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ABSTRACT The rate of Cl secretion by human airway
epithelium is determined, in part, by apical cell membrane Cl-
conductance. In cystic fibrosis airway epithelia, defective reg-
ulation of Cl- conductance decreases the capability to secrete
ClF. Here we report that extracytosolic ATP in the luminal
bath of cultured human airway epithelia increased transepi-
thelial Cl1 secretion and apical membrane Cl- permeability.
Single-channel studies in excised membrane patches revealed
that ATP increased the open probability of outward rectifying
ClF channels. The latter effect occurs through a receptor
mechanism that requires no identified soluble second messen-
gers and is insensitive to probes of G protein function. These
results demonstrate a mode of regulation of anion channels by
binding ATP at the extraceilular surface. Regulation of ClF
conductance by external ATP is preserved in cystic fibrosis
airway epithelia.

A normal function of airway epithelia is modulation of the
volume and composition of liquid at the interface between air
and the mucosal surface. The regulation of ion channels in the
apical membrane of airway epithelial cells appears important
for this function. In cystic fibrosis (CF), for example, defec-
tive cAMP-mediated regulation of Cl- channels in airway
epithelial cells (1-3) may limit the capacity to secrete Cl- and
contribute to the formation of viscous, underhydrated mucus
(4, 5) that obstructs the airways of patients with this disease.
Recently, we and others reported that regulation of Cl-
conductance by intracellular Ca2l is functional in CF airway
epithelia (6, 7). Thus, approaches to bypass the cAMP
regulatory defect in CF could include stratagems to raise
intracellular Ca2l activity.
One means of modulating intracellular Ca2" activity is

through external receptors on airway epithelial cells. Earlier
we demonstrated receptors on the surface ofairway epithelial
cells for bradykinin, histamine and nucleotides that activate
phospholipase C and raise intracellular Ca2l activity (8). We
also found that ATP receptors in the apical cell membrane
regulated Cl- secretion (9). Here, we have determined that
the Cl- secretion induced by ATP exposure of the luminal
surface of airway epithelia is from activation of apical mem-
brane Cl- conductance. With excised patch-clamp tech-
niques, we have found that the effect of luminal ATP may be
mediated, in part, by direct stimulation of anion-selective
channels.

MATERIALS AND METHODS
Solutions and Drugs. Cultured human airway epithelia for

Ussing chamber and microelectrode studies were bathed in a
Kreb's bicarbonate Ringer (KBR) solution that contained 140
mM Na', 120 mM Cl-, 5.2 mM K+, 25 mM HCO3, 2.4 mM
HPO2-, 0.4 mM HPO , 1.1 mM Ca2+, 1.2 mM Mg2+, and 5.2
mM glucose. Na+ salts were replaced by N-methyl-D-

glucamine or tetraethylammonium chloride in Na'-free, C1--
replete KBR solution or by potassium gluconate in high-K+,
low-C1- KBR solution. The basic patch-clamp solution con-
tained 140 mM Na', 142 mM C1-, 1 mM Mg2', and 5 mM
N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid
(TES), pH 7.4. Ca2+ activity and other modifications are
described in the figure legends. 5-Nitro-2-(4-phenylpropyl-
amino)benzoic acid (NPPB) was provided by Reiner Greger
(Freiburg, F.R.G.). Nucleotides were purchased from Boeh-
ringer Mannheim. Amiloride and 4,4'-diisothiocyanatostil-
bene (DIDS) were purchased from Sigma.

Cell Culture. Human airway epithelial cells were disaggre-
gated from surgical specimens, isolated, and cultured on
permeable collagen supports as described (10). Some patch-
clamp studies were done on cells grown on collagen-coated
glass coverslips under the same conditions.

Ussing Chambers. Polycarbonate Ussing chambers, of oth-
erwise conventional design, were milled to fit the plastic cups
that supported the permeable collagen matrix upon which the
cells were grown. The short circuit current (Isc) or transepi-
thelial potential difference was measured with a voltage-
clamping device (UNC Electronics, Chapel Hill, NC) and
plotted on a strip chart recorder. Pharmacologic probes were
diluted from stock solutions into the luminal bath. Drug
responses were measured as the difference between steady-
state ISc measured before drug exposure and the new steady
state reached within 1-4 min after exposure.

Microelectrode Studies. Double-barreled Cl--selective mi-
croelectrode techniques have been described in detail (11).
Transepithelial current pulses (1, 1-10 kLA for 0.5 s) were
applied every 6 s, and the resulting deflections of Vt were
measured to calculate transepithelial resistance (Rj) or con-
ductance (Gt) as

Rt = 1/Gt = AVt/I. [1]

Equivalent short-circuit current (Ieq) was calculated from the
equation

[2]Ieq = Vt * Gt

All impalements were perpendicular to the surface of the cell
cultures. The fractional apical membrane resistance (fRa) was
calculated as

fRa = Ra/(Ra + Rb) = AVa/AVt [3]

where Ra and Rb are resistances of the apical and basolateral
membranes, respectively.

Abbreviations: KBR, Kreb's bicarbonate Ringer; MOT, mean open
time; MCT, mean closed time; ORCC, outward rectifying Cl-
channel(s); P., open probability; DIDS, 4,4'-diisothiocyanatostil-
bene; NPPB, 5-nitro-2-(4-phenylpropylamino)benzoic acid; CF, cys-
tic fibrosis; I,,, short-circuit current; Ieq, equivalent ISC; Vt, Rt, and
Gt, transepithelial voltage, resistance, and conductance, respec-
tively; fR?, fractional apical membrane resistance; Va, apical mem-
brane potential.
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Patch Clamp. Cells grown on collagen membrane supports
or coverslips were studied on the stage of an inverted
microscope at 220C by the techniques of Hamill et al. (12).
C1--selective channels were provisionally identified in ex-
cised patches as channels with a reversal potential of -18 to
-22 mV in the presence of a 2:1 gradient for Cl- to leave the
pipette. Pipette currents were amplified (List EPC-7) and
stored on video cassette tape for later analysis. Most data
were low-pass filtered [1 kilocycle (kc)] and digitized at 5 kc,
but selected segments were filtered at S kc and digitized at 22
kc to detect any contribution of band-width limitation.
Open probability (PO) was determined as the fraction of

digitized points above a threshold set midway between the
closed and open peaks of current-amplitude histograms.
Each experiment analyzed for Po contained 80-720 s of
continuous data that began with a closed-open event and
ended with an open-closed transition (>4800 s total for each
group at +40 mV, and >2600 s for each group at -40 mV).
Interval analyses were confined to experiments with one
channel. Conventional 50%o -threshold analyses yielded dis-
tributions of dwell times that were fit by multiexponential
(four or more) or power functions, consistent with multiple
open and closed states. Given this complexity of basal
kinetics, we report overall mean open time (MOT) and mean
closed time (MCT). At -40 mV, MOT and MCT were
calculated from 72,445 (control) and 109,670 events (ATP)
(see Fig. 2A Lower). At +40 mV, outward rectifying Cl-
channels (ORCC) consistently displayed burst/gap behavior
(for summary, see Fig. 2B Lower). Gaps were defined as
closed intervals >500 ins. There were 331 gaps in 46 min of
control recordings analyzed and 288 gaps in 45.7 min ofATP
experiments. Bursts consisted of all channel activity between
gaps. The density of low time resolution traces with ATP
results from finite line width and the higher frequency of
open-closed transitions within bursts.
We also assessed channel activity as the total current,

integrated overtime, that flowed through a membrane patch.
For each digitized block of data, the closed state was deter-
mined from amplitude histograms. This basal current was
subtracted from each digitized point and the difference ac-
cumulated over block length. The result, plotted as current in
pA-mS against block time, is a clear visual indication of
cumulative patch Cl- current. This approach cirvumvents
assumptions implicit 'in conventional Po analysis.

RESULTS AND DISCUSSION
Cl- secretion was measured as 'Sc, in cultured normal human
airway epithelia pretreated with amiloride (1, 13, 14). Lumi-
nal ATP stimulated a sustained increase in current that was
preceded in some experiments by a transient peak (Fig. lA).
The Cl- current evoked by ATP was inhibited by a Cl-
channel blocker, NPPB (15). The relationship between max-
imum increase in current and ATP concentration (Fig. 1B)
yields an ED50 of44 g.M, a value typical of receptor-mediated
actions of ATP in solutions containing several millimolar
Mg2+ (16-18). The change in I,, with 100 j.&M ATP represents
a 60%6 increase in ClP secretion.
The current induced by luminal ATP was associated with

depolarization of the apical membrane potential (V5) and
decreases in fRa and Rt (Fig. iC). In amiloride-pretreated
human nasal epithelium, these changes are consistent with a
doubling of apical membrane Cl1 conductance and contrast
to the pattern of electrical changes (hyperpolarized V. and
increased fla) induced by the well-studied Cl- secretogogues
histamine and bradykinin (8). These -effects ofATP on V. and
fR5 were not sensitive to substitution of N-methyl-D-
giucamine (19) (n = 3) or tetraethylammonium (20) (n = 4) for
Na' in the luminal solution, indicating that ATP did not
activate Na' or nonselective cation' conductances (16).
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FIG. 1. Transepithelial Cl- secretion induced by ATP added to
the luminal surface. (A) Tissues were studied in Ussing chambers
under short-circuit conditions and pretreated with amiloride (100
tAM) alone or with amiloride with NPPB (100 A&M). ATP (100 1.M) was
then added to the luminal bath. The ATP response after amiloride
was 14.9 ± 1.3 /AA/cm2 (n = 9). The ATPI response after amiloride
and NPPB was 0.9 ± 0.9 pA/cm2 (n = 4). (B) Concentration-effect
relationships are for maximum change in current stimulated by
luminal ATP with 100 ,.M amilonide. (C) Cultured epithelia were
studied with microelectrodes. Luminal ATP decreased Rt (-34 ± 9
&lCM2, n = 8) and fla (0.12 ± 0.3, n = 8) in amiloride-pretreated
tissues. *, P < 0.02, paired t analysis.

The mechanism of ATP action on ClP conductance at the
singie-channel level was explored with patch-clamp tech-
niques. In preliminary experiments with outside-out mem-
brane patches, we had detected stimulation of ORCC by
external ATP. We confirmed this result by studying the
action of 100 ILM ATP in the pipette solution of inside-out
patches from normal cells (Fig. 2). Under control conditions
ORCC were observed in 59 of 304 inside-out patches (19.4%)
and in 56 of 243 inside-out patches (23%) with ATP (no
difference). However, ATP at the extraceliular face of the
membrane patch dramatically altered the behavior ofORCC.
The simplest analysis ofthe response shows that extracellular
ATP increased overall P0 by 50% at 40 m'V and by 40% at -40
mV. This result compares to the effect of luminal ATP on Cl-
secretion. In contrast, 2 mM ATP added to the cytosolic
surface of patches containing ORCC had no effect on P0 (n
=3; data not shown).-
The complex kinetics of ORCC, including multiple closed

and open states (15), burst/gap behavior (21), and voltage-
dependent P0 (22), preclude characterization of ATP effects
in terms of simple kinetic models (23) (refer to legend for Fig.
2). Nonetheless, the changes in channel kinetics induced by
ATP are striking. At 40 mV, the overall increase in P0 is from
a 50% decrease in time the channels spent in the inactive
state, and P0 within bursts was unaffected (Fig. 2B). These
effects could represent a different mode of gating (23, 24) or
mixed kinetics of activation and blockade (25). At a mem-
brane voltage of -40 mV, near in vivo physiologic voltage,
the increase in P0 evoked by ATP was from increased MOT;
no change occurred in MCT (Fig. 2A). Thus, extracellular
ATP acted at the external membrane surface to change
ORCC gating with the net effect of increased Po, and con-
sequently, increased Cl- flow across the patch membrane.

Distinct classes of "purinergic" receptors interact with
adenosine (P, receptors) or ATP (P2 receptors) (26, 27). We
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FIG. 2. Effect of external ATP on ORCC in excised, inside-out membrane patches held at -40 mV (A) or +40 mV (B). Upper portions show
representative traces of ORCC activity without (Control) or with 100 jM ATP in pipette solution. The upper trace in each pair is 9 s of data
aligned with the current-amplitude histogram for the displayed segment (0, open; C, closed); the lower trace in each pair is an expansion of
the first 0.9 s of data from the preceding trace. Bar plots (lower parts of A and B) depict P. and interval durations of ORCC from inside-out
patches made with (hatched bars) or without 100 .M ATP in the pipette. At +40 mV, control MOT within bursts was 20.46 + 0.14 ms, and
MCT was 4.88 + 0.10 ms, n = 56,443. With ATP, MOT was 8.41 + 0.03 ms, and MCT was 2.40 ± 0.03 ms (n = 175,796) (data not shown).
*, P < 0.03, by unpaired t analysis.

used outside-out membrane patches and sequential expo-
sures to ATP and other nucleotides or nucleosides to study
the role of such receptors in the ATP-induced increase in
ORCC PO. Although the characteristics of ORCC in this
patch-clamp configuration had not been reported, we ob-
served single-channel properties similar to published data
from inside-out patches (15, 21) (Fig. 3A). The strong recti-
fication of the channel verified the outside-out patch-clamp
mode. In experiments like the one depicted in Fig. 3B, PO was
increased by 100;M ATP (364 + 86% ofcontrol, n = 10), and
the effect was reversed by washing. In similar experiments,
this reversible effect was observed with the poorly hydro-
lyzed analog adenosine 5'-[y-thio]triphosphate at 100 uM/
liter (272 ± 62%, n = 8). Thus, the action of ATP on ORCC
is unlikely to require conversion ofATP to another form (28).
Fig. 3B shows that 500 ;LM adenosine had no effect on ORCC
PO (104 ± 4%, n = 3), although subsequent exposure of the
channel to 100 uM ATP again increased PO. Kinetic stimu-
lation of ORCC is not a general property of triphosphates
because compounds such as cytosine triphosphate (500 ;LM,
n = 2) and sodium metatriphosphate (1 mM, n = 2) were
ineffective (data not shown). Thus, the action of ATP on

single channel kinetics appears to be mediated by P2 recep-
tors but not by P1 receptors (26). Moreover, the P2y agonist
2-methylthioadenosine 5-triphosphate (29) (100 pM) in-
creased ORCC P0 (381 ± 143%6of control, n = 3), but the P2X
agonist, adenosine 5'-[,3,y-methylene]triphosphate (30) (100
AM) was without effect (P. was 99 ± 4% of control, n = 6),
suggesting that ATP interaction with ORCC is not mediated
by P2x receptors.

In many cells (31, 32), including airway epithelial cells (9),
ATP receptors may be coupled through guanine nucleotide-
sensitive mechanisms to effectors that generate elevated
cytosolic Ca2' activity (Cal'). In our studies it was not
necessary to supply exogenous GTP at the cytosolic surface
of excised patches to observe the stimulation of ORCC by
ATP or ATP analogs (see above). Moreover, stimulation of
ORCC by external ATP in excised, inside-out patches was
unaffected when GTP (n = 3) or guanosine 5'-[j8-thio]diphos-
phate (n = 5), each at 1 mM/liter, were pulsed onto the
cytosolic surface. Similarly, 1 mM guanosine 5'-[,f-thio]-
diphosphate in the pipette solution of outside-out membrane
patches did not affect basal ORCC kinetics or the effect of
external ATP (n = 3). We also found no effect of solution
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FIG. 3. ATP stimulates ORCC in excised, outside-out membrane
patches. (A) ORCC in excised, outside-out membrane patches were
identified by characteristic activation at depolarizing voltage, com-
plex kinetics, and outward current rectification (21) Representative
traces of data recorded from outside-out and inside-out patches are
displayed and plotted as a function of pipette potential (Vpittt) to
illustrate the easily recognized distinction between patch-clamp
modes. In all other instances, data are displayed as if extracellular
bath were ground and upward opening current jumps represent
outward current (Cl- entering cell). (B) Exposure of an ORCC in an
outside-out membrane patch to ATP and adenosine. Solutions con-
tained no added Ca2' and EGTA at 1 mM/liter. All data were
recorded from the same outside-out patch, which never displayed a
second channel. Voltage of the membrane was 60 mV throughout.
ATP and adenosine were added to the bath solution. ATP was
washed out by a 5x change ofbath volume (1 ml). Continuous blocks
of data (2-2.5 min) after the indicated change in bath solution were
analyzed for PO as described for Fig. 2.

Ca2' activity on ATP stimulation of ORCC, which was

routinely observed with both pipette and bath solution Ca2'
activity buffered to 10 nM (Figs. 2 and 3). The effect ofATP
was not enhanced by higher Ca2' activity (1-1000 ,uM; data
not shown) or lessened by the Ca2' chelators EGTA (5-10
mM, n = 4) and bis(2-aminophenoxyethane-N,N,N',N'-
tetraacetate (BAPTA) (1 mM, n = 3). Although signal trans-
duction involving G proteins and intracellular Ca2' would
contribute to the ATP-evoked Cl- secretory response of the
intact tissue, there is no readily apparent role for guanine
nucleotides or Ca2' in the action of external ATP on ORCC
in excised patches.

Activation of Cl- conductance by P2 receptors on the
apical membrane constitutes a previously unrecognized
means of modulating airway epithelial Cl- secretion. This
regulation mode appears preserved in CF airway epithelial
cells. Both Cl- secretion (Fig. 4A) and PO ofORCC in excised
CF cell membrane patches (Fig. 4B) were increased by 100

FIG. 4. Extracellular ATP induced Cl- secretion and increased
ORCC PO in cultured CF epithelium. (A) I., with amiloride was
measured in Ussing chambers. For three such experiments, 100 ,tM
ATP increased current 26 8 AtA/cm2. (B) ATP increased ORCC PO
in an outside-out membrane patch pulled from aCF cell. Initially, one
channel was active. After 2-min exposure to ATP, at least three
channels were active. The effect of ATP was reversed by washing.
Hexokinase (0.1 unit/ml) was included to aid in removing ATP from
the bath. In 20 excised, inside-out membrane patches from CF cells,
P0 was 0.39 + 0.04 with no ATP in the pipette. In 10 patches with 100
jxM ATP in the pipette, PO was 0.54 ± 0.04 (P < 0.05). C, closed.

ttM ATP, suggesting that the domain of the protein that
recognizes external ATP is functional in CF.
Our experiments identify ORCC as a Cl--conductive ele-

ment acted on by ATP in excised membrane patches. Pre-
vious reports implicated ORCC in defective cAMP regulation
ofCl- conductance in CF airway epithelia (33-36). However,
the role ofORCC in epithelial Cl- secretion has been recently
questioned in light of cloning and expression of CF trans-
membrane regulator (37, 38). A cAMP-activated, 8-pS, linear
Cl- channel has been reported in cell-attached patches of T84
cells (39), which appears to match the characteristics of
cAMP-dependent whole-cell Cl- currents in heterologous
cells expressing high levels of CF transmembrane regulator
(37, 40). To complicate the issue further, ORCC is generally
recognized not to be detected frequently in cell-attached
membrane patches. However, even though the precise nature
and relationship of all epithelial Cl- channels has not been
resolved, several explanations for our observation that ex-
ternal ATP activates ORCC exist. (i) ORCC could be an
excised patch derivative of the smaller cAMP-dependent
channels seen in cell-attached membrane patches. This ex-
planation seems unlikely, given the markedly different con-
ductance, kinetics, voltage dependence, and anion selectivity
of the two channels. (ii) ORCC could be the channels
associated with Ca2+-activated Cl- conductance. Although
ORCC are not regulated by Ca2+ activity in excised patches,
Ca2l-dependent processes could regulate a Cl- channel,
perhaps with different conductive properties, in intact cells
(41). (iii) ORCC could be a distinct component of apical
membrane Cl- conductance that is specifically regulated by
extracellular nucleotides.
One approach used to relate single-channel behavior to

macroscopic currents is inhibitor sensitivity. Ward et al. (38)
showed inhibition of ORCC by DIDS acting at the external
surface of excised membrane patches. We reasoned that if
ORCC were related to the conductive element involved in
ATP-stimulated Cl- secretion, then DIDS should inhibit the
Cl- secretion induced in primary cultures of human nasal
epithelia by ATP. The results in Fig. 5A confirm this expec-
tation. DIDS, added to the mucosal bath during the plateau
of ATP-stimulated Cl- secretion, inhibited the stimulated
current with an ED50 of 500 ,uM (Fig. SB). This effect ofDIDS

A
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FIG. 5. Effect of DIDS on Cl- secretion and patch current
induced by external ATP. (A) Driving force for Cl- secretion was

increased by bathing tissues in a high-K+, low-C- KBR luminal bath
containing amiloride. Luminal ATP stimulated Is. DIDS added
during plateau phase reduced Cl- secretion. (B) Data from six
experiments similar to that depicted in A were analyzed as the partial
decrement in current with increased DIDS concentrations and ex-

pressed as % maximum inhibition. L, liter. (C) ORCC in outside-out
patches were stimulated by external ATP. Up to three channels were

present during ATP exposure, which contributed to increased patch
current; this stimulation was overcome by 1.0 mM DIDS. (D)
Cumulative patch current calculated for 60-s segments of data
displayed in C.

was specific for the ATP-induced current because 500 gM
DIDS had no effect on basal or cAMP-stimulated Cl- secre-

tion and had no effects when present in the submucosal bath
(data not shown). In outside-out membrane patches, external
ATP increased patch current, and this current was blocked
by DIDS (Fig. 5 C and D). Thus, macroscopic Cl- secretion
and ORCC are each stimulated by ATP and inhibited by
DIDS. These findings point to some relationship between
ORCC, as characterized in excised membrane patches, and
the apical membrane conductance responsible for the ATP-
induced Cl- secretion.
A simple hypothesis fit by our data is that extracellular

ATP increases ORCC PO by binding to a P2 receptor that is
either a part of or intimately associated with the channel.
Recently, extracellular ATP has been shown to activate a

family of nonselective cation channels to a conducting state
with complex, flickering kinetics (42-44). This activation
follows the pharmacology of P2x ATP receptors and, like the
interaction of ATP with ORCC, does not involve soluble
intracellular second messengers (27). Our results demon-
strate a related mode of regulation for an airway epithelial Cl-
channel. The recent report that in vivo superfusion ofATP on

nasal mucosa of normal and CF patients induces bioelectric
changes consistent with Cl- secretion points to a potential
therapeutic application for agents that can modulate C1-
conductance through purinergic receptors (45).

We thank Drs. Gerry Oxford and Erik Hviid Larsen for critical
review of the manuscript and Dr. Barry Pallotta for helpful discus-
sions of kinetic analyses.

1. Knowles, M. R., Stutts, M. J., Spock, A., Fischer, N., Gatzy, J. T.
& Boucher, R. C. (1983) Science 221, 1067-1070.

2. Knowles, M., Gatzy, J. & Boucher, R. (1983) J. Clin. Invest. 71,
1410-1417.

3. Cotton, C. U., Stutts, M. J., Knowles, M. R., Gatzy, J. T. &
Boucher, R. C. (1987) J. Clin. Invest. 79, 80-85.

4. Chernick, W. S. & Barbero, G. J. (1959) Pediatrics 24, 739-745.
5. Potter, J. L., Matthews, L. W., Spector, S. & Lemm, J. (1967) Am.

Rev. Respir. Dis. 96, 83-87.
6. Cotton, C. U., Boucher, R. C. & Gatzy, J. T. (1988) J. Appl.

Physiol. 65, 2376-2382.
7. Barnett, T. B. & Knowles, M. R. (1987) South. Med. J. 80, 10-15.
8. Boucher, R. C., Paradiso, A., Willumsen, N. & Stutts, M. J. (1989)

in Mukoviszidose 1989: Ergebnisse aus Grundlagenforschung und
Klinik, ed. Kaiser, D. (Kali-Chemie Pharma, Hannover, F.R.G.),
pp. 89-95.

9. Mason, S. J., Paradiso, A. M. & Boucher, R. C. (1991) Br. J.
Pharmacol. 103, 1649-1656.

10. Yankaskas, J. R., Cotton, C. U., Knowles, M. R., Gatzy, J. T. &
Boucher, R. C. (1985) Am. Rev. Respir. Dis. 132, 1281-1287.

11. Willumsen, N. J. & Boucher, R. C. (1989) Am. J. Physiol. 256,
C1054-C1063.

12. Hamill, 0. P., Marty, A., Neher, E., Sakmann, B. & Sigworth, F. J.
(1981) Pflugers Arch. 391, 85-100.

13. Knowles, M., Murray, G., Shallal, J., Askin, F., Ranga, V., Gatzy,
J. & Boucher, R. (1984) J. Appl. Physiol. 56, 868-877.

14. Boucher, R. C., Cheng, E. H. C., Paradiso, A. M., Stutts, M. J.,
Knowles, M. R. & Earp, H. S. (1989) J. Clin. Invest. 84,1424-1431.

15. Dreinhofer, J., Gogelein, H. & Greger, R. (1988) Biochim. Biophys.
Acta 946, 135-142.

16. Bjoernsson, 0. G., Monck, J. R. & Williamson, J. R. (1989) Eur. J.
Biochem. 186, 395-404.

17. Gonzalez, F. A., Alfonzo, R. G., Toro, J. R. & Heppel, L. A.
(1989) J. Cell. Physiol. 141, 606-617.

18. McMillian, M. K., Soltoff, S. P., Lechleiter, J. D., Cantley, L. C.
& Talamo, B. R. (1988) Biochem. J. 255, 291-300.

19. Bean, B. P. (1990) J. Neurosci. 10, 1-10.
20. Thomas, S. A. & Hume, R. I. (1990) J. Gen. Physiol. 95, 569-590.
21. Haim, D. R., Rechkemmer, G., Schoumacher, R. A. & Frizzell,

R. A. (1988) Comp. Biochem. Physiol. A 90, 597-601.
22. Welsh, M. J., Li, M. & McCann, J. D. (1989) J. Clin. Invest. 84,

2002-2007.
23. Moczydlowski, E. (1986) in Ion Channel Reconstitution, ed. Miller,

C. (Plenum, New York), pp. 75-113.
24. Blatz, A. L. & Magleby, K. L. (1986) J. Physiol. (London) 378,

141-174.
25. Moczydlowski, E. & Latorre, R. (1983) J. Gen. Physiol. 82,

511-542.
26. Burnstock, G. & Warland, J. J. I. (1987) Br. J. Pharmacol. 90,

383-391.
27. Kennedy, C. (1990) Arch. Int. Pharmacodyn. Ther. 303, 30-50.
28. Welford, L. A., Cusack, N. J. & Hourani, S. M. 0. (1986) Eur. J.

Pharmacol. 129, 217-224.
29. Bailey, S. J. & Hourani, S. M. 0. (1990) Br. J. Pharmacol. 100,

753-756.
30. Gordon, J. L. (1986) Biochem. J. 233, 309-319.
31. Higashi, K. & Ogawara, H. (1990) FEBS Lett. 267, 51-54.
32. Dubyak, G. R. & De Young, M. B. (1985) J. Biol. Chem. 260,

10653-10661.
33. Schoumacher, R. A., Shoemaker, R. L., Halm, D. R., Tallant,

E. A., Wallace, R. W. & Frizzell, R. A. (1987) Nature (London)
330, 752-754.

34. Li, M., McCann, J. D., Liedke, C. M., Nairn, A. C., Greengard, P.
& Welsh, M. J. (1988) Nature (London) 331, 358-360.

35. Hwang, T. C., Lu, L., Zeitlin, P. L., Gruenert, D. C., Huganir, R.
& Guggino, W. B. (1989) Science 244, 1351-1353.

36. Li, M., McCann, J. D., Anderson, M. P., Clancy, J. P., Liedtke,
C. M., Nairn, A. C., Greengard, P. & Welsh, M. J. (1989) Science
244, 1353-1356.

37. Kartner, N., Hanrahan, J. W., Jensen, T. J., Naismith, A. L., Sun,
S., Ackerley, C. A., Reyes, E. F., Tsui, L. C., Rommens, J. M.,
Bear, C. E. & Riordan, J. R. (1991) Cell 64, 681-691.

38. Ward, C. L., Krouse, M. E., Gruenert, D. C., Kopito, R. R. &
Wine, J. J. (1991) Proc. Natl. Acad. Sci. USA 88, 5277-5281.

39. Tabcharani, J. A., Low, W., Elie, D. & Hanrahan, J. W. (1990)
FEBS Lett. 270, 157-164.

40. Anderson, M. P., Rich, D. P., Gregory, R. J., Smith, A. E. &
Welsh, M. J. (1991) Science 251, 679-682.

41. Wagner, J. A., Cozens, A. L., Schulman, H., Gruenert, D. C.,
Stryer, L. & Gardner, P. (1991) Nature (London) 349, 793-796.

42. Krishtal, 0. A., Marchenko, S. M. & Obukhov, A. G. (1988) Neu-
roscience 27, 995-1000.

43. Bean, B. P., Williams, C. A. & Ceelen, P. W. (1990) J. Neurosci.
10, 11-19.

44. Bean, B. P. & Friel, D. D. (1990) in Ion Channels, ed. Narahashi,
T. (Plenum, New York), Vol. 2, pp. 169-203.

45. Knowles, M. R., Clarke, L. L. & Boucher, R. C. (1991) N. Engl. J.
Med. 325, 533-577.

A0-

CD 0.5mM DIDS

o_<;1.0 mM

0

° ATP
2.5 min

11ALI,MN A
C. 0 e;

*J~I~LSM~

1''

Medical Sciences: Stutts et al.


