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ABSTRACT In mouse mammary C127i cells, during whole-cell clamp, osmotic cell swelling activated an anion chan-
nel current, when the phloretin-sensitive, volume-activated outwardly rectifying ClI~ channel was eliminated. This
current exhibited time-dependent inactivation at positive and negative voltages greater than around *25 mV. The
whole-cell current was selective for anions and sensitive to Gd>*. In on-cell patches, single-channel events appeared
with a lag period of ~15 min after a hypotonic challenge. Under isotonic conditions, cell-attached patches were si-
lent, but patch excision led to activation of currents that consisted of multiple large-conductance unitary steps. The
current displayed voltage- and time-dependent inactivation similar to that of whole-cell current. Voltage-dependent
activation profile was bell-shaped with the maximum open probability at —20 to 0 mV. The channel in inside-out
patches had the unitary conductance of ~400 pS, a linear current-voltage relationship, and anion selectivity. The
outward (but not inward) single-channel conductance was suppressed by extracellular ATP with an IC;, of 12.3 mM
and an electric distance (8) of 0.47, whereas the inward (but not outward) conductance was inhibited by intracellu-
lar ATP with an ICs of 12.9 mM and 8 of 0.40. Despite the open channel block by ATP, the channel was ATP-conduc-
tive with Pypp/P¢ of 0.09. The single-channel activity was sensitive to Gd®*, SITS, and NPPB, but insensitive to phlore-
tin, niflumic acid, and glibenclamide. The same pharmacological pattern was found in swelling-induced ATP release.
Thus, it is concluded that the volume- and voltage-dependent ATP-conductive large-conductance anion channel

serves as a conductive pathway for the swelling-induced ATP release in C127i cells.
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INTRODUCTION

Osmotic cell swelling is known to induce ATP release
from a variety of cell types (Wang et al., 1996; Roman et
al., 1997, 1999; Feranchak et al., 1998; Hazama et al.,
1998b, 1999, 2000a,b; Mitchell et al.; 1998; Taylor et al.,
1998; Light et al., 1999; Musante et al., 1999). In a wide
variety of cell types, cell swelling activates volume-sensi-
tive outwardly rectifying (VSOR)* intermediate-conduc-
tance anion channels, which exhibit significant perme-
ability to large organic anions (Strange et al., 1996; Nil-
ius et al., 1997; Okada, 1997). Therefore, the possibility
exists that the VSOR anion channel serves as a pathway
for swelling-induced release of anionic ATP. However,
this prospect is at variance with the following observa-
tions. First, in human Intestine 407, mouse mammary
C127/CFTR and bovine ciliary epithelial cells, swelling-
induced ATP release was not inhibited by a number of
blockers of VSOR anion channels, such as glibenclamide
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(Hazama et al.,, 1998b, 1999, 2000b; Mitchell et al.,
1998), DPC (Mitchell et al., 1998), DIDS (Mitchell et al.,
1998), SITS (Hazama et al., 1999), and arachidonic acid
(Hazama et al., 1999). Second, Gd**, which is an effec-
tive blocker of swelling-induced ATP release (Taylor et
al., 1998; Hazama et al., 1999, 2000b), did not inhibit
VSOR anion currents in Intestine 407 (Hazama et al.,
1999) and C127/CFTR cells (Hazama et al., 2000Db).
Third, mAbs, which block swelling-induced ATP release
from Intestine 407 cells (Hazama et al., 1999), also failed
to affect swelling-induced activation of anion currents in
Intestine 407 (Hazama et al., 1999) and C127/CFTR
cells (Hazama et al., 2000a). Fourth, heterologous ex-
pression of CFTR was shown to downregulate VSOR an-
ion channel activity in CPAE and COS cells (Vennekens
et al., 1999), whereas it upregulated swelling-induced
ATP release from C127/CFTR cells (Hazama et al.,
1998b, 2000b) or the presence of CFTR was required for
swelling-induced ATP release from airway epithelial cells
(Taylor et al., 1998).

Although it was previously proposed that CFTR serves
as a conductive pathway for ATP release (Reisin et al.,
1994; Schwiebert et al., 1995; Prat et al., 1996; Cantiello
et al., 1997, 1998; Jiang et al., 1998; Lader et al., 2000),
this “CFTR = ATP channel hypothesis” has been chal-
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lenged in a number of other studies (Takahashi et al.,
1994; Li et al., 1996; Grygorczyk et al., 1996; Reddy et
al., 1996; Grygorczyk and Hanrahan, 1997; Mitchell et
al., 1998; Sugita et al., 1998; Watt et al., 1998). We also
have provided several lines of evidence against this hy-
pothesis for swelling-induced ATP release (Hazama et
al., 1999, 2000b). First, ATP release was found to be
induced by osmotic swelling in CFTR-lacking Intestine
407 and C127i cells. Second, a CFTR Cl~ channel
blocker, glibenclamide, failed to inhibit swelling-induced
ATP release in C127/CFTR cells. Third, a blocker of
swelling-induced ATP release, Gd3*, failed to affect
cAMP-induced activation of CFTR CI~ currents in C127/
CFTR cells. Fourth, CFTR Cl~ currents were not af-
fected by mAbs, which were found to abolish swelling-
induced ATP release, in C127/CFTR cells.

In the present study, we searched for an alternative
candidate anion channel that exhibits ATP conductivity
and Gd®' sensitivity in mouse mammary C127i cells.
The volume- and voltage-dependent ATP-conductive
large-conductance (VDACL) anion channel was found
to exist in the plasma membrane and to share the same
pharmacological profiles and CFTR-dependent modu-
lation with swelling-induced ATP release.

MATERIALS AND METHODS

Cells

A cell line of mouse mammary tissue origin, C127i, was obtained
from the American Type Culture Collection and grown in Dul-
becco’s modified Eagle’s medium containing 10% FCS. A stable
transfectant of C127i with the ¢cDNA for human CFTR (C127/
CFTR) was a gift from Dr. M.J. Welsh (University of Iowa), and
was cultured in DMEM with 10% FCS and 200 pg ml~! geneticin.

Solutions

The standard Ringer’s solution contained the following (in mM):
135 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 5 Na-HEPES, 6 HEPES, and 5
glucose, pH 7.4 (290 mosmol kg~! HyO). The hypotonic solution
was made by reducing the concentration of NaCl in Ringer’s so-
lution to 100 mM (210 mosmol kg~! H,O). For selectivity mea-
surements of whole-cell currents, 100 mM NaCl in Ringer’s so-
lution was replaced with 100 mM TEA-CI or sodium glutamate.
For single-channel selectivity measurements, 135 mM NaCl in
Ringer’s solution was replaced with 135 mM of TEA-CI or Na salts
of the anion that was being tested. For cation-to-anion selectivity
measurements, NaCl concentration in Ringer’s solution was low-
ered by isosmotic replacement with mannitol. For phosphate
permeability measurements, 70 mM Nay,HPO, solution with pH
7.4 adjusted with HCI (calculated Cl~ concentration: 11 mM) was
used. For the experiments under Ca®*- and Mg?*-free conditions,
CaCly, and MgCl, were removed from, and 1 mM EDTA was
added to, Ringer’s solution.

The pipette solution for whole-cell experiments contained the
following (in mM): 125 CsCl, 2 CaCl,, 1 MgCl,, 5 HEPES, and 10
EGTA, pH 7.4 (adjusted with CsOH; 275 mosmol kg~! HyO). In
some whole-cell experiments, 1-5 mM ATP was added in the pi-
pette solution. Pipette solution for cell-attached and inside-out
experiments was standard Ringer’s solution. When indicated, Cs-
pipette and TEA-pipette solutions were used in which all monova-

lent cations were replaced with either Cs* or TEA*. The pipette so-
lution for outside-out experiments contained the following (in mM):
120 NaCl, 5 KCl, 2 CaCly, 1 MgCl,, 5 HEPES, pH 7.4 (adjusted with
NaOH), and 10 EGTA (pCa 7.7; 275 mosmol kg~! H,O).

For experiments testing the effect of ATP on channel activity,
2.5-25 mM Na,ATP was added to the Ringer’s bathing solution,
and pH was adjusted to 7.4 with NaOH. For ATP-permeability
measurements, 100 mM Na,ATP solution was used after pH was
adjusted at 7.4 with NaOH. All ATP-containing solutions were
kept on ice and warmed to room temperature immediately be-
fore the experiment.

GdCl; was stored as a 30-mM stock solution in water and added
directly to Ringer’s solution immediately before the experiment.
5-Nitro-2-(phenylpropylamino)-benzoate (NPPB), glibenclamide,
phloretin, 4-acetamido-4’-isothiocyanostilbene (SITS), niflumic
acid (all from Sigma-Aldrich) were added to Ringer’s solution
immediately before use from stock solutions in DMSO to the fi-
nal concentrations as indicated. The final DMSO concentration
did not exceed 0.1% and DMSO did not have any effects, when
added alone.

The osmolality of all solutions was measured using a freezing-
point depression osmometer (model OM802; Vogel) or a vapor
pressure osmometer (model Vapro 5520; Wescor).

Electrophysiology

Patch electrodes were fabricated from borosilicate glass using a
micropipette puller (model P-97; Sutter Instrument Co.) and
had a tip resistance of ~2 M() for whole-cell measurements and
2-8 M() for macro-patch and single-channel recordings when
filled with pipette solution. Membrane currents were measured
with an Axopatch 200A patch-clamp amplifier coupled to a Digi-
Data 1200 interface (Axon Instruments) or an EPCY patch-
clamp system (Heka-Electronics). The membrane potential was
controlled by shifting the pipette potential (Vp). For whole-cell
recordings, access resistance did not exceed 4 M) and was always
compensated (to 70-80%). Whole-cell capacitance was 17.5 =
1.4 pF (n = 23) and ranged from 9 to 32 pF. If not indicated, cur-
rents were filtered at 1 kHz and sampled at 2-5 kHz. Instanta-
neous currents for whole-cell and macro-patch recordings were
measured 5-10 ms after the onset of the test pulses. Data acquisi-
tion and analysis were done using Pulse+PulseFit (Heka-Elec-
tronics) or pCLAMP6 (Axon Instruments) and WinASCD soft-
ware (provided by Dr. G. Droogmans, Katholieke Universiteit
Leuven, Belgium). Whenever bath Cl~ concentration was al-
tered, a salt bridge containing 2 M KCl in 2% agarose was used to
minimize bath electrode potential variations. Liquid junction po-
tentials were measured by a separate patch electrode filled with
3 M KCI or calculated using pCLAMPS algorithms, and both
were found to be essentially the same (within 1-3 mV). The data
were corrected for liquid junction potentials either on- or offline.
All experiments were performed at room temperature (20-25°C).

Luciferin-Luciferase ATP Assay

Bulk extracellular ATP concentration was measured by the lu-
ciferin-luciferase assay (ATP luminescence kit; model AF-2L1;
DKK-TOA Co.) at room temperature with an ATP analyzer
(model AF-100; DKK-TOA Co.), as described previously (Hazama
et al. 1999, 2000b). Briefly, C127i cells were cultured to conflu-
ence in 48-well plates. Culture medium was totally replaced with
isotonic PBS solution (300 wl) containing the following (in mM):
137 NaCl, 2.7 KCI, 1 CaCl,, 1 MgCl,, 8.1 Na,HPO,, and 1.5
KH,PO,, pH 7.4 (300 mosmol kg~! HyO). Cells were incubated
for 60 min at 37°C, and 100 pl of isotonic extracellular solution
was removed and used as a control sample for background ATP
release. A hypotonic challenge was then applied by gently adding
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Ficure 1. Two different types of whole-cell currents induced by osmotic swelling. (A) VSOR Cl~ currents recorded from a C127i cell dia-
lyzed with pipette solution containing 5 mM ATP. (a) Representative record during application of alternating pulses from 0 to =50 mV
(every 10 s) or of step pulses from —100 to +100 mV in 20-mV increments at the arrowhead (protocol is shown in the inset). Horizontal
bars indicate times during the application of hypotonic solution, and with the addition of 30 pM Gd?** and 300 pM phloretin. (b) Ex-
panded traces of current responses (at arrowhead in a) to step pulses. (c) Instantaneous and steady-state current-voltage relationships
measured at the beginning (open circles) and the end (closed circles) of pulses, respectively. (B) Swelling-activated currents recorded
from a C127i cell dialyzed with ATP-free pipette solution in the presence of extracellular phloretin (300 pM). (a) Representative record
during application of alternating pulses from 0 to £25 mV (every 10 s) or of step pulses from —50 to +50 mV in 10-mV increments at the
arrowhead (protocol is shown in the inset). Horizontal bar indicates times of application of hypotonic solution containing 300 wM phlore-
tin. (b) Expanded traces of current responses (at arrowhead in a) to step pulses. (c) Instantaneous and steady-state I-V relationships mea-
sured at the beginning (open circles) and the end (closed circles) of pulses, respectively.

100 or 200 pl of a solution with the following composition (in
mM): 5 KCl, 1 CaCl,, 1 MgCly, and 10 HEPES-NaOH, pH 7.4 (35
mosmol kg~! HyO) to the remaining 200 pl of isotonic solution to
yield 71 or 56% hypotonicity, respectively. Preliminary studies
showed that peak ATP release was observed after incubation for
~15 min in hypotonic solution. Thus, the cells were incubated for
15 min at either 25 or 37°C, and an extracellular solution sample
(100 wl) was collected for the luminometric ATP assay of swelling-
induced ATP release. When required, drugs were added to the hy-
potonic solution to give the final concentrations as indicated.

Data Analysis

Single-channel amplitudes were measured by manually placing
cursors at the open and closed channel levels. By dividing a
mean macro-patch current by a single-channel amplitude, the
mean number of channels open, P, - n, was calculated, where P,
and n represent the open channel probability and the number of
active channels, respectively. Dose-response data for ATP block
of single channel amplitudes were fitted to the equation:

i=i/{1+(Al/K)}, (1)
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where i, is the single-channel amplitude in the absence of ATP, ¢
is the single-channel amplitude in the presence of ATP at a given
concentration [A], and K, is the apparent dissociation constant.

The voltage dependence of blockade was examined using the
Boltzmann equation:

i/i, = (a+(1-a)/{1+exp[-28F(V - V,)/RTI}), (2)

where i, is the single-channel current amplitude in the absence
of ATP, iis the single-channel current amplitude in the presence
of 25 mM ATP, § is the fractional electrical distance from either
extracellular or intracellular side, z is the valence of the blocker
(z = —4 for ATP), V,is a potential for half-maximal block, a is a
limiting fractional current at high voltages, and F, R, and T have
their usual thermodynamic meanings.

Permeability ratios for different anions (X) were calculated
from Goldman-Hodgkin-Katz (GHK) equation:

AE,,, = —RT/F In[(Py[Cl],)/ (Py[CL]; + Py XD, (3)
where AE,, is the reversal potential in the presence of a test anion
at a concentration [X], [Cl], is the CI~ concentration in the pi-

pette (standard Ringer’s) solution, and [CI]; is the Cl~ concentra-



tion in low CI~ bath solutions containing different test anions. P,
and Pyare the permeabilities of C1~ and test anion, respectively.
Na* to Cl~ permeability was calculated according to the Eq. 4

AE,,, = —RT/FIn[(PyYniNal; + Peiy ol Cllo)/

(4)
(PynoYno[Nal, + Peiy el Cll) 1,

where Py, is the sodium permeability, [ Na]; and [ Na], are intracel-
lular and extracellular Na* concentrations, and yy, and vy are the
activity coefficients of Na* and Cl~ (Harned and Owen, 1958).

Permeability ratio for polyvalent anions (A: phosphate and
ATP) was calculated from GHK equation:

P/ Py = {Zi‘z [[Cl, - [Cl]; exp(azg E,,,) ][1 - exp(oz,E,,,)]}/
{2 [A]; exp(0z,E,, ) [1 — exp(oizg E,)]} (5)

where a = F/RT; z, and z; are valences of the anion and Cl-, re-
spectively; [Cl], and [Cl]; are the CI~ concentrations in the pi-
pette and in the bath, respectively; [A]; is the polyvalent anion
concentration in the bath; and E,,, is the reversal potential. When
no Cl~ was present in the bath, and therefore [Cl]; = 0, the equa-
tion turns to the one used in Cantiello et al. (1997). z, was as-
sumed to be —2 for phosphate and —4 for ATP.

Data were analyzed in Origin 5.0 (MicroCal Software, Inc.).
Pooled data are given as means = SEM of observations (7). Sta-
tistical differences of the data were evaluated by paired or un-
paired ¢ test and considered at P < 0.05.

RESULTS

Gd?*-sensitive Whole-Cell Anion Conductance Induced by
Cell Swelling

Consistent with previous observations (Hazama et al.,
2000b), C127i cells responded with activation of vol-
ume-sensitive outwardly rectifying (VSOR) CI~ currents
during swelling induced by a hypotonic challenge
(74%) under whole-cell patch clamp using pipette solu-
tion containing ATP (Fig. 1 A). This current was Gd3*-
insensitive (Fig. 1 A, a) and exhibited inactivation at
positive potentials larger than +40 mV (Fig. 1 A, b) as
well as outward rectification (Fig. 1 A, c).

In searching for possible ATP-conductive pathways,
we modified the whole-cell patch-clamp experiments to
eliminate VSOR CI~ currents in two ways: (1) by using a
relatively selective blocker of VSOR channels, phloretin
(Fan et al., 2001; Fig. 1 A, a); and (2) by excluding ATP
from the pipette solution, since ATP is required for
maintenance of VSOR channels activity (Okada, 1997).
When C127i cells were exposed to hypotonic solution
in the presence of 300 wM phloretin, cell swelling
slowly and reversibly activated a current that had bio-
physical properties different from the VSOR Cl~ cur-
rent (Fig. 1 B, a). This current displayed voltage-depen-
dent inactivation, not only at positive potentials over
+20 mV, but also at negative potentials below —30 mV
(Fig. 1 B, b and c). Instantaneous I-V relationship was
nonlinear, with outward and inward rectification at pos-
itive and negative potentials, respectively (Fig. 1 B, c).
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FIGURE 2.  Gd*" sensitivity and anion selectivity of swelling-induced
phloretin-insensitive whole-cell currents. (A) Representative trace
of Gd3* sensitivity of currents recorded from a C127i cell dialyzed
with ATP-free pipette solution during application of alternating
pulses from 0 to =25 mV or of step pulses from —50 to +50 mV in
10-mV increments. (B) Effects of Gd** (30 uM), NPPB (100 puM),
and SITS (100 M) on the instantaneous currents recorded upon
application of step pulses of £25 mV. All currents measured in the
presence of these drugs were normalized to the respective cur-
rents measured before drug application. Also, currents were cor-
rected for background currents. The SEM values are shown by ver-
tical bars. (C) Representative instantaneous current-voltage rela-
tionships demonstrating the anion selectivity of this channel. All
currents were recorded from a C127i cell exposed to a hypotonic
solution containing 300 uM phloretin and 100 mM NaCl (open
circles) or TEA-CI (closed circles) or sodium gluconate (closed tri-
angles). Similar data were obtained in five cells.
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FiGure 3.  Swelling-induced activation of large-conductance single-channel currents in on-cell patches. (A) Representative current traces
recorded under isotonic and hypotonic conditions on C127i (top traces) and C127/CFTR (bottom traces) cells, during application of al-
ternating pulses from 0 to =25 mV (protocol is shown at the top of the traces). (B) Unitary i-V relationships recorded in cell-attached
patches on C127i (open circles) and C127/CFTR cells (open triangles) as well as in inside-out patches excised from C127i cells (closed cir-
cles). The SEM values are shown by vertical bars where the values exceed the symbol size.

Also, the steady-state current exhibited a negative slope
resistance at potentials greater than around £25 mV.

Steady-state current amplitude varied widely ranging
from 240 pA up to 3,800 pA at +25 mV. Mean current
density was 153 * 54 pA/pF at +25 mV and —181 * 56
pA/pF at =25 mV (n = 9). There was a delay of 3-20
min (mean 12.0 = 1.2 min, n = 16) between hypotonic
stimulation and current activation.

The phloretin-insensitive whole-cell current could be
reversibly inhibited by 30 uM Gd3* (Fig. 2 A). Whole-
cell currents were also sensitive to 100 uM NPPB and
SITS, however, those agents were less effective than 30
pM Gd3*, as summarized in Fig. 2 B. Niflumic acid
failed to affect whole-cell currents at a concentration of
200 pM (data not shown, n = 5). Also, replacing Na*
ions with TEA™ had no appreciable effect on the I-V re-
lationship (Fig. 2 C) and voltage-dependent inactiva-
tion (data not shown). However, when 100 mM Cl~ in
the hypotonic bath solution was replaced with 100 mM
glutamate, the reversal potential was shifted by 23 = 2
mV (n = 5) (Fig. 2 C), indicating anion selectivity of
this swelling-induced phloretin-insensitive current.

Swelling-induced Large-Conductance Single-channel Activity
in Cell-attached Patches

Single-channel events were rarely observed in cell-attached
patches on C127i and C127/CFTR cells bathed in iso-
tonic Ringer’s solution (Fig. 3 A). When C127i cells
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were exposed to hypotonic solution with maintaining
giga-sealed cell-attached patches, single-channel cur-
rents with a large conductance were observed (Fig. 3 A,
middle trace) after a lag period of 15.0 = 3.0 min (n =
10). This channel had a single-channel amplitude of
10.2 = 0.3 pA (n=12) and —5.7 = 0.2 pA (n = 13) at
+25 mV and —25 mV of —Vp, respectively. The unitary
i-V relationship was slightly outwardly rectifying (pre-
sumably due to a lower Cl~ concentration within the
cell) with a slope conductance of 402 * 18 pS at posi-
tive voltages and 285 * 15 pS at negative voltages, and
the reversal potential was around —5 mV (Fig. 3 B,
open circles). After excision, the i-V relationship be-
came linear (Fig. 3 B, closed circles).

Channels with the same amplitude (Fig. 3 A, bottom
trace) and i-V relation (Fig. 3 B, open triangles) were
also observed in the cell-attached patches on C127/
CFTR cells after exposure to hypotonic solution with a
lag time of 4.4 * 1.1 min (n = 10), which is signifi-
cantly shorter than that in C127i cells (P < 0.01).

Even though we did not use the VSOR Cl~ channel
blocker, phloretin, during single-channel recordings,
we never detected VSOR CI~ channel activity, which has
an intermediate unitary conductance of 50-70 pS and
profound outward rectification (Okada, 1997) in cell-
attached patches. Single VSOR CI~ channels were found
only when preswollen cells were subjected to cell-attached
patch clamp (data not shown, » = 11), but not when
C127i cells were swelled after patch formation. These
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results are similar to what has been found in previous

studies (Okada et al., 1994; Okada, 1997).

Excision-induced Activation of Voltage-dependent
Large-Conductance Anion Channels

When silent patches from C127i cells bathed in isotonic
Ringer’s solution were excised, patch conductance rap-
idly increased up to 2-10 nS (Fig. 4 A). As shown in Fig.
4 B, the patch current inactivated at +25 mV in a step-
wise manner revealing unitary events with an ampli-
tude of 10-12 pA.

In excised patches, voltage and time dependency of in-
activation of macro-patch currents (Fig. 5 A) was similar
to that of swelling-induced phloretin-insensitive whole-
cell currents (Fig. 1 B, b). The shape of the instanta-
neous currentvoltage relationship (Fig. 5 B, open cir-
cles) was more linear compared with whole-cell currents,
but the steady-state current similarly displayed portions
with “negative slope resistance” at potentials of greater
than or equal to +20 and less than or equal to —30 mV
(Fig. 5 B, closed circles). The I-V curve obtained during
ramp clamp also displayed similar inactivation (Fig. 5 C).
Steady-state P, values estimated from current responses
in macro-patches (containing a number of channels) to
step pulses (Fig. 5 A) and ramp pulses (Fig. 5 C) were
both plotted against voltages in Fig. 5 D (closed circles
and solid line, respectively), together with steady-state P,
estimated from the phloretin-insensitive component of

the swelling-activated whole-cell currents (Fig. 1 B, b).
The bell-shaped voltage dependency of open-channel
probability of the macro-patch current was strikingly sim-
ilar to that of whole-cell currents (Fig. 5 D, triangles).
Based on these observations, we conclude that voltage-
dependent large-conductance channels were responsible
for the phloretin-insensitive volume-dependent whole-
cell current. This conclusion was further confirmed in
studies evaluating anion selectivity and pharmacology of
this voltage-dependent large-conductance channel (see
next paragraph).

Channels activated in inside-out patches had a con-
ductance of 398 = 9 pS and a linear symmetrical i-V re-
lationship (Fig. 6 A, open circles). Neither the shape of
the i-V relationship nor the reversal potential changed
when Na* in the bath (Fig. 6 A, open squares) or in the
pipette (Fig. 6 A, open triangles) solution was replaced
with TEA*. In contrast, replacement of chloride with
other anion species in the bathing solution had a pro-
found effect on the single-channel i-V relationship.
Also, the reversal potential became more positive for
iodide and bromide ions and more negative for fluo-
ride, aspartate, and glutamate (Fig. 6 B). The calcu-
lated permeability ratios showed a selectivity sequence
of I > Br > Cl > F > phosphate > aspartate ~
glutamate, as summarized in Table I. When NaCl con-
centration was lowered by replacement with mannitol,
shifts in reversal potential yielded P /Py, = 21-26
(Fig. 6 C). Thus, it appears that the large-conductance
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TABLE 1

Tonic Selectivity of Large-Conductance Anion Channel

Ion E. Py/Pq n
Fluoride —-11.6 = 1.3 0.61 = 0.04 5
Chloride 0 1 -
Bromide 3105 1.14 = 0.02 5
Todide 6.4 0.7 1.31 = 0.04 5
Aspartate —31.6 + 2.1 0.23 + 0.03 5
Glutamate -322*+18 0.22 £ 0.02 5
Phosphate —135+28 0.43 = 0.07 6

Reversal potentials were calculated from the fits to the linear part of the I-V
curves as shown in Fig. 7 B. Py /P, was calculated by Eq. 3.

channels are not only largely selective to Cl~, but are
also permeable to large organic anions as well.

Open-channel Blocking of the Large-Conductance Channel
Current by ATP from Both Outside and Inside

In the outside-out patches, single-channel amplitude of
the large-conductance channel was significantly de-

+50 mV

creased by extracellular ATP (10 mM added to the
bath) at positive potentials, whereas there was not
much of an effect at negative potentials (Fig. 7, A and
B). The effects of different ATP concentrations on sin-
gle-channel i-V relationships obtained in the outside-
out mode are shown in Fig. 7 C. The dose-response
curve for the outward current could be well fitted with
an equation for a single ATP-binding site (Eq. 1) with a
K;0f12.3 = 1.1 mM (Fig. 7 D). This site is located at an
electrical distance & of 0.47 = 0.07 from the external
entrance to the pore, as evidenced by the Boltzmann fit
(Eq. 2) of the voltage-dependent blockade (Fig. 7 E).
In the inside-out mode, in contrast to the outside-out
mode, inward currents at negative potentials were de-
pressed by intracellular ATP (10 mM added to the
bath) more significantly than the outward currents
(Fig. 8, A and B). Dose-dependent blockade of ATP ap-
plied to the intracellular solution is shown in Fig. 8 C.
This block was very profound for inward currents and
could be well described by binding of ATP to a single
binding site with Ky = 12.9 * 0.6 mM (Fig. 8 D) lo-
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F1GURE 8.  Open-channel block of large-conductance anion channel by ATP from the intracellular side. Data were obtained from inside-
out patches excised from C127i cells. A and B are the same as those in Fig. 7. C-E are also the same as those in Fig. 8, except that each data
point in C and D represents the mean * SEM of five to seven experiments.

cated at the distance of 8 = 0.40 = 0.06 from the inter- noise could be detected, even when the recordings were
nal mouth of the pore (Fig. 8 E). performed at 5-kHz bandwidth (unpublished data; n =
Taken together, we conclude that ATP causes a volt-  8). Nearly identical values for the two dissociation con-

age-dependent open-channel blockade of these large-  stants and the halfway location of the binding site
conductance anion channels. This inhibitory effect of  strongly suggest that ATP binds to a site located near the
ATP is likely to be very fast since no increase in channel  center of pore when it is applied from either the extra-

FIGURE 7. Open-channel block of large-conductance anion channel by ATP from the extracellular side. Data were obtained from out-
side-out patches excised from C127i cells. (A) Representative current traces recorded in the absence (control) and presence of 10 mM
ATP in the bath during application of step pulses (0.5-s duration) from 0 to =50 mV (protocol is shown at the top of the traces). Dashed
lines indicate zero-current level. (B) Amplitude histograms of single-channel currents shown in A. (C) Unitary current-voltage (i-V) rela-
tionships of large-conductance anion channel currents in the absence and presence of varying ATP concentrations in the bath. Each data
point represents the mean = SEM of 5-12 experiments. The SEM values are shown by vertical bars where the values exceed the symbol
size. (D) Concentration-inhibition curve of ATP versus single-channel currents recorded at +50 mV (open circles) and —50 mV (closed
circles). Data were taken from C. All the SEM values were smaller than the symbol size. Solid lines represent fits to Eq. 1. (E) Voltage-
dependent block of the channel by 25 mM ATP. I and I, represent the channel current amplitude in the presence and absence of 25 mM
ATP in the bath, respectively. The solid line represents a fit to Eq. 2.
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cellular or intracellular side of the membrane patch.
Therefore, the large-conductance channel can accom-
modate ATP anions deep inside the pore lumen.

ATP Permeation through Large-Conductance Anion Channels

When the Ringer’s bath solution was replaced with 100
mM ATP*", current amplitude of an inside-out patch
containing a number of large-conductance channels
was inhibited, the I-V relationship became outwardly
rectifying, and the inactivation gating became less
prominent (Fig. 9 A). Small inward currents could be
detected both under ramp clamp (Fig. 9, A and B) and
by applying step pulses (Fig. 9, B-D). The small inward
currents were found to be blocked by 100 uM NPPB or

200 wM SITS, but not Gd?* (30 uM), added to inside-
out patches from the intracellular side, whenever the
outward currents were blocked (unpublished data; n =

TABLE I1I

ATP Permeability of Large-Conductance Anion Channel in the Presence
of Different Cations in the Pipette Solution

Pipette solution E.., Puyrp/Pa n
Ringer -162*+1.9 0.096 = 0.014 5
Cs-Ringer —-18.2*+ 1.0 0.085 = 0.006 6
TEA-Ringer -187 %= 1.5 0.083 = 0.009 5

Reversal potentials obtained from ramp I-V curves after correction for the
background currents. The mean values are not significantly different
based on t test at P . 0.05. PATP/PCl was calculated using Eq. 5.
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rent measured before application of drugs after correction for the background current. Each column represents the mean * SEM (verti-

cal bar). *P < 0.02 vs. control.

3 each). If the inward current was due to sodium flux
from the pipette, then the reversal potential of —20 mV
would suggest Pg/Py, = 2.2, which is ~10 times less
than it was actually measured to be in our experiments
(see data in Fig. 6 C). When Na* in the pipette was re-
placed with Cs* or TEA* in the presence of 100 mM
ATP?~ in the bath, the i-V relationship and the reversal
potential were not affected (Fig. 9 B and Table II).
Therefore, it is unlikely that the inward current is due
to cationic flux from the pipette. Since no other anion
except ATP*~ was present in the bath, the inward cur-
rent component should be due to the conductance to
ATP*~. However, it is also possible that this inward cur-
rent could be carried by inorganic phosphates pro-
duced by ATP degradation, since the channel exhibited
a considerable permeability to phosphate (Table I). To
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produce a reversal potential of —20 mV, ~40 mM of
HPO,2~ would be needed in the absence of significant
ATP*~ permeability of this channel. However, luciferin-
luciferase measurements of the 100-mM ATP solutions,
used in these experiments, gave an ATP concentration
of 103 £ 3 mM (n = b), which is not statistically differ-
ent from 100 mM, suggesting that no significant ATP
degradation occurred in the solutions used in our ex-
periments. There is a possibility that the effects of 100
mM ATP were simply due to divalent ion chelation by
ATP. However, single-channel conductance and chan-
nel gating were not essentially affected by applying
Mg?*- and Ca?*-free Ringer’s solution containing 1 mM
EDTA (unpublished data; n = 9). Thus, it is concluded
that the large-conductance anion channel is ATP-per-
meable with a Pypp/P ratio of 0.08-0.1 (Table IT). This



value is comparable to the permeability of the ATP-con-
ductive pathway in CFTR-expressing cells (Pyrp/Pc =
0.2 [Reisin et al., 1994], 0.3 [Sugita et al., 1998], and
0.1-0.2 [Cantiello et al., 1998]).

Pharmacological Profile of Large-Conductance
Single-channel Activity

Fig. 10 illustrates a pharmacological profile of the large-
conductance anion channel at the single-channel level.
This channel in outside-out patches was readily blocked
by bath application of 30 pM Gd3* (Fig. 10, A and B, a,
respectively), whereas, in the inside-out mode, 30-500
uM Gd** had no effect on the channel activity from the
intracellular side (Fig. 10, A and 10 B, b, respectively).
NPPB, produced a fast open-channel block: in the pres-
ence of 100 uM NPPB in the bathing solution, the large-
conductance channels recorded in outside-out (a) and
inside-out (b) patches had smaller amplitudes with in-
creased noise (Fig. 10 A). Another conventional CI~
channel blocker, SITS, produced a profound flickery
open-channel block that is shown in traces from both
outside-out (Fig. 10 A, a) and inside-out (Fig. 10 A, b)
patches. The large-conductance anion single-channel in
C127i cells was insensitive to 200 pM niflumic acid, 200
uM glibenclamide, and 300 uM phloretin from both ex-
tracellular (Fig. 10 B, a) and intracellular (Fig. 10 B, b)
sides. Thus, the pharmacological properties of the sin-
gle-channel currents from the voltage-dependent, large-
conductance anion channel are virtually identical to
those of the phloretin-insensitive volume-dependent
whole-cell currents (Figs. 1 B and 2 B).

Pharmacological Profile of Swelling-induced ATP Release

Fig. 11 A summarizes the pharmacological profiles of
the swelling-induced ATP release from C127i cells under
standard experimental conditions (37°C and 56% hypo-
tonic stress) used in our previous paper (Hazama et al.,
2000b). The application of extracellular 30 pM Gd3*
nearly completely inhibited swelling-induced ATP re-
lease from C127i cells, as was previously observed in
C127/CFTR cells (Hazama et al.,, 2000b). SITS and
NPPB also effectively suppressed the release of ATP from
swollen C127i cells, whereas phloretin, glibenclamide,
and niflumic acid had no significant effect on the re-
lease of ATP. Quantitative differences of the effects of
SITS and NPPB from those observed in patch-clamp ex-
periments might be due to differences in experimental
conditions: higher incubation temperature and stronger
hypotonic stimulation for ATP release measurements.
We then measured ATP release from C127i cells un-
der the conditions similar to those for patch-clamp ex-
periments (at 25°C and 71% osmolality). Fig. 11 B sum-
marizes the pharmacological profiles of the swelling-
induced ATP release observed under these conditions.
Extracellular Gd*" again exhibited a strong inhibiting

effect on the ATP release, whereas extracellular SITS
and NPPB were less effective, and phloretin, glibencla-
mide, and niflumic acid had again no significant effect
on the release of ATP. The pharmacological profile of
swelling-induced ATP release is essentially the same as
those found for whole-cell (Figs. 1 B and 2 B) and sin-
gle-channel currents (Fig. 10).

DISCUSSION

In response to many different stimuli, ATP has been
demonstrated to be released from neuronal and non-
neuronal cells. One reason that ATP may be released
into extracellular fluid is to serve as a signaling mole-
cule involved in cell-cell communication in a wide vari-
ety of cell types (Dubyak and El-Moatassim, 1993; Ra-
levic and Burnstock, 1998; Fields and Stevens, 2000) in-
cluding mammary epithelial cells and myofibroblasts
(Enomoto et al., 1994; Nakano et al., 1997). Among the
stimuli for noncytolytic release of ATP, the most effec-
tive one is mechanical stress (Osipchuk and Cahalan,
1992; Enomoto et al., 1994; Grygorczyk and Hanrahan,
1997; Sprague et al., 1998; Watt et al., 1998; Pedersen et
al,, 1999; Homolya et al., 2000; Sauer et al., 2000) or os-
motic swelling (Wang et al., 1996; Roman et al., 1997,
1999; Feranchak et al., 1998; Hazama et al., 1998b,
1999, 2000a,b; Mitchell et al., 1998; Taylor et al., 1998;
Light et al., 1999; Musante et al., 1999). Although it is
clear that exocytotic ATP release from secretory gran-
ules occurs in some cell types including mast cells (Os-
ipchuk and Cahalan, 1992), neurons (Silinsky, 1975;
Zimmermann, 1994; Jo and Schlichter, 1999), and pan-
creatic 3 cells (Hazama et al., 1998a), the mechanism
by which ATP is moved across the plasma membrane is
not known in other cell types.

Since most ATP molecules exist in anionic forms at
physiological pH, there is a possibility that some anion
channels can conduct ATP. In fact, recent patch-clamp
studies have provided data showing ATP-conducting
currents in association with the expression of CFTR
(Reisin et al., 1994; Schwiebert et al., 1995; Cantiello et
al., 1997, 1998; Pasyk and Foskett, 1997; Lader et al.,
2000) or that of MDR1 (Abraham et al., 1993; Bosch et
al., 1996; Roman et al., 1999), and ATP currents inde-
pendent of CFTR or MDRI expression (Sugita et al.,
1998; Bodas et al., 2000).

Previously, in mouse mammary C127i cells, swelling-
induced ATP release was shown to be independent
of CFTR and VSOR Cl- channels (Hazama et al.,
2000a,b). We have recently found an ATP-conductive
maxi anion channel at the basolateral membrane of
rabbit renal macula densa cells, where it may function
to release ATP as a signal for tubuloglomerular feed-
back (Bell et al., 2000). Thus, we examined the possibil-
ity that maxi anion channels might also be involved in
ATP release from swollen C127i cells.

262 ATP Release Channel in Murine Mammary Cells



5- 37 °C

{ (0=18) (n=11)
4‘L (n=12)
g @=11)
= h L

& 3

=

<

i)

2 2

=

)

o (n=8)*
1- [

(n=12)*

N\ \]
@ D %\Q Q:I»Q‘Q(ﬁ)- R %QQ
oy c§§, R &\b :33‘\_ &

FiGURE 11.

v

25°C

LN

(n=11) (n=8)

T (n=11) (n=8) T
1

(n=8)*
(n=6)*

w

Released ATP (nM)
N

—
L

@=7)*

Effects of Gd** and conventional anion channel blockers on swelling-induced ATP release from C127i cells at 37°C and 56%

osmolality (A) and at 25°C and 71% osmolality (B). Each column represents the mean * SEM (bars). The data are corrected for the back-
ground ATP release under isotonic conditions. *Significantly different from the control at P < 0.05.

Here, we identified and characterized the volume-
dependent VDACL anion channels in C127i cells. We
conclude that this channel serves as a pathway for swell-
ing-induced ATP release in this cell line for the follow-
ing reasons: (1) this channel is activated by osmotic cell
swelling in both cell-attached and whole-cell modes; (2)
the channel pore has an ATP-binding site that is about
halfway from both extracellular and intracellular sides,
thereby resulting in ATP accumulation within the pore;
(3) the current that was carried by ATP*~ was actually
detected in inside-out patches; (4) this channel shares
the same pharmacological profile as swelling-induced
ATP release, i.e., sensitivity to Gd3*, SITS, and NPPB as
well as insensitivity to phloretin, niflumic acid, and glib-
enclamide; and (5) swelling-induced activation of this
channel was facilitated in CFTR-expressing cells in
agreement with the upregulation of swelling-induced
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ATP release by CFTR (Hazama et al., 1998b, 2000b). As-
suming that intracellular ATP and CI~ concentrations
are 2.5 and 25 mM, respectively, it can be estimated that
VDACL anion channels may transport ~105 ATP*~ 5!
at —30 mV. This is comparable to the measured rate of
ATP release, which was 2 X 10*s7! cell ™! in response to
cell swelling (Hazama et al., 2000b).

Biophysical and physiological characteristics of
VDACL anion channels in C127i cells are quite differ-
ent, in a number of ways, compared with VSOR CI~
channels in C127/CFTR cells (Hazama et al., 2000b)
and other cell types (Strange et al., 1996; Nilius et al.,
1997; Okada, 1997), although both channels are acti-
vated by osmotic cell swelling. First, single-channel con-
ductance of the VDACL channel (~400 pS) was much
greater than that of VSOR channels (50-70 pS). Second,
single-channel currentvoltage relationship was linear



for VDACL channels, but was outwardly rectifying for
VSOR channels. Third, voltage-dependent inactivation
was observed in VDACL currents not only at large posi-
tive potentials, but also at large negative potentials, thus
exhibiting the bell-shaped voltage dependency of open-
channel probability, whereas it was observed in VSOR
currents only at large positive potentials. Fourth,
VDACL, but not VSOR, channels were activated in cell-
attached patches when cells were exposed to a hy-
potonic solution after giga-sealed formation. Fifth,
VDACL, but not VSOR, channels could be activated by
patch excision without reducing bath osmolarity. Sixth,
the presence of intracellular ATP was not required for
VDACL channel activity, but was a prerequisite to VSOR
channel activity. The pharmacological profile for inhibi-
tion of VDACL channel activity was also distinct from
that of VSOR channel. VDACL channels were sensitive
to Gd3*, which was ineffective for VSOR channels, and
insensitive to known blockers of VSOR channels, such as
phloretin, niflumic acid, and glibenclamide.

The large unitary conductance and bell-shaped volt-
age dependency of VDACL channels in C127i cells are
similar to those of the voltage-dependent anion channel
(VDAC) expressed in the outer mitochondrial mem-
brane (Schein et al., 1976; Colombini, 1979; Wunder
and Colombini, 1991). Such VDACH-ike (VDACL) anion
channels have been observed in a wide variety of cell
types (Strange et al.,, 1996), suggesting some general
physiological role of this channel. VDACL channels in
C127i cells also resemble mitochondrial VDAC with re-
spect to the open-channel block by ATP (Rostovtseva
and Bezrukov, 1998) and ATP permeability or conduc-
tivity (Rostovtseva and Colombini, 1997; Rostovtseva
and Bezrukov, 1998). Also, a growing body of evidence
has been accumulating for the expression of VDAC iso-
forms in the plasma membrane (Thinnes et al., 1989;
Dermietzel et al., 1994; Jakob et al., 1995; Eben-Brun-
nen et al., 1998; Bathori et al., 1999; Buettner et al.,
2000; Steinacker et al., 2000). Maxi anion channels have
been suggested to be formed by plasmalemmal VDAC
in rat astrocytes (Dermietzel et al., 1994) and PC12 cells
(Buettner et al., 2000). Taken together, it is possible that
a plasmalemmal isoform of VDAC is responsible for the
VDACL anion channel in C127i cells, although direct
verification remains for future studies.

Previous studies have suggested various signaling
pathways involved in activation of the VDACL anion
channels in other cell types: G proteins (Schwiebert et
al., 1990, 1992; Sun et al., 1992, 1993; McGill et al.,
1993; Mitchell et al., 1997), Ca*" (Light et al., 1990;
Kawahara and Takuwa, 1991; Groschner and Kukovetz,
1992), PKC (Groschner and Kukovetz, 1992; Schwiebert
etal., 1992), actin (Schwiebert et al., 1994), NK-1 recep-
tor (Sun et al., 1992, 1993), adenosine Al receptor
(Schwiebert et al., 1992), and estrogen receptor (Hardy

and Valverde, 1994; Li et al., 2000). The exact activation
mechanism of the VDACL anion channel in mammary
C127i cells is under current investigation. The mecha-
nism of facilitating the effect of CFTR expression on
swelling-induced activation also remains to be studied.
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