TRP channel blocker35 did not reduce the amplitude 
or frequency of these large unitary events. On the contrary, 
treatment with 1 mM Probenecid completely reduced the ATP-
induced unitary current events (n = 4) (Fig. 6A [c, e] and B),  
suggesting that these large current events can be attributed 
mainly to Panx1 rather than Panx2 channels, since the latter are 
not sensitive to Probenecid.33

Panx1 channels form the main ATP-activated cell membrane 
pore permeable to ethidium

A controversial issue about Panx1 channels is whether they 
are part of the pore forming unit of P2X

7
Rs. Recently, P2X

7
Rs 

were found to activate different permeation pathways in different 
cells. At least in bone marrow-derived macrophages, Panx1 was 
found to be dispensable for uptake of ATP-induced YOPRO-1.29 
However, in macrophages derived from human lung alveolar 
cells and in the macrophage cell lines J774 the mimetic inhibitor 
peptide 10Panx1 largely eliminated the ATP-induced cell 
membrane permeability to ethidium (Etd).14 Therefore, we then 
studied whether Panx1 channels were also involved in Etd uptake 
promoted by ATP. Changes in cell membrane permeability 
induced by ATP were measured by time-lapse recordings. Freshly 
isolated T cells seeded on poly-l-lysine coated coverslips were 
recorded in Hank’s-HEPES saline solution containing 5 µM 
Etd. In each recording, the basal slope (first 5 min) and the slope 
after the addition of 500 µM ATP were evaluated. Under resting 
conditions, T cells presented low Etd uptake (uptake rate = 0.4 
± 0.1 AU/min, n = 25) (Fig. 7B and G, first 5 min). However, 
a rapid increase in Etd uptake was evident at ~60 s after bath 
application of 500 µM ATP (uptake rate = 2.3 ± 0.2 AU/min,  
n = 20) (Fig. 7C and G from 5 min and on) in 90% of the cells 
(n = 6 experiments, from a total of 3,000 cells analyzed). In 
contrast, T cells pre-treated for 20 min with 10Panx1 (200 µM), 
a Panx1 channel blocker,14 and then treated with 500 µM ATP 
showed very small increase in Etd uptake (Fig. 7D–F and G). In 
all experiments, a small group (< 5%) of T cells showed a 10Panx1 
resistant Etd uptake (Fig.  7F). Likewise, T cells pre-incubated 
for 15 min with carbenoxolone (5 µM, CBX) at a concentration 
known to preferentially block Panx1 channels over Cx HCs,33 
or Probenecid (1 mM), a blocker of Panx1 channels,36 or 200 
µM 10Panx1 displayed a drastic reduction of the ATP-induced 
Etd uptake, though it was not completely abrogated (CBX: 1.3 
± 0.2 AU/min, n = 9; Probenecid: 1.32 ± 0.3 AU/min, n = 4; 
10Panx1: 0.92 ± 0.2 AU/min, n = 3) (Fig.  7H). Since T cells 
express Cxs,37-39 which form functional HCs in the membrane 
of diverse cell types,37-40 we studied their possible contribution in 
the ATP-induced Etd uptake. In T cells pre-treated for 20 min 
with β-GA (50 µM), which blocks both Panx1 channels and Cx 
HCs,33 the ATP-induced Etd uptake was completely inhibited  

Figure  3. Resting T cells present low Panx2 reactivity. (A–C) 
Representative confocal immunofluorescence microphotograph from 
enriched cultures of T cells derived from lymph nodes of Balb/c mice 
showing CD4 (in green), CD8 (in blue) and Panx2 (in red) reactivity (cali-
bration bar: 20 μm). Detailed views of Panx2 distribution in CD4+ (D–G) 
and CD8+ lymphocytes (H–K) are illustrated (calibration bar: 10 μm). 
Bright fields of fluorescent views are shown in gray (A, D, and H).



146	 Channels	 Volume 8 Issue 2

(uptake rate 0.3 ± 0.1 AU/min n = 4) (Fig. 7H), suggesting that 
both Panx1 channels and Cx HCs mediate the ATP-induced Etd 
uptake.

The pharmacological characterization of Panx1 channels was 
further confirmed using T cells derived from C57BL/6 mice with 
the Panx1 gene deleted (Panx1-/-) (Fig.  S2). In these cells, the 
ATP-induced Etd uptake was significantly reduced in both CD4+ 
and CD8+ T-cell populations as compared with that of WT cells 
(Fig. 8). Notably, the small population of CD4+ lymphocytes that 
presented a high dye uptake and were insensitive to Panx channel 
blockers was still present in CD4+ T cells Panx1-/- mice (Fig. 8A, 
B, and C), suggesting that this T cell small population expresses 
a different Etd uptake pathway activated by extracellular ATP 
that was not further characterized in this work. In contrast CD8+ 
T cells derived from Panx1-/- mice presented a low to absent Etd 
uptake rate (Fig. 8A, D, and E).

Previously, it has been demonstrated that total CD4+ cells can 
be subdivided into three subpopulations with characteristic Etd 
fluorescence intensities induced by extracellular ATP,41 suggesting 
that each subtype presents different levels of pore activity and/
or different uptake pathways. In addition, it has been observed 
that regulatory T cells (CD4+CD25+) and memory T cells 
(CD4+CD44highCD45RBlow) have higher membrane permeability 
to Etd than conventional T cells do.41,42 Indeed, in Etd uptake 
studies performed by FACS analysis we found that conventional 
T cells treated with ATP exhibit 3 distinct populations with 
different Etd uptake, one with very low or null Etd uptake (called 
1), a second one with medium Etd uptake values (called 2) and 
a third one with the highest Etd uptake (called 3) (Fig.  S2). 
However, CD4+ T cells obtained from Panx1-/- mice exhibited 
a great reduction in subpopulation 3 and, while subpopulation 
2 was absent (Fig. S2) suggesting that all cells of subpopulation 
2 and almost two thirds of subpopulation 3 express Panx1. In 
addition, Etd uptake of CD8+ T cells obtained from Panx1-/- 
mice was completely absent (Fig. S2), suggesting that all CD8+ 
T cells express Panx1, which constitutes the only pathway linked 
to P2X

7
Rs. This is also the case of most CD4+ cells. However, 

one third of subpopulation 3 expresses an Etd uptake pathway 
independent of Panx1.

We evaluated whether Panx1 channels of T cells also serve 
as membrane pathways for ATP. The evaluation of ATP release 
via Panx1 channel activated through P2X

7
Rs is difficult to 

measure because the use of exogenous ATP to activate the 
purinergic receptors increases the signal-to-noise ratio and thus 
interferes with the detection of ATP released from the cells. In 
this way, since Panx1 channels open in response to an increase 
in intracellular free Ca2+ concentration ([Ca2+]

i
)13 we tested 

whether T cells treated with a calcium ionophore 4Br-A23187  
(2.5 µM) for 5 min show ATP release to the extracellular solution. 
We found that the calcium ionophore prominently increased the 
extracellular ATP levels (3.3 ± 0.2, n = 5 AU) (Fig. 9). Furthermore, 
the extracellular ATP concentration of T cells pre-incubated for 
15 min with either La3+ (200 µM), a non-selective blocker of 
Cx HCs, P2X receptors and TRP channels, or CBX (5 µM), a 
blocker of Panx1 channels, was much lower (~45% of reduction; 
La3+: 1.98 ± 0.16, n = 5 AU; CBX: 1.96 ± 0.04 AU) than the 

Figure 4. Relative levels of Panx1 and Panx2 in CD4+ and CD8+ T cells. 
Cells obtained from peripheral lymph nodes were stained for CD4 or 
CD8 and Panx1 (left panels) or Panx2 (right panels) and analyzed with 
flow cytometry. Representative counter plots for Panx1 and Panx2 posi-
tive cells are presented. The tilted shaded histograms represent staining 
for Panx1 or Panx2 and blank histograms represent staining for an iso-
type control antibody for CD4 (A) or CD8 (B). Each result is representative 
of 4 different mice.

Figure  5. Electrophysiological characterization of cell membrane cur-
rents in T cells stimulated with ATP. Membrane currents were measured 
using whole cell voltage-clamp configuration in freshly isolated murine 
T cells. (A) Ramp voltage protocols from -80 to +80 mV were applied dur-
ing 4 s in cells under control conditions or after stimulation with 500 μM 
ATP (gray line). The slope of the current trace in control cells was 0.03 ± 
0.01 pA/ms (n = 10) and in ATP treated cells was 0.06 ± 0.01 pA/ms (n = 
5). (B) Representative current traces elicited by 4 s voltage steps from -80 
to +80 mV applied with 20 mV increments to control and ATP (500 µM) 
stimulated cells. (C) Representative current events recorded in response 
to repeated voltage steps from 0 to +60 mV in ATP stimulated T cells dur-
ing 2 min recordings.
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concentration found in the extracellular solution of control cells 
(Fig. 9). Moreover, preincubation with La3+ together with CBX 
caused a greater reduction (additive) in 4Br-A23187-induced 
ATP release (93% of reduction; 0.46 ± 0.06, n = 5 AU) (Fig. 9). 
In agreement with the involvement of both HC types, T cells 
preincubated with β-GA (50 µM), known to block both Cx HCs 
and Panx channels, showed almost complete inhibition (~96% 
of reduction; 0.3 ± 0.03, n = 5 AU) in ATP release (Fig. 9).

Panx1 channels mediate the ATP-induced T cell death
Panx1 channels have been shown to be Ca2+ permeable.43 

Linked to this is the relevance of a persistent increase in [Ca2+]

i
 in the process of cell death, a well-recognized phenomenon 
for several decades.44 Therefore, it was of particular interest 
to evaluate whether Panx1 channels are involved in the rapid 
ATP-induced T-cell death. To test this possibility, the viability 
of T cells was assessed using the LIVE/DEAD® assay Kit 
which measures simultaneously live and dead cells using 
two probes that serve as indication of intracellular esterase 
activity (calcein-AM) and cell membrane integrity (EthD-1), 
respectively. T cells were suspended in Hank’s-HEPES buffered 
saline solution and then preincubated for 15 min with Panx1 
channel blockers Probenecid (1 mM) and 10Panx1 (200 µM) 
and finally treated with 1 mM ATP for 1 h. Treatment with 
ATP induced massive necrotic death in most T cells (> 90% 
of cells) not preincubated with HC blockers as revealed by 
the high proportion of red over green stained cells (Fig.  10).
In contrast, preincubation with 10Panx1 or Probenecid reduced 

drastically the percentage of dead T cells (15 ± 8% n = 3 and 44 
± 5%, respectively; n = 5) (Fig. 10).

Levels of P2X
7
Rs and ATP-induced intracellular rise in Ca2+ 

signal are enhanced in T cells lacking Panx1
To further confirm the previous results on cell death, we 

performed the same studies in T cells obtained from Panx1-/-  
mice. Cell death in spleen-derived T cells was evaluated 1 h 
after treatment with different ATP concentrations. CD4+ T cells 
derived from WT or Panx1-/- mice presented the same sensitivity 
to different concentrations of ATP (Fig. 11A). Since these finding 
did not support the results obtained with the pharmacological 
approach, we decided to study a possible compensation for 
Panx1 absence. Since P2X

7
Rs was a good candidate, its levels 

were evaluated in total cell homogenates, resulting in an increase 
of about 50% as compared with control cells levels (Fig. 11B). 
Relevant to cell death, the basal Ca2+ signal was significantly 
higher in Panx1-/- than in WT cells, and the ATP-induced rise in 
Ca2+ signal was also significantly higher in Panx1-/- than in WT 
cells (Fig. 11C).

Discussion

In the present work, Panx1 and Panx2, but not Panx3, 
were found in the vast majority of primary murine helper and 
cytotoxic T cells. Thus, Panx3 does not seem to play a function 
in resting T cells. We also found Panx1 as the main membrane 
pore permeable to Etd in ATP-treated T cells. However, we also 

Figure 6. Panx1 single channel opening in response to extracellular ATP. (A) Unitary currents generated by voltage steps from 0 to +60 mV under (a) con-
trol conditions and (b) stimulation with 0.5 mM ATP. (c) Probenecid (1 mM), a Panx1 channel blocker, abolished these currents. The addition of 200 μM 
La3+, a blocker of TRP channels, P2X receptors and Cx HCs did not block the large unitary currents already promoted by ATP. (d) Probenecid (1 mM), a 
Panx1 channel blocker, abolished these currents. (d, box) Representative current trace elicited by a rectangular voltage step showing unitary transitions 
recorded in the presence of La3+. (B) Summary of similar experiments showing currents at +60 mV under control conditions (46.1 ± 2.8; n = 8) or after 
stimulation with ATP (151.4 ± 30.4 pA; n = 8) or treated with ATP in the presence of La3+ (66.13 ± 16 n = 3) or Probenecid (0.5 ± 0.1 pA, n = 3). Each bar 
represents the mean ± SEM from at least 4 different experiments.
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found that T cells can release ATP to the extracellular medium 
via Panx1 channels and Cx HCs. In addition, Panx1 channels 
were found to mediate the ATP-induced T-cell necrosis, and 
in the absence of Panx1 T cells overexpress P2X

7
Rs and show 

enhanced ATP-induced rise in [Ca2+]
i
, leading to a similar T-cell 

mortality to that of WT cells that express Panx1 channels.
Panxs 1 and 2 are glycoproteins.45 Thus, the different 

immunoreactive bands detected by western blot analyses 
using anti-Panx1 and -Panx2 antibodies are likely to 
represent different glycosylation states of each protein.46  
This post-translational modification may be related to cell 
trafficking of hemichannels to the plasma membrane since it 
happens in other cell types.46 Panx1 has been found in diverse 
cell types,16,47-49 but Panx2 has been preferentially, if not 
exclusively, found in the brain.46 Thus, to our knowledge this 
is the first demonstration that Panx2 is also present beyond the 
nervous system.

Although the formation of 
heteromeric Panx1/Panx2 channels 
has been demonstrated in Xenopus 
oocytes injected with the RNA of 
both proteins,15 it has also been 
proposed that these channels are 
unstable over time.41 We found low 
levels of Panx2, which suggests that 
most T cells express preferentially 
homomeric Panx1 channels. In support 
of this interpretation, we found that 
Probenecid, which inhibits Panx1 
channel currents but not Panx2 
channels,41 completely blocked the 
single channel currents induced by 
ATP.

 Several of our findings indicate 
that murine T cells express functional 
Panx1 channels. These findings are 
as follows: (1) Panx1 was located 
at the cell membrane by confocal 
immunofluorescence; (2) the reversal 
potential of macroscopic currents 
recorded under asymmetric ionic 
condition was 0 mV, a property of non-
selective channels; (3) the macroscopic 
current was enhanced by extracellular 
ATP and the single channel currents 
were promoted by extracellular ATP, 
indicating a link with P2X

7
Rs; (4) the 

unitary currents were more frequent 
at positive voltages as observed by 
others;14 (5) the unitary conductance 
of single channel events promoted by 
extracellular ATP was ~400 pS which 
has been found in other cell types;50,51 
(6) Probenecid blocked the ATP-
induced channel opening and (7) La3+ 
did not block the high conductance 

channels.
Interestingly, Panx1 channels present different voltage-

dependent properties.18 In some cases, they show outwardly 
rectifying properties at voltages > -40 mV,14,19 while in other cases 
the current-voltage curve is clearly linear.51-53 In T cells, we found 
a linear voltage-current relationship under resting conditions 
or after ATP stimulation. However, the ATP-stimulated 
cells presented unitary events that resembled Panx1 channels 
recorded in other systems and an evident tendency to open at 
positive voltages. As discussed by other authors, these differences 
could account for several features, such as post-translation 
modifications, mechanisms of activation or attribution to specific 
isoforms. Multiple proteins have been observed to interact with 
Panx1 channels including the NMDA receptors, both P2Y and 
P2X receptors and the K+ channel subunit Kvβ3.13,51,54,55 In 
fact, the latter interacts physically with the Panx1 protein and 
apparently regulates the susceptibility of Panx1 channels to redox 

Figure 7. Etd uptake is primarily mediated by Panx1 channels. Bright fields and fluorescence images 
showing a representative field of T cells (A, D) incubated with ethidium (Etd) for 5 min under control 
conditions (B, E) or after 15 min exposure to ATP (500 µM) (C) or exposure to ATP after preincubation 
with the mimetic peptide 10Panx1 (200 µM) for 15 min (F) (calibration bar: 40 μm). Representative 
time-lapse measurements showing Etd uptake of T cells exposed to ATP alone or preincubated with 
the mimetic peptide 10Panx1 for 15 min and then treated with ATP (G). Etd uptake rates of T cells 
exposed to ATP alone or after incubation with Panx1 and/or Cx channel blockers carbenoxolone (CBX, 
5 µM), 18 β-GA (50 µM), probenecid (1 mM) and 10Panx1 (200 µM) (H). Each value represents the aver-
age ± SEM of several independent experiments including at least 50 cells, *P < 0.05, **P < 0.01. The 
number of experiments is indicated in each bar.
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potential changes. Thus, it is possible that physical interactions 
between purinergic receptors and the Panx1 reduces the voltage 
sensitivity of Panx1 channels so they behave similar to ligand-
activated channels.

 In T cells, Panx1 channels are likely to coexist with Cx HCs 
as demonstrated in microglia,23,56 in which the ATP-induced Etd 
uptake was completely inhibited by β-GA, a known blocker of 
both Panx1 channels and Cx HCs.35 Similarly, the ATP released 
by cells treated with calcium ionophore was partially inhibited 
by 5 μM CBX or 200 μM La3+, blockers of Panx1 channels and 
Cx HCs, respectively.35 However, the simultaneous application of 
CBX and La3+ caused complete inhibition, a result in agreement 
with the notion that both channel types are involved in the 
calcium ionophore-induced ATP release. Accordingly, total 
inhibition of ATP release was reduced by β-GA, known to 
inhibit both channel types.42 Therefore, we believe that Panx1 
channels and Cx HCs are involved in ATP or calcium ionophore-
induced membrane permeabilization response in most T cells. 
In support of this interpretation, we were able to confirm that T 
cells express Panx1 channels.7,24 Additionally, it has been reported 
that T cells also express Cxs 40 and 43.57 However, we did not 

detect discrete current events characteristic of Cx HCs in most 
recordings; only 1 out of 30 records at +60 mV showed opening 
of channels with unitary conductance of ~220 pS that might 
correspond to Cx43 HCs (not shown). A possible explanation 
for this is that Cx HCs were not at the cell membrane of resting 
T cells but were translocated to the cell membrane upon calcium 
ionophore treatment. Further studies will be required to clarify 
this issue.

How could ATP affect the activity of Cx HCs? It is known 
that higher levels of intracellular free Ca2+ concentration increase 
the number of Cxs 32 and 43 at the cell surface.58,59 Therefore, 
if ATP activates P2X

7
Rs and Panx1 channels, 2 cell membrane 

channels permeable to Ca2+,43,60 [Ca2+]
i
 could increase mainly due 

to Ca2+ influx which in turn could increase the levels of surface 
Cx HCs. In addition, elevated [Ca2+]

i
 has been demonstrated 

to reduce Cx43 HC activity,61 which might explain why we 
did not detect the unitary events of ~220 pS described for  
Cx43 HCs.52

ATP is the most widely distributed high-energy compound 
within the human body, driving virtually all cell functions. 
Depending on the species, tissues or cell differentiation, 

Figure 8. The absence of Panx1 reduces the ATP-induced Etd uptake in T cells. (A) Representative microphotographs showing the CD4+ (green) and 
CD8+ (red) reactivity in T cells derived from popliteal lymph nodes (PLN) obtained from wild type (WT) or Panx1-/- mice before or after addition of 1mM 
ATP. The three bright cells present in WT cells untreated with ATP (basal) were dead (calibration bar: 20 μm). Etd uptake kinetics from PLN derived T cells 
in (B) CD4 or (D) CD8 positive cells obtained from wild type (l) or Panx1-/- (¡) mice before and after the addition of extracellular ATP. Bars represent the 
comparison of dye uptake rates in T cells of WT (black) and Panx1-/- (white) mice induced by different concentrations of ATP (100–3,000 µM) in (C) CD4+ 
or (E) CD8+ T cells. Each bar corresponds to the mean ± SEM of 4 different mice, *P < 0.05, **P < 0.01.



150	 Channels	 Volume 8 Issue 2

intracellular ATP content can fluctuate between 3–10 mM.62  
In contrast, under resting conditions extracellular ATP 
concentration is approximately 10 nM.63 However, any 
event that leads to the opening or even transient break in 
the plasma membrane can cause release of ATP at a very 
favorable chemical concentration gradient leading to values 
close to several hundreds of micromolar. The extracellular 
ATP concentration has been reported to dramatically increase 
with a number of physical or chemical stimuli.64 The precise 
mechanism of ATP release is still controversial in many non-
neuronal cells. Alternative transport mechanisms including 
ATP-binding cassette (ABC) transporters, Cx HCs and Panx 
channels,63 a volume regulated channel (VRAC),65 maxi-anion 
channel,66 the purinergic receptor, P2X

7
,67 vesicular-dependent 

mechanisms68 and CALHM channels69 have been postulated. 
Here, we demonstrated that most murine T cells release ATP 
via Panx1 channels, and a small population of CD4+ cells 

present an ATP-activated pathway for Etd uptake 
independent of Panx1. Since the vesicular ATP 
releasing pathway might allow endocytosis of 
extracellular Etd, it could be the same membrane 
mechanism that permits ATP release and Etd 
uptake.

The role of P2X
7
Rs in the survival of  

T lymphocytes has been discussed for many years. 
Activation of P2X

7
Rs is implicated in both cell 

proliferation and apoptosis depending on the level 
of activation, which in turn depends on the ATP 
concentration.10 P2X

7
Rs have been suggested to 

participate in many different types of leukemia 
including those of B- and T-cell types.70,71 Notably, 
much of this work was done by correlating the 
expression of P2X

7
Rs with cellular uptake of 

Etd. However, many controversies have appeared 
from studies on this topic. For instance, in many 
patients suffering from B-chronic lymphocytic 
leukemia the membrane of numerous cells does 
not become permeable to Etd in response to ATP 
despite a strong P2X

7
R immunoreactivity on 

the lymphocyte surface.2 It has been proposed 
that P2X

7
Rs. Presents different polymorphisms 

. However, lack of correlation in the incidence, 
survival and abnormalities in the P2X

7
Rs genome 

obscured the sole role of this protein as a possible 
candidate involved in the onset of leukemia.72,73 
Our group was also particularly interested 
in the role of Panx1 in T-cell death since it 
had been reported that co-expression of both  
Panx1 channels and P2X

7
 receptors on Xenopus 

oocytes sensitizes these cells to the deleterious 
effects of ATP.13 In primary T cells, the deleterious 
effect of ATP is well documented,74,75 and in the 
present work we demonstrated that blockade of 
Panx1 channels with 10Panx1, a specific blocker 
of Panx1 channels,14 largely prevented cell death 
induced by ATP. Although this finding was 
not corroborated in T cells derived from the  

Panx1-/- mice, we believe that the enhanced expression of P2X
7
Rs 

in cells of Panx1-/- mice could overcome the lack of Panx1 
channels during the process of cell death. In line with this idea, 
we found that Ca2+ entry in response to ATP was enhanced 
in these cells despite the fact that dye uptake was reduced. In 
addition, it is known that in T cells long ATP expositions initiate 
a severe disruption in the inorganic ion homeostasis. In murine 
T cells, it has been reported that extracellular Cl- and MEK1/2 
activation are necessary in the mechanism of ATP-induced cell 
death.76 Although we did not measure directly Cl- influx in 
response to ATP, it was recently reported that Panx1 is also  
permeable to Cl- and other anions.19 Thus, Panx1 might be 
relevant both for Ca2+ and Cl- influx, although it was also 
suggested that multiple redundant cell death pathways might 
be activated in order to ensure initiation of the cell death 
mechanism. It is now known that the whole body relies on 

Figure 9. ATP release induced by a calcium ionophore is mediated by connexin hemi-
channels and Panx1 channels. Average levels of extracellular ATP after treatment with 2.5 
μM 4Br-A23187 alone or preincubated with 5 μM CBX, a Panx1 channel blocker, 200 μM 
La3+, a connexin hemichannel blocker or combination of the 2 blockers, or with 18 β-GA 
(50 μM), a Panx1 channel and Cx HC blocker. Each bar represents the mean ± SEM of at 
least 4 experiments. The mean of each group was compared with ATP alone using a one 
way ANOVA and a post-test of Dunns. *P < 0.05, **P < 0.01.
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many cell death programs to regulate 
T-cell elimination,77 thus it is not 
surprising that the body promotes 
alternative mechanism to control 
cell death in order to maintain an 
efficient cell response.

Materials and Methods

Chemicals
RPMI 1640 culture medium, 

penicillin, streptomycin, fetal bovine 
serum (FBS) and L-glutamine were 
obtained from Gibco®Invitrogen. 
Adenine triphosphate disodium 
(Na

2
ATP), Probenecid, 

carbenoxolone (CBX), ethidium 
(Etd) bromide, 4bromo-A23187 
(4Br-A23187) and adenosine-5-
triphosphate (ATP) bioluminescent 
assay kit (FLAA-1KT) were obtained 
fromSigma Chemical. The Halt 
protease and phosphatase inhibitor 
cocktail (Cat Nº 1860932) and 
mammalian protein extraction 
reagent (M-PER; Cat Nº 78501) were 
acquired from Thermo Scientific. 
LIVE/DEAD® viability/cytotoxicity 
assay kit was acquired from Molecular 
Probes.

Antibodies
F(ab×)

2
 fragments of a previously 

characterized polyclonal rabbit anti-
Panx1 serum were used.48 The F(ab×)

2
 

fragments of affinity IgGs purified 
from the anti-Panx1 serum were 
prepared as previously described.78 
Chicken anti-Panx1 antibody was 
acquired from (Diatheva, ANT0039). 
Another purified anti-Panx1 serum 
was kindly donated by Dr Dale Laird 
(Department of Anatomy and Cell 
Biology). Rabbit anti-Panx2 (Mid) 
polyclonal antibodies (422900), 
rabbit anti-Panx3 polyclonal antibody 
(433270) and goat anti-mouse 
IgG were purchased from Invitrogen. Secondary antibodies 
were Alexa 488 conjugated to rat anti-mouse CD4 antibody, 
allophycocyanin (APC) conjugated to rat anti-mouse CD8 
antibody and TRITC conjugated goat anti F(ab×)

2
 rabbit, all 

which were obtained from Sigma. Cy2 conjugated donkey anti-
chicken and Cy3 conjugated goat anti-F(ab×)

2
 rabbit antibodies 

were acquired from Jackson Immunoresearch Laboratories 
Inc. Rat anti-mouse CD16/CD32 (Fc-Block) antibodies were 
obtained from BD Pharmigen. For flow cytometric analyses, 
we used directly conjugated antibodies anti-CD45R/B220 

(RA3-6B2); anti-T cell lineage mAb anti-CD3, anti-CD4 and 
anti-CD8 and anti-monocyte/macrophage mAb anti-CD11b/
Mac-1 (M1/70), activation antibodies anti-CD25, all obtained 
from e-Biosciences or BioLegend.

Cells and cell isolation
Lymph nodes from BALB/c and C57/Bl6 male mice (2–3 mo 

old) obtained from the Animal Institute at Pontificia Universidad 
Católica de Chile (PUCC) were dissected under sterile conditions 
according to the protocols approved by the Bioethics Committee 
of the Pontificia Universidad Católica de Chile. Lymph nodes were 

Figure  10. Blockade of Panx1 channels prevents ATP-induced T-cell death. (A) T cells suspended in 
Hank’s-buffered solution were stained with calcein-AM and Etd-homodimer-1. The calcein green-AM 
permeated live cells and was retained in the intracellular space after cleavage of the AM group by the 
intracellular esterases, whereas dead cells incorporated ethidium homodimer-1 and did not retain cal-
cein green when the cell membrane was compromised (calibration bar: 15 μm). The pictures show T-cell 
cultures with cells left either untreated or treated with 1 mM ATP for 1 h alone or in the presence of 
Panx1 channel blockers Probenecid (1 mM) or 10Panx1 (200 µM) (calibration bar: 50 μm; n = 4). (B) Red 
and yellow cells were counted as dead cells, while cells negative for ethidium homodimer-1 but positive 
for calcein green were counted as alive. Each bar represents the mean ± SEM. For statistical analysis, each 
treatment was compared with the control, and significance was determined by using a 1-way ANOVA 
and a post-test of Dunn multiple comparison. **, P < 0.01.
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mechanically disrupted on a nylon sieve (100 μm mesh), and the 
resulting cell suspension was washed once in RPMic medium 
[RPMI 1640 supplemented with 10% heat-inactivated fetal 
bovine serum (FBS), 2 mM L-glutamine, 100 μg/ml penicillin 
and 100 μg/ml streptomycin, pH 7.4]. Contaminating red blood 
cells were lysed using a solution containing 155 mM NH

4
Cl, 

2.7 mM KHCO
3
 and 3.7 mM EDTA for 10 min at room 

temperature. White cells were then washed 3 times in Hank’s 
saline solution by centrifugation at 2,000 rpm for 5 min. Next, 
cells were resuspended in 5 ml RPMic medium, plated on 
plastic tissue culture dishes (100 mm in diameter, Nunc) and 
incubated for 3 h at 37 °C in a 95% O

2
/5% CO

2
 atmosphere. 

Then, non-adherent cells, corresponding mainly to T and B cells, 
were gently harvested using a sterile Pasteur pipette sylinized, 
washed once in Hank’s saline solution using centrifugation for 
5 min at 1,000 rpm in a bench centrifuge and incubated for 
1 h at 4 °C on a 100 mm diameter tissue culture dish coated 
with mouse anti-IgG antibody in RPMic medium. Finally, non-
adherent cells were carefully collected and analyzed. For PCR 
and electrophysiological experiments, naïve CD4 T cells were 
obtained from lymph nodes of BALB/c male mice (2–3 mo old) 
by magnetic-activated cell separation (MACS) using negative 
selection CD4+ T-cell isolation kit (130-090-860) obtained from 
Miltenyi Biotec, yielding more than 95% of CD4 positive cells.

 C
2
C

12
 cells, a cell line derived from myoblasts,79 were cultured 

in growth medium (GM) containing DMEM/F12 supplemented 
with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin 

at pH 7.4, seeded on tissue culture dishes of 100-mm diameter 
(CORNING) and kept at 37 °C in a 5% CO

2
/95% air atmosphere 

at nearly 100% relative humidity. Cell cultures were fed every  
48 h with GM before each experiment.

Immunofluorescence
Lymphocytes cultured on glass coverslips were fixed in 4% 

formaldehyde at room temperature for 30 min. PBS solution 
containing 1% BSA IgG free, 50 mM NH

4
Cl and 0.05% Triton 

X-100 (blocking solution), was used to permeabilize the cells and 
block unspecific reactive sites. In order to block Fc receptors, 
samples were incubated for 45 min in a solution containing 
Fc-Block (1:100) at room temperature. Then, samples were 
washed twice in PBS and incubated with anti-Panx1 F(ab×)

2
 

fragments for 12 h in blocking solution at 4 °C. Finally, samples 
were washed three times with blocking solution, incubated 
with TRITC or Cy2 conjugated goat anti-rabbit IgG F(ab×)

2
 

fragments for 30 min at room temperature and mounted with 
fluoromount G (Electron Microscopy Sciences). Images were 
examined with a confocal laser-scanning microscope (Olympus, 
Fluoview FV1000).

Reverse transcriptase-polymerase chain reaction
Total RNA was isolated using the Chomczynski’s method. 

cDNA was generated using reverse transcriptase (Superscript 
II, Invitrogen). Panx primer sequences were obtained from data 
published by Wang and colleagues.80 The primers used were 
Panx1 sense 5-ATC TAT TCT TCT ATG ACG CTG-3 and 
Panx1 antisense 5-CAA GGG AGA GGA CCA GGG C-3; 
Panx2 sense 5-GAG AAA AAG CAT ACC CGC CAC-3 and 
Panx2 antisense 5-GGG TGA GCA GAC ATG GAA TGA-3 
and Panx3 sense 5-CCT CAC AAG GCT CTT CCC TA-3 and 
Panx3 antisense 5-AGG TCA GCC TGC ATG TGA TC-3. 
All primers were purchased from BiosChile. Semi-quantitative 
polymerase chain reactions (PCR) were performed on cDNA 
generated from freshly isolated T cells and C

2
C

12
 cells used as 

positive control. The following conditions were used for the 
reaction: 95 °C for 30 s, 60 °C for 45 s and 72 °C for 60 s, for 
40 cycles. The amplified products were electrophoresed in 1.7% 
agarose gels and stained with Etd for visualization under UV 
illumination.

Western blot
Frozen tissue samples were pulverized using dry ice and a 

chilled mortar (-60 °C). Samples were then suspended in a 
solution containing a mixture of M-PER and Halt protease 
cocktail inhibitor according to the manufacturer (Thermo 
Scientific). Tissue samples were disrupted using an ultrasonic 
cell disrupter (Microson ultrasonic cell disrupter; Heat Systems). 
Protein content was determined using the Bradford method 
obtained from Bio-Rad. Total protein amounts of 100 µg (for 
cells) or 50 µg (for whole tissue) samples were resuspended in 
Laemmli sample buffer and stored at -80 °C. Aliquots of total 
tissue and T-cell homogenates were resolved in 10% SDS-PAGE 
and then transferred to nitrocellulose sheets. Nonspecific protein 
binding was blocked by 3 h incubation of nitrocellulose sheets in 
PBS-BLOTTO [5% nonfat milk in phosphate buffered solution 
(PBS)]. Overnight incubation of blots at 4 °C with rabbit anti-
Panx1, anti-Panx2 or anti-Panx3 antibodies was followed by 4 

Figure 11. Conventional Panx1-/- CD4 positive T cells are not resistant to 
ATP-induced death and show enhanced rise in [Ca2+]i after stimulation 
with ATP. (A) Histograms showing the comparison of CD4 T cells from 
wild-type (black bars) and Panx1-/- (white bars) mice treated with different 
concentrations of ATP. Each value represents the average percentage of 
live cells ± SEM (B) P2X7R subunit level in total lymph node homogenates 
of wild-type and Panx1-/- mice. α-tubulin was used as a loading control 
(bottom). On the right, a graph shows densitometric analysis of P2X7R 
subunit detected in immunoblots (n = 4). Each bar represents mean + 
SEM. Differences were evaluated using a nonparametric t test *P < 0.05. 
(C) Comparison of calcium signals (340/360) promoted by ATP (500 μM) 
in Fura-2 loaded T cells of wild-type (WT) and Panx1 Panx1-/- mice.



www.landesbioscience.com	 Channels	 153

washes in PBS of 15 min each. Blots were incubated for 1 h at 
room temperature with secondary anti-rabbit IgGs conjugated 
to HRP. Antigen-antibody complexes were detected using the 
SuperSignal kit according to manufacturer instructions (Pierce). 
Resulting immunoblot signals were scanned, and densitometry 
analyses were performed using Image J software.

Flow cytometry
Flow cytometrical analysis was performed by standard staining 

procedures. Briefly, acute cultures of T cells obtained from spleen 
or peripheral lymph nodes were prepared. All suspensions and 
staining procedures were performed in staining medium [1x 
Hank balanced salt solution (HBSS); 10 mM HEPES, pH: 
7.2 and 2% new born calf serum]. Erythrocytes were lysed by 
hypotonic shock with 1 ml of red blood cell lysis buffer (Sigma) 
for 5 min at room temperature, washed with staining medium 
and spun down. Later, cells were counted in a hemocytometer 
by Trypan blue exclusion. To minimize nonspecific binding, cell 
suspensions were pretreated with purified mouse IgG (Sigma) 
and then stained with a mix of antibodies containing anti-mouse 
CD11b coupled to Pacific Blue, anti-mouse CD8 coupled to 
APC and anti-mouse CD4 coupled to PE. Incubation on ice 
proceeded for 45 min followed by washing in staining medium. 
Next, cells were fixed with 1% paraformaldehyde (PFA) for 
10 min on ice and then washed with PBS. A concentration of 
0.05% of Saponin in PBS was used to permeabilize cells. Cells 
were then stained with chicken anti-mouse-Panx1, rabbit anti-
mouse Panx2 or isotype control antibodies and chicken IgGs or 
rabbit IgGs and incubated overnight in PBS/saponin solution. 
Finally, cells were washed and stained with anti-B220 PE-Cy7 
and secondary antibodies Alexa 488 anti-chicken IgGs for Panx1 
and Alexa 488 anti-rabbit IgGs for Panx2. Both antibodies were 
optimized in terms of their concentration and titration (Fig. S1). 
All staining procedures were done on ice to prevent quenching of 
signals. Data were acquired on an LSRII (Becton Dickinson) and 
analyzed using FlowJo software (Tree Star Inc.).

Electrophysiology
Naive purified CD4+ T cells seeded on poly-l-lysine coated 

coverslips were transferred to a chamber containing 1 ml bath 
solution. Cells were visualized with an inverted microscope 
(Olympus, Fluoview IX-70) using a 40 × objective. For whole cell 
experiments, the bath solution contained (in mM) 140 NaCl, 5.4 
CsCl, 1 MgCl

2
, 1.8 CaCl

2
, 2 BaCl

2
, and 10 HEPES, pH 7.4. The 

pipette solution contained (in mM) 130 CsCl, 10 AspNa, 0.26 
CaCl

2
, 1 MgCl

2
, 2 EGTA, 7 TEA-Cl, and 5 HEPES, pH 7.2. 

All recordings were performed at room temperature (21–23 °C). 
Patch electrodes were made from borosilicate glass capillaries 
(inner diameter, 0.86 mm; outer diameter, 1.5 mm; A-M Sytems 
INC) using a Flaming/Brown micropipette puller (P-97, Sutter 
Instruments), while tips were later polished using a custom made 
microforge. Electrode tip resistances were 20–25 MΩ. Single HC 
current events were studied with voltage clamp under whole cell 
patch clamp configuration using Axopatch-1D amplifier (Axon 
Instruments). Whole cell currents were filtered at 1 kHz and 
sampled at 5 kHz. Recordings were filtered with a digital low 
pass filter of 0.5 kHz. Only patches with seal resistance between 
1 and 10 GΩ were recorded. Data acquisition and analysis were 

performed using pClamp9 (Axon Instruments). Unitary current 
events at a given holding potential and point-by-point conversion 
of the current values to conductance were calculated using 
frequency histograms analyzed with Clampfit. All recordings 
were performed in isolated cells in order to preclude current 
dissipation to adjacent cells via gap junctions.

Transgenic mice
Panx1-/- mice were kindly donated by Dr Hanna Monyer 

(University of Heilderberg). Disruption of Panx1-/- gene was 
described by Alselmi and collaborators (supporting information).81 
Further characterization of these Panx1-/- animals was described 
by Bargiotas and colleagues.82 All protocols were approved by the 
Institutional Bioethics Committee of the Pontificia Universidad 
Católica de Chile. To minimize the number of animals sacrificed, 
the use of Panx1-/- mice was limited to crucial experiments.

Evidence for complete Panx1 deletion was obtained by 
RT-PCR analysis from tail DNA obtained from 2-month-
old C57Bl/6 and C57Bl/6-Panx1-/- mice. Protein deletion 
was confirmed by western blot analyses of samples obtained 
from total lymph nodes (Fig.  S3). Mice were genotyped with 
PCR primers (wtgin3 GGAAAGTCAACAGAGGTACCC, 
wtex15 CTTGGCCACGGAGTATGTGTT and lacseq12 
GTCCCTCTCACCACTTTTCTTACC) that yield a 330-bp for 
wild type (WT) (Fig. S3A, line 1) and 660-bp for C57B6/Panx1-

/- (Fig. S3A, lines 2–8). A representative immunoblot showed the 
total protein levels of Panx1 in mouse peripheral lymph nodes 
from WT (Fig. S3B, line 1) and Panx1-/- mice (Fig. S3B, lines 
2 and 3) (100 µg of total protein/lane). Immunoreactive bands 
observed in WT samples correspond likely to the unglycosylated 
(43 kDa) and glycosylated states (60 kDa) of Panx1 described 
in the literature.31 Finally, immune blot showing α-tubulin was 
used as protein loading controls (Fig. S3B).

Time-lapse fluorescence imaging
For time-lapse experiments, freshly isolated T cells were seeded 

on No 1 glass poly-l-lysine (0.01%) coated coverslips for 1 h and 
then washed twice with recording solution (HANKS-HEPES 
solution, in mM: 140 NaCl, 5.4 KCl, 1.8 CaCl

2
, 1 MgCl

2
, 5 

D-glucose and 10 HEPES at pH 7.4). Cells were then incubated 
in recording solution containing 5 µM Etd. Fluorescence was 
recorded in regions of interest of different cells with a water 
immersion upright microscope (Olympus BX51WI). Images 
were captured with a Q Imaging model Retiga 13001 fast cooled 
monochromatic digital camera (12-bit; QImaging) every 30 s 
(exposure time = 30 ms, gain = 0.5). Metafluor software (version 
6.2R5; Universal Imaging) was used for image analysis and 
fluorescence quantification.

Data and calculated Etd uptake rates are presented as described 
previously.35 Briefly, 3 independent background fluorescence 
intensity measurements at each time (BF, expressed as arbitrary 
units or AU) were averaged and subtracted from fluorescence 
intensity of each cell at each time interval (CF). Results of this 
calculation (CF-BF) at each time interval for each of the 40 cells 
were averaged and plotted against time (expressed in minutes) 
during a of 20 min period. For all experiments, Etd uptake 
rate was calculated from the onset of the agonist application, 
expressed in AU/min and calculated using Microsoft Excel 
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software. Cells that presented saturating fluorescence intensities 
before stimulation were excluded from the analysis.

Intracellular Ca2+ signal
The response of intracellular free Ca2+ concentration, here 

called Ca2+ signal, was evaluated with Fura 2 as described 
previously.58,59 In brief, T cells were loaded with 5 µM Fura-2-AM 
in DMEM without serum for 45 min at 37 °C. Cells were then 
washed 3 times in Hanks-HEPES solution. Ratiometric [Ca2+]i 
imaging was performed every 10 s at 340- and 380-nm excitation 
wavelengths using a water immersion upright microscope 
(Olympus BX51WI) with a 40 × water immersion objective. 
Changes were monitored using an imaging system equipped 
with a Retiga 1300I fast cooled monochromatic digital camera 
(12-bit; QImaging), a monochromator for fluorophore excitation 
and METAFLUOR software (Universal Imaging) for image 
acquisition and analysis. Offline analysis involved determining 
the number of pixels allocated to each cell. The average pixel 
value of each cell was obtained with excitation at each wavelength 
and corrected for background interference. Because of the low 
excitation intensity, no bleaching was observed even when cells 
were illuminated for a few minutes. The ratio was obtained after 
dividing the 340-nm by the 380-nm fluorescence image on a 
pixel-by-pixel base (R = 5 F340nm/ F380nm).

Extracellular ATP measurements
Cellular ATP release was determined with a luciferin/

luciferase assay kit (Sigma) in aliquots of extracellular medium. 
The procedure involved adding 75 µl ATP assay mix prepared in 
HANK’S-HEPES to 150 µl medium. Photon flux was counted 
using a fluorescence spectrophotometer (Perkin Elmer LS50B). 
ATP release was triggered by applying a calcium ionophore (2.5 
μM, 4Br-A23187) 5 min before measuring. All assays were 
performed in equal volumes containing 5x105 cells/ml. In all 
pharmacological treatments, cells were pre-incubated for 10 min 
at room temperature in HANK’S-HEPES solution containing 
Panx HC inhibitors before the addition of the calcium ionophore.

Cell viability test
T cells cultured on glass coverslips were used. Dead cells 

were recognized using the LIVE/DEAD® viability/cytotoxicity 
assay kit according to the manufacturer’s instructions. Briefly, 
cells (5x105 cells/ml) were incubated at room temperature with 
1 mM ATP for 1 h in recording solution. Then, each sample 

was resuspended in recording solution containing 1 µM 
calcein-AM and 10 µM Etd homodimer-1 dyes for 30 min at 
room temperature. Samples were washed twice with PBS before 
being mounted on glass slides. Labeled cells were viewed with a 
fluorescence microscope (BX51WI, Olympus). The fluorescence 
emissions were acquired separately: calcein at 530 nm and 
EthD-1 at 645 nm. Cells were analyzed using ImageJ cell counter 
(NIMH). As an alternative approach, cell death was evaluated 
in spleen cells by incubating them with or without ATP (Sigma-
Aldrich) at various times and concentrations. Annexin V was 
used to evaluate phosphatidyl serine exposure and Sytox blue. 
PI was used to assess membrane integrity. FACS analysis was 
performed on an LSR II flow cytometer (Becton Dickinson)

Data analysis and statistics
For each data group, results are expressed as mean ± SE and “n” 

refers to the number of independent experiments. For statistical 
analysis, each treatment was compared with its respective 
control, and significance was determined using a 1-way ANOVA 
followed by a Dunn post hoc test. Differences were considered 
significant at P < 0.05. Statistics were performed using Microsoft 
Excel and Graph Pad Prism 4 software (2007 and 2003 versions, 
respectively).
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