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Abstract

The selectivity of ion channels is fundamental for their roles in electrical and chemical signaling, 

and ion homeostasis. Although most ion channels exhibit stable ion selectivity, the prevailing view 

for purinergic P2X receptor channels, transient receptor potential V1 (TRPV1) channels and acid 

sensing ion channels (ASICs) is that their ion conduction pores dilate upon prolonged activation. 

We investigated this mechanism in P2X receptors and found that the hallmark shift in equilibrium 

potential observed with prolonged channel activation does not result from pore dilation, but from 

time-dependent alterations in the concentration of intracellular ions. We derived a physical model 

to calculate ion concentration changes during patch-clamp recordings, which validates our 

experimental findings and provides a quantitative guideline for effectively controlling ion 

concentration. Our results have fundamental implications for understanding ion permeation and 

gating in P2X receptor channels, and more broadly for using patch-clamp techniques to study ion 

channels and neuronal excitability.

The permeability of an ion channel protein to its namesake ion is a defining and typically 

stable property of this diverse class of membrane proteins1. Voltage-activated potassium 

(Kv), sodium (Nav) and calcium (Cav) channels, for example, contain ion selectivity filters 

(containing ion binding sites) at the extracellular end of their pores 2, 3 that impart exquisite 

ion selectivity and enable them to play key roles in the generation and propagation of action 

potentials, or in excitation-secretion and excitation-contraction coupling1. However, a large 

number of studies on P2X receptor channels 4-16, TRPV1 channels 17, 18 and ASICs19, 20 

have reported that ion selectivity can change dynamically in response to agonist activation. 

In the case of P2X receptors, the prevailing view is that the pore initially opens rapidly to a 

conducting state that is relatively selective for small cations (such as Na+, K+ and Ca2+), but 

then gradually dilates over time to become more permeable to large organic cations such as 

N-methyl-D-glucamine (NMDG+), as well as to fluorophores as large as 14Å 4-16. For 

TRPV1 channels, pore dilation has been reported to alter Ca2+ permeability and proposed to 

modulate the role of TRPV1 in nociceptive signaling 17. In the case of ASIC channels, the 
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concept of dynamic ion selectivity has guided interpretation of X-ray structures as 

representing open states with differing ion selectivity 21, 22. Thus, for all of these ion channel 

proteins, the mechanisms of ion permeation and pore dilation has profound implications for 

understanding operational and structural mechanisms, as well as their physiological 

functions and therapeutic applications.

Results

The principal experimental findings supporting the pore dilation model for P2X receptor 

channels have been obtained from electrophysiological recordings using bi-ionic solutions 

with NMDG+ present outside the cell and Na+ inside (NMDG+
out/Na+

in). Under such 

conditions, brief activation of P2X receptors by extracellular ATP opens a pore that is 

initially more permeable to Na+ than NMDG+, and the voltage at which there is no net flow 

of ions (Vrev, reversal potential or equilibrium potential) is correspondingly quite negative 

(e.g. -70 to -85 mV). However, during prolonged activation of the channel by ATP, Vrev 

shifts towards significantly less negative values, consistent with a dramatic increase in the 

permeability to NMDG+4, 5. We began our study by confirming that the hallmark shift in 

Vrev requires high channel density 11. We transfected human embryonic kidney (HEK-293) 

cells with the rat P2X2 (rP2X2) receptor channel cloned into vectors that consistently give 

rise to relatively low (pcDNA1) or high (pRK5-IRES-EGFP; abbreviated pIE) expression of 

functional channels on the cell surface measured using the whole-cell configuration of the 

patch-clamp technique23. We then devised a protocol to independently characterize potential 

changes in ion selectivity and intracellular ion concentrations by applying rapid linear 

changes in voltage (voltage ramps; 120-180 mV s-1) to measure Vrev during brief 

applications of extracellular ATP before and after a 15-s prolonged ATP application at -60 

mV in bi-ionic NMDG+
out/Na+

in solutions (Fig. 1a, b). At low channel density, a net 

outward Na+ current was observed throughout the prolonged activation by a saturating 

concentration of ATP (30 μM; Fig. 1a), and the initial Vrev was only modestly more negative 

when compared to that measured at the end of the protocol (Fig. 1a), suggesting that the 

permeability to NMDG+ relative to that of Na+, or PNa+:PNMDG+, is largely unchanged. 

Similar results were obtained at high channel density when the channel was activated with a 

relatively low concentration of ATP 24 (0.3 μM; Fig. 1c). In contrast, as previously 

reported 4, 5, 11, when activating the channel with saturating concentrations of ATP at high 

channel density, we initially observed a net outward Na+ current at -60 mV that diminished 

over time during prolonged activation, crossing zero current and stabilizing as a net inward 

NMDG+ current, a phenomenon that we term current-reversal (Fig. 1b). On average, 

prolonged activation of the channel by a saturating concentration of ATP resulted in a 48 ± 2 

mV shift in Vrev to less negative voltages (n=9 cells, Fig. 1b, c). Interestingly, the shift in 

Vrev was accompanied by a decrease in the slope of the current-voltage (I-V) relationship 

(Fig. 1d), a result that is unexpected if the pore dilates in response to prolonged application 

of ATP. Because current-reversal and shifts in Vrev, were only observed at high channel 

density, all subsequent experiments were performed using the high-expression vector.
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P2X receptor channels are permeable to organic cations

To determine whether the pore of P2X2 receptor channels is the permeation pathway for 

NMDG+ 8, 9, 25, we tested whether a Cys-reactive methanethiosulfonate (MTS) compound 

could inhibit NMDG+ currents following prolonged ATP application when a Cys residue 

was inserted at position T336 in transmembrane helix 2 within the gate region of the 

channel 26-28. In previous studies, this position within the pore of P2X2 receptor channels 

was only accessible to MTS compounds when the channel was first opened with ATP, and 

the MTS reaction inhibited the channel 26, 28. In control experiments, prolonged activation 

of the background P2X2+3T construct (in which Cys9, Cys348 and Cys430 are mutated to 

threonine) with saturating concentrations of ATP gave rise to current-reversal when using bi-

ionic NMDG+
out/Na+

in solutions, and the steady-state NMDG+ current was not sensitive to 

the relatively large Texas Red 2-sulfonamidoethyl methanethiosulfonate (TR-MTSEA) (Fig. 

2a). In contrast, for the rP2X2 T336C+3T mutant26, TR-MTSEA produced robust inhibition 

of the net inward NMDG+ current following current-reversal with prolonged activation of 

the channel with ATP (Fig. 2b), suggesting that the pore of P2X2 receptors is the permeation 

pathway for NMDG+.

Rapid activation of organic cation permeability

In the pore dilation model for P2X receptors, the shifts in Vrev observed in bi-ionic 

NMDG+
out/Na+

in solutions reflect an increase in the permeability of NMDG+ that results 

from a slow dilation of the pore. To look for time-dependent increases in the macroscopic 

conductance of the channel for NMDG+, we examined the kinetics of channel activation in 

either symmetric NMDG+ or symmetric Na+ solutions. In both cases (Fig. 2c, d), we 

observed rapid activation of the channel (10-90% rise-time of 4.9-10 ms), indicating the 

conductance of the channel for large cations activates almost as rapidly as for small cations. 

NMDG+ currents measured in symmetric NMDG+ solutions were also inhibited by TR-

MTSEA in the rP2X2 336C-3T channel, suggesting that these rapidly activating NMDG+ 

currents arise from permeation of the organic cation through the pore of the P2X2 receptor 

channel (Fig. 2e). Taken together, the results thus far demonstrate that Vrev measured in bi-

ionic NMDG+
out/Na+

in solutions shifts in response to prolonged activation of the channel by 

ATP at high channel density, and that the channel has a very significant permeability to 

NMDG+. However, the permeability of the channel to NMDG+ activates on the ms 

timescale, with no increase in NMDG+ current upon prolonged activation, raising the 

possibility that the shift in Vrev developing over several seconds does not reflect an increased 

permeability of the channel to NMDG+.

Shifts in Vrev are dependent on permeant ions

The observed shifts in Vrev in bi-ionic solutions must reflect either a change in the ion 

selectivity of P2X receptor channels, or a change in the concentrations of ions on the two 

sides of the membrane 29-33. To explore the second possibility, we began by measuring the 

extent to which the concentration of intracellular Na+ changes when recording at high 

channel density in symmetrical solutions. When the solutions in the external recording 

chamber and patch pipette are identical, a non-zero Vrev can only occur if the concentration 

of intracellular ions at the membrane is different from the pipette. (Although external ion 
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concentrations in an unstirred layer could also contribute, for small compact cells these 

effects are much smaller30 and were not considered here.) When recording in symmetrical 

Na+ solutions with a protocol similar to Fig. 1, the initial Vrev measured before prolonged 

activation by ATP was consistently near 0 mV (Supplementary Fig. 1a,b), confirming that 

the internal and external concentrations of Na+ are the same. After prolonged activation at 

negative voltages (where the driving force for Na+ is inward) or positive voltages (where the 

driving force for Na+ is outward), we observed only relatively small negative or positive 

shifts of Vrev (Supplementary Fig. 1a,b), indicating that these protocols produce only small 

changes in the intracellular concentration of Na+. Since the intracellular concentration of 

Na+ changes very little when using symmetric solutions, we maintained symmetric Na+ 

solutions during the prolonged activation by ATP and tested whether Vrev shifts by rapidly 

applying an external solution containing NMDG+ only during the initial and final voltage 

ramps (Fig. 3a). Remarkably, however, Vrev did not change appreciably despite prolonged 

activation of the channel by ATP (Fig. 3a), indicating that the ion selectivity of the channel 

remains unaltered under these conditions. This result is consistent with a previous report for 

the P2X7 receptor, where pore dilation was not observed in the presence of external Na+ 34.

Testing for changes in permeant ion concentration

Having demonstrated that Vrev does not shift dramatically following prolonged activation in 

symmetric Na+ solutions (Fig. 3a), conditions where we do not observe appreciable ion 

depletion or accumulation (Supplementary Fig. 1), we next directly tested whether the bi-

ionic solutions required for observing shifts in Vrev might alter the concentration of 

intracellular ions (Supplementary Fig. 2). To this end, we modified our protocol to have 

symmetrical Na+ solutions present when measuring Vrev and NMDG+
out/Na+

in solutions 

present only during the prolonged activation (Fig. 3b, c). The Vrev measured before the 

prolonged activation was again near 0 mV, verifying that the internal and external 

concentrations of Na+ are equal at the beginning of the experiment. However, we found that 

Vrev shifted positive by more than 20 mV following prolonged ATP activation, 

demonstrating that the concentration of ions inside the cell must have changed during the 

experiment. Considering the permeability of the channel to NMDG+ (PNa+:PNMDG+ = 30 at 

low expression where Vrev = -84 mV; Fig 1c, Fig. 2d) and the voltage during the prolonged 

activation (-60 mV), the observed shift in Vrev with symmetrical Na+ solutions would reflect 

both a depletion of internal Na+ and an accumulation of NMDG+ internally (Supplementary 

Fig. 2).

If ion depletion and accumulation are responsible for the current-reversal observed during 

the prolonged activation by ATP in bi-ionic solutions, it should be possible to reverse this 

process by replenishing internal Na+ and removing internal NMDG+. To examine this 

possibility, we first activated the P2X2 receptor for sufficient time for current-reversal to 

occur at -60 mV, and then immediately exchanged external NMDG+ for Na+ while 

simultaneously stepping the voltage to 0 mV (Fig. 3d). Under these conditions, no current 

should flow if the intracellular solution contained no NMDG+ and the concentration of Na+ 

remained fixed. However, upon exchanging to external Na+ and stepping to 0 mV, we 

initially observed a large inward current, confirming that there had been dramatic depletion 

of internal Na+ and accumulation of NMDG+ (Fig. 3d). This large inward current slowly 

Li et al. Page 4

Nat Neurosci. Author manuscript; available in PMC 2016 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



decayed over several seconds (Fig. 3d), suggesting that the cell was refilling with Na+ while 

NMDG+ diffused out. Upon subsequent replacement of external Na+ with NMDG+ and 

stepping back to -60 mV, we again observed current-reversal, although the process of 

depleting Na+ and accumulating NMDG+ inside the cell was slower, suggesting that the cell 

had not fully recovered to its initial state.

A reservoir model for whole-cell recordings

To put our results on a quantitative foundation and provide an analytical tool for designing 

and interpreting electrophysiological experiments, we constructed a reservoir model of a 

whole-cell patch clamp recording of mammalian cells in which ion concentrations in the cell 

change due to the flow of ions across the membrane or between the pipette and cytoplasm 

(Fig. 4a; Supplementary Fig. 3). Building on earlier work 30, 33, this new model explicitly 

accounts for concentration, voltage, and pressure gradients between the cell and pipette 

electrode to provide a physically consistent description of ion accumulation and depletion 

under bi-ionic conditions. The key parameters of the model are the access resistance 

between the cell and pipette electrode (Raccess), the volume of the cell and the conductance 

of the membrane for Na+ and NMDG+(see Online Methods; Supplementary Figs. 3-5). The 

model predicts that for a typical value of Raccess (5 MΩ) and high channel density (100 nS, 

with a relative permeability of Na+ to NMDG+, or PNa+:PNMDG+, of 20:1), prolonged 

application of ATP would cause current-reversal at -60 mV and produce a 22 mV shift of 

Vrev (Fig. 4b,c). Although the model predicts that the largest steady-state shifts in Vrev 

(ΔVrev) would be 33 mV (Fig. 5a), this limit results from the assumption that the cell 

membrane is completely impermeable to water and anions. Water influx increases the 

intracellular depletion of Na+ and decreases the intracellular accumulation of NMDG+, 

leading to larger steady-state shifts (Supplementary Fig. 4), and including water permeation 

and a very small relative permeability of the cell membrane to Cl- enables Vrev to shift by as 

much as 70 mV. Importantly, the time course of the transition from an outward Na+ to an 

inward NMDG+ current observed experimentally is faithfully reproduced in the model 

(compare Fig. 1b and Fig. 5b), and corresponds to measured timescales of exchange between 

patch pipettes and cells 29, becoming slower as the cell volume increases. For a realistic 

range of cell volumes, a 15 s long ATP application approaches steady-state, at which point 

intracellular Na+ decreases from 140 mM to around 20 mM and NMDG+ accumulates to 

over 200 mM (assuming no water influx; Fig. 4d). At low channel expression (∼20 nS as in 

Fig. 1a), ΔVrev will remain less than 10 mV if Raccess is less than 7 MΩ, as is evident from 

the relationship between ΔVrev, Raccess and membrane conductance at Vrev (dI/dV) (Fig. 5a), 

consistent with our experimental results obtained under comparable conditions (Fig. 1c). 

Although the model predicts that the extent to which ion concentrations change will be 

highly variable from cell to cell because small changes in channel density, Raccess and cell 

volume will have large effects on ΔVrev, it reproduces our key experimental findings.

Using a Kv channel to detect changes in ion concentration

To independently measure changes in the intracellular concentration of ions and further test 

the physical model, we co-expressed the Shaker Kv channel (along with P2X receptors) and 

used it to estimate the extent to which the intracellular concentrations of ion changes with 

prolonged activation of P2X receptors. The Shaker Kv channel is exquisitely selective for 
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K+ 35, and thus can be used to estimate internal K+ concentration, and should not interfere 

with ionic fluxes during long ATP applications as it is effectively closed at negative 

membrane voltages. The relative permeability of rP2X2 receptor channels to Na+ and K+ are 

similar 36, 37, suggesting that it should be possible to replace internal Na+ with K+ and still 

observe current reversal and shifts in Vrev with prolonged ATP application.

To explore the feasibility of using the Shaker Kv channel to estimate internal ion 

concentrations, we undertook experiments with rP2X2 receptors where internal Na+ was 

replaced with K+ (NMDG+
out/K+

in). With these ionic conditions, we measured initial Vrev 

values of -73.3±2.1 mV, and observed that prolonged activation by ATP cause Vrev to shift to 

-40.2±2.6 mV (Supplementary Fig. 5), indicating that ion depletion and accumulation can 

also be observed with NMDG+
out/K+

in solutions. We then undertook control experiments 

with the Shaker Kv channel studied in inside-out patches to establish how varying the 

concentrations of internal K+ and NMDG+ influenced the measured Vrev and the midpoint 

of the conductance-voltage (G-V) relationship (Vhalf). As internal K+ was gradually replaced 

with internal NMDG+, we observed progressive shifts of Vrev to more positive voltages 

(Supplementary Fig. 6), as expected given the very low permeability of Shaker to NMDG+. 

In contrast, the G-V relations for Shaker shifted to more negative voltages as K+ was 

replaced with NMDG+ (Supplementary Fig. 6), likely the result of internal NMDG+ 

stabilizing the open state of Shaker 38, as well as a junction potential between the NMDG+ 

containing solution at the intracellular face of the membrane and the ground chamber in the 

bath containing KCl. These results with the Shaker Kv channel provide the basis for using 

this channel to measure how the internal concentration of K+ and NMDG+ change following 

prolonged activation of P2X receptors.

Next, we co-expressed the Shaker Kv channel along with the rP2X2 receptor channel and 

used a protocol consisting of voltage ramps elicited in external K+ solution, before and after 

a prolonged ATP application in the presence of external NMDG+ (Fig. 6a-e). In this 

instance, the external solution contained K+ and no ATP during each of the voltage ramps 

because the ramps are used to activate the Shaker Kv channel and measure internal ion 

concentration. In order to separate Shaker and P2X receptor channel activation, ATP was 

applied for only 5s at -70 mV because our conventional protocol (15 s prolonged ATP 

activation at -60 mV) caused appreciable activation and subsequent inactivation of the 

Shaker Kv channel. During the initial ramp we observed depolarization activated K+ 

currents with a Vrev near 0 mV (Fig. 6a and b), confirming the concentration of K+ in the 

internal and external solutions was equal at the start of the experiment. After ATP 

application in the presence of external NMDG+, Vrev shifted to +13.5 mV in the example 

shown (Fig. 6b, +20.8±3.2 mV on average), which is similar to that produced in inside-out 

patches with internal solutions containing 50 mM K+ plus 90 mM NMDG+ (Supplementary 

Fig. 6). To simulate these experiments, the reservoir model was extended to include a 

permeability of P2X receptors to K+ relative to NMDG+ as 25:1, as well as a voltage-

dependent K+ permeability of the Shaker Kv channel. The model predicts a shift in Vrev of 

+17 mV for a 5-s activation of P2X receptors (Fig. 6f-i), corresponding to a depletion of 

internal K+ from 140 mM to 50 mM, values that are very close to our experimental results. 

Even though the model for K+ permeability does not include a specific stabilization of the 

open state by NMDG+, it predicts a modest shift in G-V for the Shaker owing to a liquid 
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junction potential between the pipette and cell generated by intracellular NMDG+ 

accumulation to 120 mM. Indeed, in the co-expression experiments, prolonged activation of 

P2X receptors produced shifts in the G-V for Shaker (Fig. 6b-d), similar to that predicted by 

our model and observed in inside-out patches with internal solutions containing NMDG+ 

(compare Fig. 6b-d and Supplementary Fig. 6). These experiments and simulations with the 

Shaker Kv channel are in agreement with each other, further demonstrating that prolonged 

activation of P2X receptors leads to profound depletion of intracellular alkali metal cations 

and accumulation of NMDG+.

Discussion

Taken together, our results on P2X receptor channels have important implications for 

studying the permeation properties of ion channel proteins. Our results overturn the 

prevailing model of dynamic ion selectivity in P2X receptors, which posits that the sustained 

activation of P2X receptors causes the protein to undergo a slow conformational change in 

which the pore dilates. Our results show 1) that P2X receptors rapidly activate and lack a 

slow phase of activation when studied in symmetrical ionic conditions, 2) that changes in 

Vrev require the presence of NMDG+ in the external solution during sustained activation and 

3) that prolonged activation in bi-ionic solutions leads to the depletion of internal Na+ and 

accumulation of NMDG+. Indeed, the fundamental principles of physics employed in our 

reservoir model dictate that ion concentrations must change in whole-cell patch-clamp 

recording with the bi-ionic conditions, channel densities and Raccess we and others have used 

to observed changes in Vrev following prolonged activation of P2X receptor channels. We 

also employed the Shaker Kv channel to measure the internal concentrations of K+ and 

NMDG+, and these results confirm that prolonged activation of P2X receptor channels with 

ATP causes profound ion depletion and accumulation, in quantitative agreement with the 

reservoir model.

The permeation properties of P2X receptors are, however, unique in that these channels 

exhibit a very significant permeability to relatively large cations like NMDG+, and that the 

macroscopic current-voltage relationship remains relatively linear through Vrev in bi-ionic 

solutions (Fig. 1a,b). Even in the absence of pore-dilation, these unusual permeation 

properties of P2X receptors would allow them to serve as conduits for relatively large 

molecules to enter or exit cells, as suggested by the ability of these channels to support dye 

uptake 4, 5, 8, 34 or to permeabilize mast cells 39. Because the detection of dyes within cells is 

exquisitely sensitive, an inherent low dye permeability is likely all that is required to observe 

gradual increases in cell fluorescence during prolonged ATP application, although our 

results do not exclude the involvement of another permeation pathway 8, 9, 25. Similarly, 

TRPV1 channels can serve as a permeation pathway for dyes 17, 40 and local anesthetics41, 

allowing the selective delivery of anesthetics to TRPV1 expressing nociceptors under 

experimental conditions where pore dilation is not observed 42. It will be fascinating to 

further investigate the structural basis of ion permeation in P2X receptor channels 27, 43, 44 

and TRPV1 channels 45, 46, to understand the mechanistic basis of organic cation and dye 

permeation.
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The changes in ion concentration that we uncover during experiments with P2X receptors 

highlight a fundamental and underappreciated problem inherent to voltage-clamp recordings, 

where the flow of ionic currents across the membrane can alter the concentration of 

intracellular ions 30, 33. Under symmetrical ionic conditions, the measured current will 

always be greater than or equal to the flux of any individual ionic species (Supplementary 

Fig. 2a), and thus ion concentrations can be controlled by working under conditions where 

current amplitudes are modest. In contrast, in asymmetric ionic conditions, even when the 

cell is clamped at Vrev so the net current is zero, large changes in the intracellular 

concentration of ions are possible when channel density is high because there will be large 

(and balanced) outward and inward currents of different ionic species (Supplementary Fig. 

2a,b). As a result, to adequately control the concentrations of ions when recording under bi-

ionic conditions, the membrane conductance (σmem) must be sufficiently small (σmem × 
Raccess ≪ 1; see Methods). The present results with P2X receptors, together with our 

reservoir model, provide sufficient motivation to reexamine the phenomenon of dynamic ion 

selectivity reported for TRPV1 channels 17, 18, TRPA1 channels 47, 48, ASICs 19, 20, and 

TMEM16A calcium-activated Cl- channels 49, 50. Dynamic ion selectivity for TRPV1 

channels requires high agonist concentrations and high channel density 17, and these 

channels have an appreciable permeability to NMDG+ 17 and dyes 17, 40, raising the 

possibility that ion depletion and accumulation may be responsible for the reported changes 

in ion selectivity of these channels. One of the general implications emerging from the 

reservoir model is that the ion selectivity of a channel can make it more or less prone to 

causing ion depletion and accumulation and subsequent shifts in Vrev in bi-ionic 

experimental conditions. The most non-selective channels will cause the greatest changes in 

ion concentration, but Vrev will remain unaffected because of the lack of selectivity. Small 

changes in Vrev would also be predicted for the most highly selective channels because they 

will cause the smallest changes in ion concentration (Fig. 5c,d). In contrast, ion depletion 

and accumulation will be particularly prominent and cause large shifts in Vrev for channels 

such as P2X receptors and TRPV1 channels that have PNa+:PNMDG+ of around 20:1 (Fig. 

5c,d), explaining why shifts in Vrev have been so frequently reported in the case of these ion 

channels 4-18. Our model provides a tool for determining when both membrane voltage and 

ion concentrations are effectively clamped in a whole-cell recording, which is essential for 

studying the functional properties of any ion channel protein or the influence they have on 

the electrical properties of excitable cells.

Online Methods

Channel constructs

rP2X2 36 in pcDNA1 was generously provided by D. Julius (UCSF). The bicistronic pRK5-

IRES-EGFP vector was a gift from M. Mayer (NICHD). Cysteine mutations were 

introduced into a rP2X2 receptor channel construct where Cys9, Cys348 and Cys430 were 

mutated to Thr (P2X2-3T) 26. The Shaker Kv channel 51 in GW1 was obtained from G. 

Yellen (Harvard Medical School), and contains a deletion of residues 6-46 to remove fast 

inactivation 52, 53.
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Cell culture and transfection

Human embryonic kidney (HEK-293) cells were cultured in Dulbecco's Modified Eagle's 

Medium (DMEM) supplemented with 10% fetal bovine serum and 10 mg/L gentamicin. 

HEK-293 cells were purchased from ATCC (CRL-1573) without further authentication and 

were not tested for Mycoplasma contamination. All cell culture reagents were obtained from 

GIBCO. Trypsin treated HEK-293 cells were seeded onto glass coverslips in 6-well plates 

before transfection and placed in a 37°C incubator with 95% air and 5% CO2. Transfections 

were performed using FuGENE6 Transfection Reagent (Promega). P2X2 in either pCDNA1 

or pRK5-IRES-EGFP were co-transfected with a green fluorescent protein (GFP) cDNA 

construct in pGreen-Lantern (Invitrogen) at a ratio of 1:2. Cells were used for whole-cell 

recording 18-24 hours after transfection.

Electrophysiology

Standard whole-cell patch clamp recording was used to record P2X receptor channel 

currents from transiently transfected HEK-293 cells. Membrane currents were recorded 

under voltage-clamp using an Axopatch 200B patch clamp amplifier (Axon Instruments, 

Inc.) and digitized on-line using a Digidata 1322A interface board and pCLAMP 9.2 

software (Axon Instruments, Inc.). Currents were filtered at 2 kHz using a 8-pole Bessel 

filter, and digitized at 5 or 10 kHz. Cell capacitance was between 5 to 15 pF, and access 

(series) resistance was between 3 to 10 MΩ. Series resistance compensation was not used 

because the critical parameter being determined (Vrev) will not be influenced by series 

resistance errors and it would complicate modeling our results. I-V relations obtained using 

voltage ramps in the presence of external ATP were corrected for leak currents and small 

capacitive currents by subtracting I-V relations obtained with the same protocol in the 

absence of ATP. The pipette solutions contained (mM): 140 NaCl (or NMDG free salt), 10 

HEPES and 10 EDTA, adjusted to pH 7.0 with NaOH (or HCl). The extracellular solution 

contained (mM): 140 NaCl (or NMDG free salt) and 10 HEPES, adjusted to pH 7.3 with 

NaOH (or HCl). For experiments with the Shaker Kv channel, KCl was used in place of 

NaCl and KOH was used to adjust pH. Stock solutions of the MTS reagent was prepared 

daily and diluted to the desired concentration in extracellular solution immediately before 

each experiment (after obtaining the whole-cell configuration). Solution exchange (∼50 ms) 

was achieved using the Rapid Solution Changer RSC-200 (BioLogic), which has the 

capacity of switching between nine solutions. All current-voltage relations shown in the 

figures have been leak subtracted by measuring leak currents with the same protocol in the 

absence of ATP. The Goldman-Hodgkin-Katz voltage equation 54, 55

(1)

where R is the gas constant, T is the temperature and F is Faraday's constant (9.65 × 104 C 

mol-1) was used to estimate the relative permeability of Na+:NMDG+.
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Whole-cell reservoir model

Simple reservoir models have previously been used to characterize the limitations of the 

whole-cell patch clamp geometry to clamp intracellular concentrations30, 33. This model 

extends on this earlier work by explicitly accounting for the effects of both concentration 

and voltage gradients between the cell and pipette electrode, as well as water flow.

For compact, relatively small cell types such as HEK-293, the voltage and concentration of 

ionic species within the cytosol are fairly uniform. The cell can then be thought of as a 

reservoir which can be characterized by the cell volume, Λcell(t) and the average 

concentration of each ionic species “j” in the cytosol, ρj,cell(t). As shown in Fig. 4a and 

Supplementary Fig. 3, in the whole-cell patch-clamp configuration, water and ions can enter 

or leave the cell via the membrane or pipette, which will in turn change the volume, ion 

concentrations and voltage in the cell. For each species, the concentration in the cell will 

change according to the conservation equation,

(2)

where Ij,pip(t) is the current flowing from the pipette into the cell carried by species j, 
Ij,mem(t) is the current flowing from the cell across the membrane carried by species j, zj is 

the unit charge per ion of species j (e.g. +1 of Na+ and -1 for Cl-), and F is Faraday's 

constant (F = 9.65 × 104 C mol-1). It is important to note that the concentration of individual 

species can change even if the net electric current is zero. For instance, in the example 

shown in Supplementary Fig. 3a, the net current flowing across the membrane and the net 

current flowing between the cell and pipette are identically zero. However, the concentration 

of blue cations inside the cell will increase because the influx of blue cations across the 

membrane is greater than the efflux into the pipette, while the concentration of yellow 

cations inside the cell will decrease because the efflux across the membrane is greater than 

the influx from the pipette. The cell volume will also change in response to the flow of water 

according to the equation,

(3)

where fpip(t) is the rate at which water flows from the pipette into the cell, and fmem(t) is the 

rate at which water flows from the cell into the bath. To use Equations 2 and 3 to calculate 

the time-dependent evolution of ρj,cell(t), and Λcell(t), it is then necessary to determine how 

the currents carried by each ionic species (Ij,pip(t), Ij,mem(t)), and water flow (fpip(t), fmem(t)) 
depend upon the conditions in the cell, pipette and bath.

Membrane currents—Perfusion will limit the concentration gradients in the extracellular 

media, so the concentrations of ions at the extracellular side of the membrane can be 
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approximated by the bath concentration, ρj,bath(t). The current flowing across the cell 

membrane then depends on the membrane permeability, concentration in the cell (ρj,cell) and 

bath (ρj,bath), and voltage across the cell membrane (Vcell). One simple and widely used 

model for membrane permeation is the Goldman-Hodgkin-Katz flux equation,

(4)

where Pj(t) is the permeability of the membrane for species “j”, Acell is the membrane area, 

R is the gas constant and T is the temperature. For a voltage-gated channel like Shaker, the 

voltage-dependence of the permeability can be described by a simple, two-state Boltzmann 

distribution,

(5)

where PK+,max is maximum permeability for K+, V1/2 is the voltage with 50% maximum 

permeability, and Vw describes the width of the Boltzmann distribution.

Pipette currents—Because the volume of the pipette is much greater than the volume of 

the cell, and the electrode is located relatively far from the cell, the concentration of each 

ionic species near the pipette electrode, ρj,pip (e.g. j = Na+, NMDG+, Cl-, etc.), remains 

essentially constant during the experiment. In addition, the voltage-clamp amplifier holds the 

pipette electrode at the desired voltage, Vpip(t), relative to the bath, so the pipette acts as a 

reservoir with both defined voltage and ionic concentrations. As illustrated in 

Supplementary Fig. 3b, ions moving between the pipette electrode and tip should follow 

quasi-1D trajectories that converge towards the tip. Using the diffusion-drift equation, at a 

distance, x, from the tip the electric current due to ionic species “j”, can be approximated by,

(6)

where A(x) is the pipette cross-sectional area, Dj is the diffusion coefficient, ρj(x,t) is the 

concentration of the j-th ionic species at position x, V(x,t) is the voltage at position x, and 

fpip(t) is the rate at which solution flows from the pipette into the cell. The first term 

characterizes the flux due to ions diffusing down concentration gradients, the second 

describes the collective drifting of ions due to the local electric field (i.e. voltage gradient), 

while the third term describes the advection due to solvent flow.

For a given current, the concentration and voltage changes are inversely proportional to the 

cross-sectional area, and so the largest changes in ion concentration and voltage occur within 
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the narrow tip of the pipette. In a whole-cell patch-clamp experiment, the size and volume of 

this region is typically much smaller than the cell, and so the voltage and ion concentrations 

in the tip region respond rapidly in comparison to the rate of change of ionic concentrations 

in the cell. As a result, for the timescales over which ion concentrations change in the cell, 

the current flowing from the pipette into the cell can be well-approximated by its steady-

state value. At steady-state, the same ionic current,

(7)

must enter and exit every segment, independent of position, x. If the currents and flow are 

not too large, the voltage and ion concentrations in the pipette and cell will not differ too 

greatly, and one can make the simplifying approximation that,

(8)

Substituting these constraints into Equation 6 yields,

(9)

To express the current in terms of the ion concentrations and voltages at the ends of the 

pipette, it is convenient to define the pipette solution conductivity,

(10)

and access resistance,

(11)

Integrating both sides of Equation 9 with respect to dx/A(x) from the tip to the electrode 

then gives the approximate pipette current,
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(12)

The first term is the diffusion current, which is proportional to the concentration difference 

and inversely proportional to the access resistance. The second term is the drift current 

which is proportional to the voltage difference and concentration in the pipette, and is 

inversely proportional to the access resistance. Finally, the third term is the advection current 

which depends only upon the flow rate, and concentration in the pipette.

When the currents and/or flow are larger, the ion concentrations in the cell and pipette may 

be quite different, Equation 8 is no longer a reasonable approximation, and the ionic 

concentrations, ρj(x,t) and voltage, V(x,t), must be determined at each point. While the 

voltage can be determined exactly using Gauss' Law, the charge densities associated with 

physiologically relevant voltages (e.g. ∼100mV) are many orders of magnitude smaller than 

the total density of ions (∼100mM) in physiological solutions. Even considering surface 

charges, the sum of positive electric charges and sum of negative charges are approximately 

equal, which may be expressed mathematically by the electro-neutrality (Planck) 

approximation,

(13)

Applying the electro-neutrality approximation to Equation 6 gives,

(14)

where the index, k, is summed over all species. The voltage gradient is then,

(15)

where,
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(16)

Substituting the voltage gradient back into Equation 6 then gives the concentration gradients,

(17)

as a simple function of the individual ionic currents. Finally, Equations 15 and 17 can be 

integrated from the pipette electrode towards the tip, to give

(18)

and,

(19)

Equations 18 and 19 give the ionic concentration and voltage at each point in the pipette as a 

function of the individual ionic currents. To obtain the steady-state pipette currents as a 

function of the ion concentration and voltage in the cell (ρj,cell(t), Vcell(t)) and near the 

pipette electrode (ρj,pip(t), Vpip(t)), and the flow of solution from the pipette into the cell, 

fpip(t), Equations 18 and 19 can be inverted numerically using an iterative Singular Value 

Decomposition (SVD) to satisfy the boundary conditions,

(20)

Membrane water flow—For this simplified model of the cell, the flow of water across the 

membrane can be described by,

(21)
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where Pf is the osmotic water permeability (Pf∼ 5×10-5 m.s-1 for HEK-293 cells 56, ΛH20= 

1.8×10-5 m3/mol is the molar volume of water, pcell(t) is the hydrostatic pressure in the cell, 

pbath(t) is the hydrostatic pressure in the bath, and σj is the membrane reflection coefficient 

for species j. It is helpful to define a flow rate coefficient,

(22)

From literature values for HEK-293 cells56, χmem∼ 4 ×10-22 m3. s-1.Pa-1 so if the osmolarity 

inside the cell is ∼ 100mOsm greater than in the bath (Posm ∼ 2.4×105 Pa), then water will 

flow into the cell at a rate fmem ∼ 10-16 m3, which is approximately 1 cell volume every 20 

seconds.

Pipette water flow—To a first approximation, the flow rate should be given by,

(23)

where ppip(t) is the hydrostatic pressure of the pipette, and χpip is the pipette flow rate 

coefficient which characterizes how readily fluid can flow through the pipette. The value of 

χpip will depend strongly on the solution properties at the tip of the pipette. If the pipette tip 

contains electrode solution, then the water movement can be approximated by laminar pipe 

flow using Poiseuille's equation,

(24)

where μ is the solution viscosity (μ ∼ 10-3 Pa.s for water). For a conical pipette profile with 

cone angle, θ, and tip diameter, dtip, integration from the electrode to the tip gives,

(25)

Assuming a cone angle of θ ∼ 20°, the tip radius and pipette resistance are related by,

(26)
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so for a pipette resistance of Raccess< 10MΩ (in a solution with σpip ∼ 2 S/m), the tip radius 

should be greater than dtip ∼ 0.2μm. Substituting these values into Equation 25 gives a flow 

coefficient of χpip ∼ 10-19 m3.s-1.Pa-1, which is 2 orders of magnitude larger than χmem. 

Thus, if the solution in the pipette tip flowed as a liquid then almost all the resistance to flow 

would come from the membrane. However, in the whole-cell configuration the pipette tip 

can easily become filled with cytoplasm which will slow the flow of water. The movement 

of water within the cytoplasm is often modelled using Darcy's law,

(27)

where k(x) is the hydraulic permeability of the solution a distance x from the tip (kcell ∼ 
10-14 m2.Pa-1.s-1 for cytoplasm57. The hydraulic permeability depends sensitively on the 

water content of the cytoplasm, but if one assumes a constant hydraulic permeability (k(x) = 

kcell), the pipette flow rate coefficient would then be,

(28)

For an access resistance of Raccess ∼ 10 MΩ and solution conductance of σpip ∼ 2 S.m-1, the 

pipette flow rate coefficient would then be χpip ∼ 5 ×10-22 m3.s-1.Pa-1, which is comparable 

to the membrane coefficient.

Cell voltage—The currents flowing from the pipette into the cell, and from the cell into the 

bath both depend upon the cell voltage, Vcell(t). If the total electric current flowing from the 

pipette into the cell,

(29)

does not balance the total electric current flowing form the cell into the bath,

(30)

then the net electric charge inside the cell will change, and the cell voltage will change 

according to,
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(31)

where Ccell(t) is the cell capacitance. The change in voltage will then alter the movement of 

all ionic species so as to bring the net current flowing in from the pipette and net current 

flowing out through the membrane into balance. For example, if the total electric current 

flowing out of the cell through the membrane is greater than the total electric current flowing 

in to the cell through the pipette (e.g. Imem(t) > Ipip(t)), the cell voltage will decrease which 

will reduce the membrane current and increase the pipette current. The time-scale needed for 

the cell voltage to balance the pipette and membrane currents is,

(32)

In a typical whole-cell experiment (e.g. Ccell ∼ 10pF, Raccess< 10 MΩ), τcell ∼ 0.1ms, which 

is very rapid compared to the time needed for significant ion accumulation/depletion to 

occur (e.g. seconds). Thus, on timescales relevant to ion accumulation, Vcell(t) will assume a 

value such that,

(33)

Cell hydrostatic pressure—The hydrostatic pressure in the cytoplasm is actively 

regulated and depends on many factors, including the activity of the cytoskeleton. Although 

there is not currently a simple, accurate model, two useful limiting cases can be considered. 

Firstly, if the cell is very soft (i.e. provides little resistance to changes in volume), then the 

hydrostatic pressure of the cell will remain constant, and the flow of water from the pipette 

into the cell, and from the cell into the bath will be uncoupled. Alternatively, if the cell is 

relatively stiff (i.e. cannot change volume easily), then the cell pressure will rapidly adjust so 

that the flow rate from the pipette to cell is equal to the flow rate from the cell into the bath,

(34)

Importantly, Equation 34 must also be true at steady state, and substituting Equations 21 and 

23, then gives

(35)
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Thus, for a very stiff cell, or a cell at steady-state, the flow of water through the pipette and 

membrane in series is essentially equivalent to the flow of water through a membrane with 

an effective permeability of,

(36)

Simulation details—Calculations were performed using scripts written in GNU Octave 

(http://www.octave.org). For simplicity, the immobile anions in the cell were neglected and 

the pipette, cell and bath were assumed to contain only Na+, NMDG+ and Cl-, with the 

following diffusion coefficients: DNa+/DK+ = 0.682 58, DNMDG+/DK+ = 0.33 59, DCl-/DK+ = 

1.0388 60, DK+ = 1.957 m2.s-1 (at 25°C 60).

The pipette was assumed to have a conical profile with a tip angle of, θ = 20°, and a tip 

diameter, dtip = 0.2 μm to 2 μm, selected to give the appropriate access resistance (1 MOhms 

to 10 MOhms). However, both θ and dtip were varied to confirm that steady-state ion 

depletion depended primarily on access resistance, and not the specific geometry of the 

pipette tip.

While cell volume clearly varies between cells, HEK-293 cells in culture have a typical 

diameter of ∼20 μm 61 corresponding to a total cell volume of ∼ 4pL. As at least half of the 

cell volume is occupied by the nucleus and other membrane-bound organelles, the effective 

cytosolic volume was then taken to be Λcell ∼ 1 to 3 pL, and cell area of Acell = 103 μm2. For 

simplicity, all calculations were performed assuming the cell membrane is impermeable to 

water (Pf = 0 m.s-1), with the exception of Supplementary Fig. 4.

P2X channels were assumed to be impermeable to ions in the absence of ATP. For the 

simulation shown in Fig. 4, the initial reversal potential of Vrev ∼ -75mV in Fig. 1b was used 

to establish the relative permeabilities of PNa+:PNMDG+= 20:1, and the absolute 

permeabilities were then scaled to match the slope of the initial I-V scan (110 nA/V). Shaker 

channels were assumed to be permeable only to K+, and PK+,max, V1/2 and Vw were adjusted 

to match the initial current voltage ramp shown in Fig. 6b.

For each time point during simulations, the cell membrane voltage, Vcell(t) was adjusted 

until the membrane ionic currents, Ij,mem(t), and pipette ionic currents, Ij,pip(t), satisfied 

Equation 33. Cellular ionic concentrations were then evolved by applying a simple, first-

order forward Euler algorithm to Equation 2.

For the steady-state ion concentration calculations shown in Fig. 5 and Supplementary Fig. 

4, the holding potential was set to 15mV above the initial reversal potential (that is, Vhold = -
(RT/F)× ln(PNa+/PNMDG+) + 15 mV), and the cell voltage and ionic concentrations were 

then adjusted to satisfy the steady state condition,
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(37)

for all ionic species. The steady-state reversal potential shifts shown in Fig. 4e, Fig. 5, and 

Supplementary Fig 4d were then determined by finding the pipette voltage at which the net 

current was zero.

The full simulation parameters for Fig. 4b-e were PNa+ = 2.8 × 10-6 m/s, PNMDG+ = 1.4 × 

10−7 m/s, Pf= 0 m/s, Raccess =5 MΩ, Λcell =1.5pL, Acell = 103 μm2, with 150mM NaCl in the 

pipette and 150mM NMDG-Cl in the bath. For Fig. 5b, all parameters were the same as in 

Fig. 4b-e except for the volume. For Fig. 5b, PNa+:PNMDG+ was held fixed at 20:1 and the 

holding voltage was kept constant at −60mV (∼15mV above the initial reversal potential). 

For Fig. 5c,d, the access resistance was held constant at Raccess =5 MΩ and for each ratio of 

PNa+:PNMDG+, the holding voltage was set to 15mV above the initial reversal potential. 

Similarly, for Supplementary Figure 4, the access resistance was held constant at Raccess =5 

MΩ, PNa+ : PNMDG+ was held fixed at 20:1 and the holding voltage was -60mV. For Fig. 6f-

i, the pipette contained 140mM KCl and a resistance of Raccess =5 MΩ, while the bath was 

switched between 140mM KCl and 140mM NMDG-Cl. The parameters for the Shaker 

current were PK+ = 2.0×10-7 m/s, V1/2= -33.8mV, and Vw = 5mV while for the P2X current 

were PK+ = 3.3×10-6 m/s, and PNMDG+ = 1.3×10-7 m/s.

Code availability

GNU Octave scripts are available upon request.

Approximation of ion concentration changes

Consider an experiment performed under bi-ionic conditions in which the pipette contains a 

single permeant monovalent cation of type A (e.g. Na+), while the bath contains a single 

permeant monovalent cation of type B (e.g. NMDG+), both at the same concentration ρ0 

(e.g. ρ0 = 150mM). For simplicity, the pipette solution contains just a single impermeant 

monovalent anion of type C (e.g. Cl-) again at concentration ρ0.

If the channels in the membrane can be described by the GHK flux equation (Eq. 4), the 

membrane currents for species A and B will be given by,

(38)

and,

(39)
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Before activation of the channels, the concentration in the pipette and cell are identical, and 

so the initial reversal potential is just,

(40)

At the reversal potential, the current carried by the two cationic species are,

(41)

where σmem is the membrane conductance. For example, if the initial membrane 

conductance is σmem = 40nS, then at the reversal potential there will be an outward current 

IA,mem = 1nA, and an inward current IB,mem = -1nA.

The outward flow of A will lower the intra-cellular concentration of A, while the inward 

current of B will increase the intracellular concentration of B. As the difference in 

concentration between the pipette and cell increases, there will be an exchange of ions 

between the pipette and cell until at steady-state the currents flowing between the pipette and 

cell match those flowing between the cell and bath. If osmotic effects are neglected, then 

pipette currents can be approximated using Equation 12 as,

(42)

Noting that the membrane is impermeable to anions (IC,mem = 0), that the concentration of 

the cations and anions must balance,

(43)

and that the pipette solution conductance is just,

(44)

the steady-state voltage difference between the pipette and cell is then,
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(45)

while the steady-state intracellular concentration of A and B are,

(46)

Thus, the difference between initial and steady-state ion concentrations can be estimated 

from the access resistance, membrane conductance, and diffusion coefficients of the ions. 

For example, for an access resistance Raccess = 5 MΩ and membrane conductance of σmem = 

40nS, with 150mM NaCl in the pipette and 150 mM NMDG-Cl in the bath (diffusion 

coefficients in previous section), Equation 46 gives ρNa+ = 86mM (vs 99mM for numeric 

solution) and ρNMDG+ = 76mM (vs 68mM for numeric solution). The linear approximation 

works fairly well when the concentration changes are < 50%, but is inadequate for larger 

membrane conductances. As a result, the approximate expressions are most useful 

estimating if there is an ion accumulation problem, rather than attempting to correct for 

cellular ion concentrations.

If the diffusion coefficients of the different ionic species are comparable, the concentration 

changes are,

(47)

and so to limit steady-state concentration errors, it is then necessary to limit the membrane 

conductance to,

(48)

For example, for an access resistance of 5 MΩ, steady-state concentration errors of 10% or 

less require that the membrane conductance be less than 10 nS.

The concentration changes then influence the steady-state reversal potential of the cell. 

Using the same linear approximation,
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(49)

Combining this with the steady-state voltage difference between the pipette and cell, the 

measured reversal potential shift will then be,

(50)

For the example considered above (150mM NaCl in pipette, 150mM NMDG-Cl in bath, 

Raccess = 5 MΩ; σmem = 40nS; PNa+/PNMDG+ = 20) the approximation gives a reversal 

potential shift of 8.1mV, which is fairly similar to the numerical solution result of 7.8mV. 

However, the linear approximation cannot be relied upon for larger changes in reversal 

potential (i.e > 10mV).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Shifts in equilibrium potentials after prolonged activation of P2X2 receptors in bi-ionic 
NMDGout/Nain solutions
a) Left, macroscopic currents recorded from a HEK cell transfected with P2X2 in pcDNA1. 

Dashed line is the zero current level. The voltage protocol and the extracellular ATP 

application are presented above the current trace. Voltage ramps were applied in the 

presence of 30 μM ATP to estimate the reversal potential before (1) and after (2) a prolonged 

(15-s) activation of the channel by ATP at -60 mV in NMDGout/Nain solutions. Raccess for 

this recording was 6 MΩ, and the cell capacitance was 14 pF. Right, current (I)-voltage (V) 

relations measured before (black, 1) and after (red, 2) the prolonged activation of the 

channel by ATP. Same cell as shown on the left. b) Macroscopic currents recorded from a 

HEK cell transfected with P2X2 in pIE. Raccess for this recording was 7 MΩ, and the cell 

capacitance was 8 pF. Right, I-V relations measured before (black, 1) and after (red, 2) 

prolonged activation of the channel by ATP. Same cell as shown on the left. c,d) Summary 

of the reversal potentials and slopes of I-V relations (conductance, calculated between -90 to 

-60 mV) before (black, 1), and after (red, 2) the 15-s ATP activation. Open circles are 

individual cells, solid bars are mean values and error bars are S.E.M. Data were collected 

from 4 cells (low expression, 30 μM ATP), 9 cells (high expression, 30 μM ATP) and 5 cells 

(high expression, 0.3 μM ATP).
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Figure 2. Rapid activation of NMDG+ currents in P2X2 receptor channels
a) Currents activated by 30 μM ATP from a cell expressing the P2X2+3T receptor channel 

recorded in NMDGout/Nain solutions at -60 mV. Current-reversal is observed in response to 

prolonged activation by ATP as with the wt receptor (Fig. 1b). 100 μM Texas-Red MTSEA 

(TR-MTSEA) applied to the external solution does not significantly affect the inward 

NMDG+ current. Extracellular ATP (grey bars) and TR-MTSEA (blue bar) applications are 

presented above the current trace. Similar results were obtained from 3 cells. b) 100 μM TR-

MTSEA rapidly inhibits NMDG+ currents carried through T336C+3T receptors (n=4). c) 
Macroscopic P2X2 receptor channel current recorded in symmetric Na+ solutions at -10 mV. 

d) Macroscopic P2X2 receptor channel current recorded in symmetric NMDG+ solutions at 

-40 mV. The 10-90% rise time for activation of Na+ currents was 4.9±0.8 ms (n=7), and that 

for NMDG+ currents was 10±0.3 ms (n=6). e) ATP application to T336C+3T channels 

activates NMDG+ currents in milliseconds and subsequent external application of TR-

MTSEA rapidly inhibits the current. Voltage was -40 mV (n=3).
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Figure 3. Prolonged P2X2 receptor channel activation in bi-ionic NMDGout/Nain solutions 
changes intracellular ion concentrations
a) Left, macroscopic currents recorded from a HEK cell transfected with P2X2 in pIE. 

Voltage ramps were applied in the presence of 30 μM ATP to estimate the reversal potential 

in bi-ionic NMDG+
out/Na+

in solutions, before and after 15-s channel activation at -60 mV in 

symmetric Na+ solutions. I-V relations obtained from the voltage ramps are plotted on the 

right. Raccess was 9 MΩ, and the cell capacitance was 7 pF. b) Macroscopic currents 

recorded using a similar protocol as in a, but the voltage ramps were applied in symmetric 

Na+ solutions to estimate changes in the intracellular Na+ concentration, and the long ATP 

activation was in NMDG+
out/Na+

in solutions. I-V relations obtained from the voltage ramps 

are plotted on the right. Raccess was 5 MΩ, and the cell capacitance was 12 pF. c) Summary 

of reversal potential from recordings like those shown in a (n=4) and b (n=5). Open circles 

are individual cells, solid bars are mean values and error bars are S.E.M. d) Macroscopic 

P2X2 receptor channel current recorded in NMDGout/Nain solutions at -60 mV in response 

to prolonged ATP application followed by switching to symmetric Na+ solutions at 0 mV, as 

indicated above the current trace. Similar results have been obtained from 3 cells. The 

dashed lines in a, b, and d represent the zero current level.
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Figure 4. A reservoir model of intracellular ion concentrations during patch-clamp recordings
a) Schematic of a whole-cell patch clamp reservoir model with Na+ ions depicted as yellow 

spheres and NMDG+ ions as blue spheres. The initial condition (left) depicts a point in time 

after the pipette and cell have equilibrated and immediately after opening P2X receptor 

channels. The concentration of ions in the cell change as Na+ leaves and NMDG+ enters, 

until at steady state (right) the flow of ions between the pipette and cell balances the flow of 

ions between the cell and bath. Ion concentrations are graphed below the illustrations. b) 
Calculated current as a function of time using the reservoir model with an identical voltage 

protocol to Fig. 1b. The initial reversal potential (-75mV) and slope (105nA/V) were used to 

set the relative (PNa+:PNMDG+ = 20:1) and absolute permeability. respectively. Raccess was 5 

MΩ and the cell volume was 1.5pL. The pipette contains 150 mM NaCl at the start of the 

simulation and perfusion is assumed to clamp the external solution surrounding the cell at a 

concentration of 150 mM NMDG-Cl. For these calculations, the membrane was assumed to 

be impermeable to Cl- and water. c) Simulated initial and final I-V plots. d) Calculated 

intracellular ion concentrations as a function of time, aligned with the time course shown in 

b. e) Calculated Vrev as a function of time using the reservoir model, based on the voltage 

and ATP application protocol shown in b.
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Figure 5. Predicted influence of experimental parameters on shifts in equilibrium potentials and 
intracellular ion concentrations
a) Dependence of shift in reversal potential (ΔVrev) on Raccess and initial conductance at the 

reversal potential (dI/dV) for a constant relative permeability of PNa+:PNMDG+ = 20:1. ΔVrev 

was evaluated after holding at -60mV (∼ 15mV above the initial reversal potential) until the 

current reached steady-state. b) Effect of cell volume on the time course of current reversal 

for otherwise identical simulation parameters to Fig. 4b. Assuming a spherical cell with 50% 

cytosol by volume, the 1pL, 2pL and 4pL cytosol volumes correspond to cell diameters of 

16 μm, 20 μm and 25 μm. c,d) Influence of ion channel selectivity (PNa+ : PNMDG+) and ion 

channel density (membrane conductance, σmem) on depletion of intracellular Na+ ([Na+]pip-

[Na+]cell; c) and reversal potential shift (ΔVrev; d). The channel density was parameterized 

by the membrane conductance in symmetric 150 mM NaCl at 0 mV, and steady state 

conditions were evaluated for a holding voltage 15 mV above the initial reversal potential 

[i.e. Vhold = -(RT/F) * ln(PNa+/PNMDG+) + 15 mV]with bi-ionic conditions (Bath : 150mM 

NMDG-Cl; Pipette : 150mM NaCl) and Raccess = 5 MΩ.
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Figure 6. Using the Shaker Kv channel to measure depletion of intracellular K+ and 
accumulation of NMDG+

a) Macroscopic currents recorded from a HEK cell co-transfected with Shaker Kv channels 

and P2X2 in pIE. Voltage ramps from -90 mV to 50 mV (500 ms duration) were applied in 

the absence of ATP in symmetric K+ solutions to activate Shaker Kv channels, before (1) 

and after (2) 5s application of ATP to activate P2X2 receptor channels at -70 mV in 

NMDGout/Kin solutions. Raccess for this recording was 5 MΩ, and the cell capacitance was 9 

pF. b) I-V relations for Shaker Kv channels measured before (black, 1) and after (red, 2) 

prolonged activation of the P2X2 receptor. Same cell as in a. c) G-V relations for Shaker Kv 

channels measured before (1) and after (2) activation of the P2X2 receptor. d) Midpoint of 

G-V relations for Shaker Kv channels before (1) and after (2) activation of P2X2 receptor 

channels (n=4). e) Vrev for Shaker channels before (1) and after (2) P2X receptor activation 

(n=4). f) Calculated current as a function of time using the reservoir model. g) Simulated 

initial and final I-V relations using the reservoir model. h) Calculated intracellular ion 

concentrations as a function of time using the reservoir model. i) G-V relationships from the 

initial and final simulated voltage ramps. (Simulation parameters – Shaker PK+/PNMDG+ = 

1:0; P2X (PK+/PNMDG+ = 25:1); Raccess = 5 MΩ; Cell volume =1.5pL; Pipette : 140mM 

KCl;Bath : 140mM NMDG-Cl or KCl).
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