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Abstract. Agonists that elevate calcium in Tg, cells
stimulate chloride secretion by activating Kgyc, an in-
wardly rectifying K channel in the basolateral mem-
brane. We have studied the regulation of this channel by
calcium, nucleotides and phosphorylation using patch
clamp and short-circuit current (I5-) techniques. Open
probability (P,) was independent of voltage but declined
spontaneously with time after excision. Rundown was
slower if patches were excised into a bath solution con-
taining ATP (10 um—5 mm), ATP (0.1 mm) + protein
kinase A (PKA; 180 nm), or isobutylmethylxanthine
(IBMX; 1 mm). Analysis of event durations suggested
that the channel has at least two open and two closed
states, and that rundown under control conditions is
mainly due to prolongation of the long closed time.
Channel activity was restimulated after randown by ex-
posure to ATP, the poorly hydrolyzable ATP analogue
AMP-PNP, or ADP. Activity was further enhanced
when PKA was added in the presence of MgATP, but
only if free calcium concentration was elevated (400 nm).
Nucleotide stimulation and inward rectification were
both observed in nominally Mg-free solutions. cAMP
modulation of basolateral potassium conductance in situ
was confirmed by measuring currents generated by a
transepithelial K gradient after permeabilization of the
apical membrane using o-toxin. Finally, protein kinase
C (PKC) inhibited single Ky channels when it was
added directly to excised patches. These results suggest
that nonhydrolytic binding of nucleotides and phosphor-
ylation by PKA and PKC modulate the responsiveness of
the inwardly rectifying K channel to Ca-mediated secre-
tagogues.
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Introduction

Carbachol activates basolateral potassium conductance
[49] and stimulates chloride secretion [14, 15] by the
colonic tumor cell line Tg,. The main intracellular mes-
senger mediating this response is calcium [23, 48], but
other signals have also been implicated and these could
interact with the calcium pathway at several levels dur-
ing stimulus-secretion coupling. For example, agonists
that elevate cAMP greatly enhance the secretory re-
sponse to Ca ionophores. This synergism was originally
attributed to cAMP activation of Cl conductance in the
apical membrane and K conductance in the basolateral
membrane [6]; however, more recent studies suggest that
neither Tg, [8, 331 nor another intestinal cell line HT,gq
[1] have cAMP-activatable K conductances. Carbachol
does not increase cAMP levels in Ty, cells {15] but has
been proposed to activate some other pathway because
much larger secretory responses are observed with car-
bachol than with Ca ionophores under conditions that
cause a comparable increase in [Ca]; [13, 48, 49]. Al-
though protein kinase C would seem the most likely
candidate since its activity in Tg, cells is also increased
by carbachol [9], phorbol esters that activate PKC are
reported to acutely stimulate [24, 25] and inhibit [24, 33]
secretion, whereas PKC antagonists have little effect on
carbachol-stimulated secretion [25]. Thus, the roles of
PKA and PKC in modulating secretory responses to Ca-
mobilizing agonists remains unclear.

An inwardly rectifying potassium channel similar to
one described previously in dog trachea [47] mediates
calcium-activated K conductance in Ty, cells. It is
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present only on the basolateral surface of confluent Tg,
monolayers dissected from porous supports [40] but is
found on the apical surface of Ty, cells before they reach
confluence [11, 34, 39, 40]. The channel has ~5-fold
selectivity for K over Na, is susceptible to ‘fast block’’
by external sodium ions, weakly inhibited by external
tetraethylammonium ions (TEA), but relatively insensi-
tive to quinidine, 4-aminopyridine, charybdotoxin, or
kaliotoxin, and unaffected by external barium [40]. We
refer to this K channel in Tg, cells as the Ky channel
based on its most distinctive properties (Ba-insensitive,
inwardly-rectifying, Ca-activated). Evidence for its role
in secretion was obtained by recording channel activity
on the basolateral surface of polarized Ty, monolayers,
and by comparing the pharmacologic properties of single
Kgic channels with those of the carbachol-stimulated
short-circuit current (I5c) [40].

In this paper we examine modulation of the Ky
channel by second messengers using excised patches and
Tg, monolayers in which the apical membrane is perme-
abilized with Staphylococcus aureus o-toxin. The re-
sults suggest that activity of this channel depends on the
integration of several signals, including intracellular free
Ca and ATP concentrations, and phosphorylation by pro-
tein kinases A and C. These results have been reported
in preliminary form [20, 39].

Materials and Methods

CeLL CULTURE

The Tg, cell line was obtained from the American Type Culture Col-
lection (Rockville, MD) and studied as described previously [40, 41].
Cells were cultured in a 50:50 mixture of DMEM and F-12 media
supplemented with 5% FBS, 15 mm HEPES, penicillin (100 U/m}) and
streptomycin (100 pg/ml). Media constituents were from GIBCO
(Burlington, ONT). Type I collagen from Collagen Corp. (Palo Alto,
CA) was crosslinked on Millicell® inserts using standard methods [7].
Cells were plated at ~5 x 10%/cm? on glass coverslips for patch clamp
experiments and used after 2-5 days. For Ussing chamber studies,
cells were plated on collagen-coated Millicell® inserts and studied after
reaching confluence (9-14 days).

EXPERIMENTAL SOLUTIONS

Cells were transferred to a patch clamp chamber containing (mm): 150
NaCl, 4 KCl, 2 MgCl,, 5 glucose, 10 TES, pH 7.4. In most experi-
ments this was exchanged with a standard bath solution containing 150
mM KCl and various Ca/EGTA mixtures as indicated. The pipette
solution contained (mm): 150 KCl, 2 CaCl,, 10 TES, pH 7.4. Dibutyryl
cyclic-AMP (db-cAMP; 0.5 mM), forskolin (10 um) and 3-isobutyl-1-
methylxanthine (IBMX; 10 um) were added to elevate intracellular
levels of cAMP. During Ussing chamber experiments with an apical
— basolateral K gradient, apical ‘‘high-K, low-Ca’’ solution contained
(mM): 115 Kgluconate, 25 NaHCO;, 1.2 MgCl,, 0.4 KH,PO,, 2.4
K,HPO,, 60 mannitol and 10 glucose. The basolateral ‘‘low-K’’ so-
lution was identical to the apical solution except Kgluconate was re-
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placed by Nagluconate and 1.2 mm CaCl, was added. Carbachol, for-
skolin, IBMX, db-cAMP, adenosine triphosphate and S. aureus 0-toxin
were from Sigma (St. Louis, MO). Preparations of the catalytic subunit
of Type II bovine cardiac protein kinase A and rat brain protein kinase
C (Type II) were from the laboratory of Dr. M.P. Walsh and have been
described previously [38]. The free caicium concentration in patch
clamp solutions was calculated using association constants after cor-
rection for temperature and ionic strength [4]. In the nominally Ca-free
‘‘high-K, low-Ca”’ solution, total calcium concentration was found to
be 26.2 UM using flame atomic absorption spectroscopy. The free Ca
concentration in this solution was estimated to be 3.3 um using a
generic association constant for gluconate (a mean constant based on
determinations for nine monocarboxylic acids) in conjunction with
published association constants for ATP and inorganic salts in the
saline [4].

The role of nucleotide hydrolysis in channel activation was ex-
amined using the poorly hydrolyzable ATP analogue AMP-PNP. It has
been reported that commercially available preparations of AMP-PNP
contain up to 0.5% ATP contamination; i.e., much higher than specified
on manufacturer’s data sheets [5]. We therefore depleted the AMP-
PNP and ADP nucleotide stock solutions of trace ATP by incubating
them with 50 mm glucose and 86 units of Type C-130 hexokinase from
baker’s yeast (Sigma) at 30°C for 15 min. Protein was removed by
centrifugation at 1,500 x g using an Amicon 30 microconcentrator as
described previously [5]. In control experiments this same protocol
abolished channel responses to 100 um ATP.

SINGLE CHANNEL CURRENTS

Patch clamp studies were carried out as described previously [19, 40].
Briefly, pipettes were pulled (PP-83, Narishige Instr. Lab., Tokyo)
from borosilicate glass (KIMAX) capillaries and had resistances of 4-6
MQ when filled with 150 mM KCl solution. A chlorided Ag wire was
inserted into the pipette and the bath was grounded through an agar
bridge having the same composition as the pipette solution. Voltages
were corrected for liquid junction potentials arising at the agar bridge
electrodes, which were measured against a flowing 3 M KCl electrode.
Single channel currents were amplified (Axopatch 1C, Axon Instru-
ments, Foster City, CA), recorded on video cassette tape by a pulse-
coded modulation-type recording adapter (DR384, Neurodata Instr.,
NY) and low-pass filtered using an 8-pole Bessel-type filter (902 LPF,
Frequency Devices, Haverhill, MA) during digitization by the com-
puter. The final bandwidth (=3 dB) after recording and playback was
230 Hz, except when event durations were measured, it was 818 Hz.
Records were sampled at 1 or 2 kHz, respectively, and analyzed using
a laboratory microcomputer system (Indec Systems, Sunnyvale, CA) as
described previously {19, 40). V,, refers to the command voltage ap-
plied to the pipette interior, referenced to the bath. Current-voltage
(I/V) relationships were calculated by a semi-automated procedure in
which amplitude histograms were computed for short segments of rec-
ord. Reversal potentials were estimated by interpolation after fitting a
polynomial function to the I/V curve. The mean number of channels
open during successive segments of the record ({I)/i = NP,) was com-
puted from the fraction of time spent at each multiple of the single
channel current. To minimize the variability caused by rundown, NP,
was normalized to the values obtained with 1 mm MgATP or 400 nm
{Ca], when determining the ATP or calcium dependence of the channel,
respectively. When P, was relatively high (>0.1), it was estimated by
dividing NP, by the maximum number of simultaneous openings dur-
ing long recordings. The experiments in Fig. 1 were performed at 37 +
1°C, all other patch clamp studies were carried out at room temperature
(21 £ 1°C).
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TrANSEPITHELIAL K CURRENTS

The Ussing chambers, voltage clamps, and data acquisition were de-
scribed previously [40, 41]. Potassium current flowing through the
basolateral membrane was measured with high-K gluconate solution
bathing the apical side and high-Na gluconate solution bathing the
basolateral side (see above). These solutions had 25 uM and 1.2 mMm
total calcium, respectively. o-Toxin (50 U/ml) was added to the lumi-
nal side to permeabilize the apical membrane. ATP (5 mM) was also
added to maintain the viability of the monolayer. The effects of ago-
nists and blockers on /g were tested after the current had stabilized
under these conditions. At the end of each experiment, the K concen-
tration of the solution bathing the basolateral side was raised to match
that on the apical side to confirm that the I was dependent on the K
gradient. Ussing chamber experiments were carried out at 37 £ 1°C.

Results

VOLTAGE-INDEPENDENT, INWARDLY RECTIFYING K CHANNEL

Kg(c is a barium-insensitive, inwardly rectifying K chan-
nel in the basolateral membrane of confluent Tg, mono-
layers that is activated by carbachol or calcium iono-
phores [11, 34, 39, 40]. Figure 1a identifies this channel
in a patch that had been excised into symmetrical 150
mM KClI solution containing 2 mm CaCl, (37°C). Under
these conditions, the mean current-voltage (I/V) relation-
ship in Fig. 15 yielded a conductance of 21.4 + 1.3 pS (x
* sE, n = 6) near the reversal potential of 0.6 + 1.1 mV,
in agreement with previous results [11, 34, 39, 40]. Re-
placing 150 mm KCl bath solution with 400 mm KCl
shifted the reversal potential from 0.6 mV to -21.0£ 1.5
mV. This corresponds to a permeability ratio P/Pg =
0.08 £ 0.04 if one assumes that the activity coefficients
for potassium ions in the 150 and 400 mm KCl solutions
are 0.74 and 0.67, respectively. Moderate (~5-fold) se-
lectivity for potassium over sodium was evident from the
reversal potential measured when patches were excised
into normal Ringer solution containing 146 mm NaCl and
4 mEq/1 KCl (+40.7 £ 2.3 mV; n = 7). The effect of
membrane voltage was examined over the range —60 to
0 mV with 150 mm KCI and 2 mm MgCl, in the pipette
solution and 146 mm NaCl, 4 mm KCl, 400 nm free Ca
and 1 mmM IBMX in the bath. Membrane voltage had no
effect on P, under these conditions. Similar results were
obtained in cell-attached patches (n = 2) and with sym-
metrical 150 mm KCl solutions over a wider voltage
range (£60 mV; n = 1).

CHANNEL RUNDOWN IN EXCISED PATCHES

When patches were excised from unstimulated Tg, cells
into a high-Na bath solution containing 400 nm calcium,
activity of the inwardly rectifying K channel at 0 mV
increased instantly and then slowly declined during the
next 5 min regardless of calcium concentration (Fig.
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Fig. 1. Identification and voltage insensitivity of the Ba-insensitive,
inwardly-rectifying, Ca-activated potassium (Kg,c) channel from Ty,
cells. (a) Recordings from a patch bathed with 150 mEq/l K on both
sides. (b) Current-voltage relationship with pipette solution containing
150 mm KCl and either (W) sodium Ringer (146 NaCl, 4 mm KCl), (0)
150 mm KCI or (2) 400 mM KCl in the bath. Means + SE, n = 4-7
patches. (¢) Open probability (P,) of the inwardly rectifying K channel
in an excised patch bathed on the cytoplasmic side with solution con-
taining 400 nM free calcium and 1 mM IBMX. Means + SE, n = 4
patches.

2a,b). Open probability (P,) also declined spontane-
ously when patches were exposed to 0.1-5 mm MgATP
or to 1 mm isobutylmethylxanthine (IBMX), but the run-
down was slower (Fig. 2¢). Results under each condition
are summarized in Fig. 2d. The inhibitory effect of
MgATP on rundown was not enhanced by PKA, al-
though phosphorylating conditions did increase the mean
open and mean closed times (see below). Fitting the
curves in Fig. 2d with single exponentials yielded the
following time constants for channel rundown; 47.5 sec
under control conditions, 72.3 sec with 0.1 mm ATP
alone, and 93.9 sec with 0.1 mm ATP + 180 nm PKA.
Channel activity was nearly constant between 1 and 9
min after excision in IBMX-containing solution and was
therefore not fitted. Rundown was not slowed by phos-
phatase inhibitors such as okadaic acid or bromotetrami-
sole [2, 3], nor was it accelerated by the addition of
alkaline phosphatase to the bath (data not shown).

To further investigate how activity changed during
the course of channel rundown, patches were excised
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Fig. 2. Spontaneous decline or ‘‘rundown’” of inwardly rectifying K channel activity after patches are excised into solutions containing 400 nM free
calcium (calculated). The pipette solution contained 150 mm KCl and 2 mm MgCl,. The control bath solution was low-calcium Ringer containing
146 mm NaCl and 4 mM KCI and 400 nM free Ca. The membrane potential was 0 mV. (a) Representative recording showing rundown of two
channels in a patch, excised at the arrow. (b) Mean time course of channel rundown when patches were excised into solution containing 400 nm
calculated free calcium (mean * SE, n = 3). (¢) Examples of rundown when patches are excised at the arrows into solutions containing 400 nm
calculated free Ca concentration and 0.1 mm ATP or 1 mM isobutylmethyl xanthine (IBMX). (d) Mean open probability as a function of time after
excising patches into 400 nM free calcium with (@) 1 mm MgATP alone, (0) 1 mM MgATP + protein kinase A (PKA), or (4) 1 mm IBMX.

from unstimulated Tg, cells into sodium Ringer solution
containing 400 nM free calcium. Several of the patches
excised under each condition appeared to contain only a
single active channel with high P, during the first few
seconds. Long recordings were made of these patches
and event durations were determined during three arbi-
trary time periods; 0-50, 50-100, and 100-150 sec.
Figure 3 shows the events collected during the 100—
150 sec interval after excision into a high-Na solution
containing 400 nM free Ca with no other agents (control
conditions), with 0.1 mm MgATP, with 0.1 mM MgATP
+ 180 nM PKA, or with 1 mm IBMX. Event histograms
were generated for each patch and fitted with two expo-
nentials using a nonlinear, least squares routine. Figure
3 shows the pooled data obtained from three patches
under each condition. MgATP and IBMX reduced the
overall mean open time by two- to fourfold and de-
creased the mean closed time more than sevenfold. By
contrast, MgATP + PKA increased the mean open time
~9-fold and also increased the closed time. Thus, while

MgATP, MgATP + PKA, and IBMX all inhibited run-
down, transition rates were increased by MgATP or
IBMX and decreased by phosphorylating conditions.

The time constants during rundown are only approx-
imations due to nonstationarity and the small number of
events during each interval; nevertheless, they were cal-
culated in an attempt to identify a kinetic state that is
responsible for the rundown. The results summarized in
Fig. 4 suggest that rundown is complex and that several
constants are altered with time after excision. Much of
the decline in P, under control conditions was caused by
an increase in the duration of long closures (Fig. 4d),
with little decrease in mean open time. The increase in
the long mean closed time (Fig. 4d) was abolished by
IBMX or PKA + MgATP and inhibited by MgATP. Ex-
posure to ATP + PKA also increased both mean open
times. On the other hand, the open times were much
shorter when MgATP or IBMX were present (compare
control vs, MgATP or IBMX in Fig. 3) and this did not
change during rundown (Fig. 4).
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Fig. 3. Histograms of event durations recorded 100-150 sec after patches were excised into solution containing 146 mm NaCl, 4 mm KCl and 400
nM free calcium. Excised patches that apparently contained only a single active channel were analyzed under control conditions or in the presence
of 1 mM ATP, 1 mM ATP + 180 nM protein kinase A catalytic subunit (PKA), or 1 mM IBMX. The histograms contain data from three patches under
each condition and are well fitted by two exponential components. Note similarity of event durations during exposure to Mg ATP or IBMX.
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ACTIVATION BY NUCLEOTIDES, KINASES AND CALCIUM

Inwardly rectifying K channels in other cells can be reg-
ulated by MgATP, protein kinases, as well as calcium
ions [44, 46]; we therefore examined the effects of these
modulators on activity of the K channel in excised
patches. Figure S5a shows the effect of adding 0.1 mm
ATP to the cytoplasmic side of a patch containing two
channels. The pipette solution contained 150 mm KCl
externally and the bath contained 146 mM NaCl, 4 mm
KCl, and 400 nM free calcium. In three patches, P, in-
creased almost tenfold from: 2.4 x 107> under control
conditions to 22.3 + 10.5 x 107> (n = 3) during exposure
to 0.1 mm ATP.

Vasoactive intestinal peptide enhances carbachol-
activated 6Rb efflux from Tg, cells [6] but it remains
unclear whether this is due to cAMP activation of the
carbachol-regulated K conductance or to membrane de-
polarization induced by activation of Cl channels [21].
We examined direct effects of PKA on the Kg; channel
by adding its catalytic subunit to excised patches in the
presence of 0.1 mm MgATP. PKA increased P, more
than fourfold (from 22.3 to 90.3 + 12.5 x 107> mean *
sg, n = 3) under these conditions (Fig. 5).

Acute stimulation of PKC by phorbol esters can in-
crease [24, 25] or decrease [24, 33] secretion across Tg,
monolayers. On the other hand, downregulation of PKC
in Tg, cells by sustained exposure to phorbol ester in-
hibits the carbachol-stimulation of *°Rb efflux [24]. To
clarify the role of PKC, we examined the effect of adding
3.8 nm PKC II purified from rat brain and the lipid ac-
tivator 1,2-dioctanoylglycerol (8:0) (DiCg; 5 um) to the

cytoplasmic side of excised patches in the presence of
400 nm free calcium. PKC was a potent inhibitor of the
inwardly rectifying K channel (Fig. 5¢), reducing P, by
92 + 5% (n = 3). Inhibition of the Ky~ was observed
with or without PKA pretreatment. These effects are
reminiscent of the actions of PKC on inwardly rectifying
K channels in the kidney [45] and on K currents ex-
pressed from intestinal mRNA after injection into Xeno-
pus oocytes [37]. ADP did not alter channel activity
when added to patches already stimulated with 1 mm
ATP (n = 4 patches).

To examine if stimulation by MgATP requires hy-
drolysis, we tested the ability of the nonhydrolyzable
ATP analogue AMP-PNP to reactivate channels that had
rundown in a solution containing 400 nm free calcium.
Adding 1 mM MgAMP-PNP to the cytoplasmic side of
inside-out patches bathed symmetrically with high-K so-
lutions consistently activated Kg;c channels after run-
down (Fig. 6a). AMP-PNP increased NP, by 6.6 + 1.3-
fold compared to 21.3 % 9.0-fold with MgATP (Fig. 6b).
ADP (1 mm) also activated the Ky channel in excised
patches (Fig. 6¢). Hexokinase pretreatment did not af-
fect the stimulation by ADP or AMP-PNP, although the
same protocol abolished activation by 100 um MgATP.
Thus, it seems likely that nonhydrolytic nucleotide bind-
ing is sufficient to activate the Ky channel.

ATP has a dual effect on ATP-sensitive K channels;
it sustains activity when added at low concentrations to
excised patches [17, 441, presumably through a phos-
phorylation mechanism, and inhibits at higher concen-
trations [10, 18, 29, 30, 36, 46]. We therefore examined
the dependence of Kg;- channel activity on ATP con-
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Fig. 5. Effects of nucleotides and kinases on the Kg; channel in excised patches. In each case the pipette solution contained 150 mm KCl and 2
mm MgCl,; the bath solution contained 150 mM KCl, 2 mM MgCl,, and 400 nM free calcium, and the membrane potential was —30 mV. (a) Effect
of adding 0.1 mm MgATP under these conditions. (b) Effect of adding 180 nm protein kinase A to the bath solution containing 2 mM MgCl, and
0.1 mm ATP. (¢) Effect of adding the lipid activator DiCg and protein kinase C to a patch containing two channels prestimulated by 0.1 mm ATP
and 180 nM PKA. (d) Lack of inhibition by 1 mM ADP when added in the presence of ATP.

centration. Figure 7a shows traces obtained from a patch
bathed with 400 nm free calcium and different MgATP
concentrations on the cytoplasmic side. Transitions were
rarely observed in the absence of ATP but increased
progressively as MgATP concentration was elevated to 5
mM. Figure 7b shows the relationship between mean
number of channels open and MgATP concentration.
Significant stimulation was observed when [MgATP] ex-
ceeded 100 uM. The potency of 1 mm ATP was similar
in nominally Mg-free saline, therefore the active species
is probably ATP rather than MgATP. Free Ca was al-
lowed to decline in these experiments as ATP concen-
tration was elevated: compared to control conditions (0
mM ATP), the calculated free calcium concentrations
were 99.3% at 0.1 mm ATP, 95.1% at 1 mm ATP, 88.4%
at 5 mM ATP and 87.3% at 10 mm ATP. Correcting for
this decline in [Ca®*]; would be expected to increase the
steepness of the relationship between NP, and [MgATP]
somewhat but would not explain the decline in NP, when
[MgATP] was raised to 10 mm (see Fig. 10). Thus, ATP
inhibits the Kg;c channel, but at much higher concentra-
tions compared to other ATP-sensitive K channels.

The ability of PKA to activate the Ky, channel was
unexpected because the cAMP-stimulated /g measured
across monolayers was blocked by barium whereas the
Kpgic channel was Ba insensitive. In an attempt to rec-

oncile these observations, we examined whether PKA
enhances activity of the inward rectifier only when
[Ca2+],. is elevated. Figure 8 shows a representative re-
cording; the channels were quiescent when exposed to
0.1 mm ATP and 45 nM free calcium (which is within the
range of reported free Ca levels in resting Ty, cells) and
did not respond when PKA was also added to the bath
until the free calcium concentration was increased to 400
ny, the level observed during carbachol stimulation in
our experiments [40]. Considering that 100 nm free Ca
usually causes some activation of the channel, the ab-
sence of activity with 45 nm free calcium and PKA im-
plies that phosphorylation does not dramatically shift the
channel’s calcium dependence to lower Ca concentra-
tions. Rather, it appears that calcium is permissive, en-
abling the Ky channel to respond to phosphorylation.

To examine cAMP regulation of the inward rectifier
in situ, K current flowing through the basolateral mem-
brane was studied using Tg, monolayers that had been
exposed to o-toxin on the apical side in the presence of
a K gradient, as described in Materials and Methods.
Figure 9a shows the mean current measured during the
permeabilization protocol. At arrow I, the apical solu-
tion was switched from normal NaCl Ringer to nomi-
nally Ca-free, high-K gluconate saline (3.6 mEq/l CI")
containing 3.3 puM free calcium. The basolateral solution
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Fig. 6. Effect of the poorly hydrolyzable ATP analogue AMP-PNP or
ADP on K¢ channel activity in excised patches. (a, b) Representative
trace showing activation of K channels by the addition of AMP-PNP at
the arrow. Pipette solution: 150 mm KCl, 2 mm MgCl,; bath solution:
146 mMm NaCl, 4 mm KCI, 400 nM free calcium. Means + SE, n = 4
patches. (c) Activation of channels by 1 mM ADP after they had run-
down in 400 nM free calcium solution.

was replaced simultaneously with Nagluconate saline
containing 1.8 mm CaCl,. At arrow 2, o-toxin (50 pg/l)
and ATP (5 mm) were added to the apical side. After Iy
had stabilized, monolayers were challenged by the addi-
tion of carbachol (100 um) to the basolateral side. Po-
tassium currents generated by carbachol under these con-
ditions were qualitatively similar to [Ca*], and Cl secre-
tory responses which normally occur after addition of
carbachol in control saline. Iy~ probably reflects baso-
lateral K current because it was abolished when the im-
posed K gradient was eliminated by raising [K] on the
basolateral side (Sym K; Fig. 9a). Figure 9b shows the
effect of adding cAMP mixture at arrow 3 on Iy after
permeabilization of the apical membrane and with mi-
cromolar calcium in the apical solution. cAMP caused a
two- to threefold stimulation of the I, and this K cur-
rent was relatively insensitive to TEA (10 mEq/1), bar-
ium (2 mEg/hor 4-AP (10 mEq/l). The pharmacological
properties of this cAMP-activated current, particularly its
insensitivity to barium, are consistent with those of the
Kgic channel but clearly different from the K conduc-
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tance that normally mediates cAMP stimulation, which is
strongly inhibited by barium.

Finally, the calcium dependence of the Ky channel
was assessed by determining the mean number of chan-
nels open (NP,) when patches were bathed with different
EGTA/CaCl, mixtures. To reduce the variability caused
by rundown, 1 mm IBMX was included in the bath and
NP, was normalized for each patch to the value obtained
with 400 nm free Ca (Fig. 10). The K, for calcium
activation was ~400 nm under these conditions.

In summary, cAMP stimulates single Kg; channels
and also increases the macroscopic K conductance that is
responsive to carbachol. PKA modulation of the Ky
channel is only observed when calcium is elevated; it
would therefore contribute to synergism between cAMP-
and Ca-mediated secretagogues [6, 41].

Discussion

Activation of basolateral K channels is thought to en-
hance transepithelial chloride secretion by increasing the
electrical gradient favoring Cl exit through the apical
membrane. Basolateral K channels minimize changes in
intracellular ion levels and cell volume when K entry on
the NaK2Cl cotransporter is increased. The basolateral
membrane of Ty, cells contains a carbachol-stimulated K
channel [11, 12, 20, 34, 39, 40]. Its main distinguishing
features are barium insensitivity, inward rectification,
and calcium activation; therefore, we refer to it as the
Kgic channel. Its conductance is similar to that of an
inwardly rectifying channel described previously on sub-
confluent primary cultures of dog tracheal epithelium
(Kepues [27, 28, 471); however K¢ is less K selective
and more resistant to block by charybdotoxin and bar-
ium.

The Kgc channel is present exclusively on the ba-
solateral surface of confluent Tg, monolayers when they
are cultured on porous supports [40]. Its pharmacologi-
cal profile is consistent with the carbachol-activated
short-circuit current [11, 16, 33, 40, 42], although early
tracer studies indicated somewhat higher sensitivity to
barium [26, 27]. In the present study, activity of Ky
declined spontaneously when excised into calcium-
containing solutions. Many channels run down in ex-
cised patches, including ATP-sensitive K channels (e.g.,
[18, 22, 43]), but rundown has not been reported previ-
ously for epithelial inwardly rectifying K channels. De-
phosphorylation at PKA sites is probably not responsible
for rundown, which was similar during exposure to ATP
alone or MgATP + PKA. Moreover, the spontaneous
decline in channel activity was not slowed by okadaic
acid (10 mm), a Type 1 and 2A protein phosphatase
inhibitor or by fluoride (20 mm), a nonspecific inhibitor
of phosphatases and other enzymes that catalyze phos-
phoryl transfer reactions. Channel activity was pro-
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0.1 mM MgATP 0.1 mM MgATP + 180 nM PKA

longed when patches were excised into solutions con-
taining ATP (1 mm) or IBMX (1 mm). IBMX was re-
cently found to inhibit the rundown of CFTR chloride
channel] activity and dephosphorylation of CFTR protein
[2, 3] but it appears to inhibit rundown of the Kg,- chan-
nel by a different mechanism that might involve direct
interactions with the channel. Exposing active channels
to ATP or IBMX reduced event durations and caused a
net increase in open probability. PKA + MgATP also
slowed the decline in P,; however, this was associated
with an increase in mean open and mean closed times.
Taken together, the results suggest that loss of phosphor-
ylation from PKA sites would account for little of the
rundown, even though PKA does alter gating.

Activity of the Ky channel was stimulated by
MgATP in the range 0.1-5 mm (Figs. 5a and 7) and
enhanced further by the addition of PKA. Hydrolysis
was apparently not required for nucleotide activation be-
cause partial stimulation was obtained using the poorly
hydrolyzable ATP analogue AMP-PNP [50] and also by
ADP (Fig. 6). The ability of AMP-PNP to mimic ATP

Fig. 8. Activation of the inwardly rectifying K
channel by MgATP + PKA requires elevation of
calcium. Representative recording showing ef-
fects of sequential exposure to MgATP (0.1 mMm)
and MgATP + PKA (180 nm) with the free cal-
cium concentration buffered at 45 nm and then
400 nM.

has been reported for some ATP-sensitive K channels
{10, 361 and not others [44]. Partial activation was not
caused by ATP contamination in the present study be-
cause pretreating ADP and AMP-PNP stock solutions
with hexokinase and glucose did not diminish their po-
tencies, whereas the same protocol abolished activation
of the Ky channel by 100 pm ATP in control experi-
ments. It is uncertain whether ATP would be an impor-
tant modulator of Ky activity in situ. Cytosolic ATP
could fluctuate locally near the basolateral membrane
due to, for example, variations in the activity of the ba-
solateral Na/K ATPase pump, and act as a metabolic
sensor that inhibits secretion when cellular metabolism is
compromised ([32], reviewed by [31]). However, the
stimulation of Kg;c activity by ADP and the lack of
effect of ADP on ATP-activated channels implies that
this inward rectifier is not regulated by the ATP:ADP
ratio in situ.

Activation of the Ky channel by 1-5 mMm ATP is
reminiscent of ROMK1, a calcium-insensitive inward
rectifier cloned from rat kidney outer medulla [22]. The
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Fig. 9. cAMP stimulation of a carbachol-activated,
barium-insensitive K conductance in Tg, monolay-
ers after permeabilizing the apical membrane. K cur-
rent was generated by imposing a transepithelial po-
tassium gradient under short-circuit conditions. (a)
Mean current throughout the permeabilization pro-
tocol: (i) monolayers were exposed to sodium glu-
conate saline on the basolateral side and nominally
Ca-free potassium gluconate solution on the apical
side at arrow 1, (ii) a-toxin from S. aureus (50 U/ml)
and ATP (5 mM) were added to the apical side at
arrow 2, (iii) carbachol (100 pM) was added to the
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R, basolateral side at the third arrow, and finally (iv)

the K gradient was abolished by replacing serosal
sodium gluconate solution containing carbachol
with potassium gluconate solution containing carba-
chol. (b) Pharmacology of the potassium-dependent
short-circuit current stimulated by cAMP mixture
(0.5 mM db-cAMP, 10 um forskolin and 10 um
IBMX final concentration). Same protocol as in a
except CAMP mixture was added instead of carba-
chol. Mean currents were measured with mixture
alone (upper left) or after addition of 2 mm Ba, 10
mM tetracthylammonium (TEA), or 10 mm 4-AP;
mean of three monolayers under each condition.
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Kgc channel was activated by ATP at concentrations up
to 5 mMm (K, = ~0.3 mm) and inhibited by 10 mm ATP.
This dual regulation of Kgic by ATP qualitatively re-
sembles an inwardly rectifying K channel in rat cortical
collecting duct (CCD), which is activated at low ATP
concentrations (10-100 pm) and inhibited by high con-
centrations (100 uM—-5 mmM; K; = 0.5 mm [44]). Unlike
the Kg;c channel, the K channel from rat CCD is sensi-
tive to ADP, which partially relieves ATP inhibition and
enables P, to be high at physiological ATP; and ADP;
concentrations. Interestingly, ATP and IBMX both stim-
ulated the Ky, channel when added to excised patches
and may involve a common mechanism; they had similar
effects on the kinetics of single Ky channels in excised
patches (Figs. 3 and 4) and their effects were not additive
when they were added sequentially (F. Becq, J. Tabcha-
rani and J. Hanrahan, in preparation).

Protein kinases A and C had opposite effects on

L] L] 1 1 T 1
10 20 30 40 50 60
Time (min)

activity of the inwardly rectifying K channel in Ty, cells;
PKA was a weak stimulator whereas PKC was a potent
inhibitor. Whether these kinases phosphorylate the
channel itself or some other membrane-associated pro-
tein is unknown. PKA was not expected to modulate the
Kgc channel because cAMP-stimulated /g in this prep-
aration is blocked by barium whereas the Ky channel is
not (Fig. 10 in ref. [40], see also [16, 33]). Moreover,
forskolin does not stimulate K currents when Tg, cells
are studied using the whole-cell patch configuration with
[Ca]; buffered at 100 nm [8]. These apparent discrepan-
cies may be explained by the present finding that PKA
only stimulates Kg; activity when cytoplasmic calcium
is elevated (400 nm; Fig. 8). This permissive role of
calcium represents a novel mechanism for the synergism
commonly observed between calcium- and cAMP-
mediated secretagogues.

PKC inhibition of the Kgi- channel is consistent
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with the reduced activation of basolateral K current by
carbachol following acute pretreatment of Tg, monolay-
ers with phorbol 12-myristate 13-acetate (PMA; [33]),
and also the acute inhibitory effect of PMA on carba-
chol-stimulated 3®Rb efflux from Tg, cells [24]. PKC
inhibits inwardly rectifying K currents from intestine ex-
pressed in Xenopus oocytes [37] and ATP-sensitive in-
ward rectifiers from rat kidney studied using the patch
clamp technique [45]. The barium-sensitive channel that
mediates basolateral K conductance during cAMP-
stimulated Cl secretion is also inhibited by PKC [33, 35].

To study regulation of basolateral K currents in situ,
the apical membrane was permeabilized using o-toxin
(pore diameter 4,000 M,) and monolayers were exposed
to a high-K, low-Cl solution containing 5 mm ATP and
3.3 mm free calcium on the apical side and low-K, low-
Cl solution on the basolateral side. Carbachol still acti-
vated a small transient current under these conditions,
presumably because intracellular calcium levels were
lower than 3.3 um and the IP;-sensitive stores were full
and responsive to receptor activation. More importantly,
elevating cCAMP caused a sustained increase in transep-
ithelial current that was strictly dependent on the K gra-
dient and insensitive to barium, consistent with the phar-
macology of the Ky channel and with carbachol-
activated chloride secretion in normal solutions [40].
Thus, cAMP modulates the carbachol-activated K chan-
nel in intact monolayers, and this would contribute to the
synergism between cAMP- and Ca-mediated secreta-
gogues.
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