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SUMMARY

1. The ATP-regulated potassium channel (K} p) was investigated with respect to
modulation by intracellular pH (pH,) by using the inside-out membrane patch clamp
technique in ventricular cells isolated from the heart of the guinea-pig. Channels
which had been closed by internal ATP (0-3-3 mm) were dose-dependently activated
by decreasing the pH, over the range of pH 7:6-6-0. However, the channel was
conversely inhibited when the pH; was further decreased below 6-:0. Inwardly
rectifying K* channels were also decreased in activity when pH, fell from 7-2 to 6-0.

2. The channel activation was also observed with constant concentration of free
Ca?* (1 nmM) and Mg?* (1 mm) in the bathing solution, suggesting that a change in
divalent cation concentration is not involved in channel modulation by pH;.

3. When the dose-response relations of the channel activity for ATP con-
centrations at different pH, were examined, the channel activity obtained at 1 um
ATP was increased by decreasing pH from 7-2 to 6-4. The half-maximal inhibition for
ATP concentration at pH 7-2 and 6-4 was 20 and 40 umM, respectively, and the Hill
coefficient was 2:5 in both curves.

4. In the absence of ATP, internal H* was able to reactivate run-down channels
but it had less effect on the channel as long as the activity was maintained at a higher
level. The increase in the channel activity by H* was facilitated with a proceeding
of the run-down. However, after the channel was completely inactivated by a long
exposure of the membrane patch to ATP-free solution, a reduction of pH could not
activate the channel.

5. The decrease of pH from 7-2 to 64 reduced single channel conductance from
89-0 to 777 pS in the absence of Mg?*, whereas it reduced the conductance only at
the negative membrane potentials in the presence of 2 mm Mg?*.

6. Mean open and closed times within the burst-like openings of the channel
remained unaffected during the change in pH;.

7. We conclude that the cardiac K} p channel is modulated by a change in the
intracellular pH. The channel modulation consisted of the increase in the channel
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activity and a decrease in the permeability. The former effect was due to the decrease
in the sensitivity of the channel to ATP and the reactivation of the channel which
is during the process of run-down in activity.

INTRODUCTION

ATP-regulated K* channels have been identified in various tissues (Noma, 1983;
Cook & Hales, 1984 ; Spruce, Standen & Stanfield, 1985; Standen, Quayle, Davies,
Brayden, Huang & Nelson, 1989; Ashford, Boden & Treherne, 1990). The common
characteristic of these channels is their closure by intracellular ATP. Thus the
physiological implications of the channels have been primarily discussed in relation
to cellular energy metabolism (Trube & Hescheler, 1984 ; Kakei, Noma & Shibasaki,
1985; Noma & Shibasaki, 1985; Ashcroft for review, 1988). In cardiac myocytes,
Noma & Shibasaki (1985) demonstrated that activation of the channel underlies the
outward current evoked during metabolic inhibition of the heart cell and results in
shortening of action potential duration. It seems the K}1p channels may regulate
contractility and excitability of cardiac muscle during metabolic inhibition (Fosset,
De Weille, Green, Schmid-Antomarchi & Lazdunski, 1988; Wilde, Escande,
Schumacher, Thuringer, Mestre, Fiolet & Janse, 1990; Weiss, Venkatesh & Lamp,
1992).

Lederer & Nichols (1989) and Davies (1990) recently reported modulations of the
channel by intracellular H*. The open probability of the K} p channel is increased
with lowering pH,. However, intracellular ATP concentration in normal and even in
metabolically poisoned heart may be much greater than the concentration of ATP
required for half-maximal inhibition of the channels (Noma, 1983; Kakei & Noma,
1984 ; Allen, Morris, Orchard & Pirolo, 1985 ; Elliott, Smith & Allen, 1989). Therefore
K7 rp channel modulation by factors other than ATP alone, i.e. a change in the pH,,
may be more important physiologically, because a fall in the pH, occurs at an early
stage in the anoxic heart (Allen et al. 1985).

In the present study, we focused on the effects of internal H* on the K}, channel
to investigate further ATP concentration dependence of channel activation and
permeability properties influenced by H* in guinea-pig ventricular myocytes.
Internal acidification and its physiological relevance regarding channel activation
will be discussed. Some of these results have been reported (Koyano, Kakei,
Yoshinaga, Matsuoka & Tanaka, 1990).

METHODS

Preparations

Single ventricular myocytes were isolated from the hearts of guinea-pigs weighing 200-300 g as
reported by Taniguchi, Kokubun, Noma & Irisawa (1981). Each animal was anaesthetized with
sodium pentobarbitone (25 mg kg™ 1.P.) and then artificially ventilated. The chest was opened, the
aorta cannulated and the coronary artery then perfused with Tyrode solution. The heart was
removed, suspended on Langendorff-type apparatus and perfused with Tyrode solution. The
perfusate was switched to nominally Ca?*-free Tyrode solution and a digesting solution which
contained 0-01% collagenase (Yakult, Japan; see the paper by Yazawa, Kaibara, Ohara &
Kameyama, 1990) and was then perfused for 10 min, followed by perfusion with 100 ml of
Kraftbriihe (KB) solution (Isenberg & Klockner, 1982) to wash out the collagenase. The left
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ventricle was removed and cut into small pieces (5 mm) in KB solution and dispersed mechanically
into single cells. The dispersed myocytes were stored in KB solution at 4 °C for at least 1 h before
use.

Single ventricular myocytes were then carried into the recording chamber (500 x4l in capacity)
filled with the standard internal solution, and experiments were started after the myocytes had
settled at the bottom of the chamber.

Single channel recordings

Standard patch clamp techniques (Hamill, Marty, Neher, Sakmann & Sigworth, 1981) were used
to record single K}, channel currents from inside-out membrane patches. Patch pipettes were
pulled from hard glass tubing (Narishige Scientific Inst. Lab., Japan), coated with silicon resin to
reduce their electrical capacitance and fire-polished just before use. The pipettes had resistances
between 5 and 10 MQ when they were filled with the pipette solution (140 mm KCIl). After
establishing a gigaohm seal on a cell exposed to a standard internal solution containing 0-3 mm
ATP and with a pH of 7-2, the patch membrane was excised. To apply a different test solution to
the intracellular side of the membrane patch, the patch pipette was inserted into the mouth of one
of a series of tubes (1'5 mm in diameter) from which test solutions were flowing independently at
a rate of 2 ml min! (Yellen, 1982). K}, channel current was recorded by an amplifier (List, EPC7,
Germany) and stored with a PCM digital data recorder (TEAC RD-1117Z). Replayed data were
then low-pass filtered (24 dB octave™, E-3201A, NF, Japan) at a cut-off frequency indicated in the
figure legends and digitized by a 12-bit AD converter to be analysed with a computer (Hewlett
Packard, HP-9816, Tokyo, Japan).

To calculate the mean K}, current (I) we constructed the amplitude histogram with a current
level of 0-04 pA per bin on abscissa during superfusion with each test solution having a different
pH for at least 2 min. The mean current was obtained by integrating open channel distributions
on the histogram and by averaging against time. The mean amplitude of the single channel event
was determined by the difference between the current level of closed channel distribution and that
of the first-step channel events. The probability of the channel being open (open probability) was
calculated from the equation described below only when the total number of channels in the
membrane patch was determined in ATP-free solution. Following the convention for similar
experiments, we referred the channel activity to NP and calculated from the following equation:
I = NPi, where N is the number of channels functioning in the patch membrane, P is the open
probability and ¢ is the unitary current of the K}, channel.

The concentration-jump method (Kakei & Ashcroft, 1987) was used to construct the
dose-response relations (Fig. 5) between the channel activity and ATP concentrations at different
pH. The patch membrane was held at —60 mV and the membrane patch was exposed to a series
of test solutions. The tested sequence is an exposure to the solution at pH 7-2, followed by pH 6-4
and then by the pH 7-2 again at the required ATP concentration. These test solutions were
alternated with the exposure to the solution containing 1 mm ATP and pH 7-2 for 1 min to keep
the channel activity stable throughout the experiment. The application of the test solution
consisted of 20-30 s exposure. The NP at each pH was calculated and normalized to the maximal
NP, which usually occurred at pH 64 and 1 um ATP, and then plotted as a function of ATP
concentration. In the dose-response relations between the channel activity and ATP, each point
was fitted with the following Hill equation;

relative activity = y,,,/{1 +([L1/Ky)"},

where y,,, is the relative channel activity at the maximum, Kj is the ligand concentration ([L],
ATP) for the half-maximal effect on the channel activity and » is the Hill coefficient.

Solutions

The composition of the pipette solution was (mm): KCl, 140; CaCl,, 2; Hepes, 5; pH 7-4 adjusted
with NaOH. The Tyrode solution contained (mm): NaCl, 1369; KCl, 54; CaCl,, 1-8; MgCl,, 05;
NaH,PO,, 0-33 and glucose, 5'5; the pH was adjusted to 7-4 with 5 mm Hepes-NaOH. The standard
internal solution contained (mm): KCl, 134-5; KH,PO,, 0-5; MgCl,, 2; EGTA, 1; Hepes, 5; pH 7-2
with KOH ; final K* concentration 140 mm. The KB solution contained (mM): KCl, 25; taurine, 10;
glutamic acid, 70; oxalic acid, 10; Hepes, 10; KH,PO,, 10; EGTA, 0-5 and glucose, 11; the pH was
adjusted to 7-4 with KOH. To test various pH, on K},.-channel activity, the pH of each solution
was adjusted with Hepes-KOH. In some experiments, 5 mm Mes (2-[N-morpholinolethane-
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sulphonic acid) buffer was used instead of Hepes buffer for solutions having a pH less than 7-2.
In order to examine effects of pH, at constant free Ca?* and free Mg?* concentrations, Ca®*, Mg?*-
EGTA buffer was used and titrated to 1 nm Ca?* and 1 mm Mg?* at pH 7-2 and 6-4. The composition
of both solutions was (mm): ATP, 0-3; KCl, 108; CaCl,, 0-085; MgCl,, 2:46; KH,PO,, 0-5; Hepes,
10; EGTA, 11; pH 72 with KOH, and ATP, 0-3; KCl, 113; CaCl,, 0-0025; MgCl,, 1-4; KH,PO,, 0-5;
Hepes, 10; EGTA, 11; pH 6-4 with KOH. In these solutions final K* concentration was adjusted
to 140 mM. Adenosine-5'-triphosphate (disodium salt) and adenosine-5’-diphosphate (potassium
salt) was purchased from Boehringer and added to bath solutions as required. All the experiments
were performed at 37 °C.

RESULTS
Effects of H* on the activity of K}rp and inwardly rectifying K* channels

The activity of most K} p channels tended to decrease rapidly with time when the
patch membrane was excised from an intact cell into ATP-free solution (‘run-down’;
Trube & Hescheler, 1984 ; Kakei & Noma, 1984 ; Findlay, 1987). We therefore used
a bathing solution containing 0-3 mmM ATP to minimize the run-down of K},
channels as has been suggested for pancreatic B-cells (Ohno-Shosaku, Zunckler &
Trube, 1987 ; Ashcroft & Kakei, 1989) and for cardiac cells (Findlay, 1987). The effect
of intracellular pH over the pH range 7-2—6-0 on the channel activity in the presence
of 0-3 mm and 1 mm ATP is shown in Fig. 1. We first recorded K} p currents in the
presence of 0-3 mm ATP at pH 7-2 as a control. After recognizing a steady-state
activity of the channel, the intracellular solution was changed to test solutions of
different pH (usually pH 7-2, 68, 64 and 6-0), and finally the current in control
solution was recorded again to check for ‘run-down’ of the K} p channel activity.
When significant run-down of the activity was recognized, the data were discarded.

In Fig. 14 two types of channel openings are represented; one is a K}, channel
with a large conductance and the other the inwardly rectifying K* channel (Sakmann
& Trube, 1984) with a small conductance and longer burst-like openings. The large
conductance channels were identified as K} ;p channels by a sensitiveness to ATP at
the cytoplasmic side of the membrane (Figs 1C and 2). The mean amplitudes of these
two types of K* channels were 5:3 +0-2 pA (n = 6) and 2:2+0-2 pA (n = 4) at a given
membrane potential (— 60 mV), indicating that slope conductances of single channel
current were 89-5 and 367 pS, respectively.

The activity of the K} p channel increased with a reduction of internal pH. The
amplitude histogram corresponding to this experiment constructed at pH 7-2 and 6-0
is shown in Fig. 1B. The second peak indicates the openings of the inwardly rectify-
ing K* channel, and the third and forth peaks (symbolized with circles) indicate
those of the K}.p channel overlapping with and without the inwardly rectifying K*
channels, respectively. When the pH was changed from 7-2 to 6:0, more activity was
observed for the K, channel. The open probability at pH 7-2 and 6:0 was 0-0074
and 0-08 respectively, when we assumed that there were two K}p channels in the
patch. In contrast, the inwardly rectifying K* channel showed decreased channel
activity with reduced pH (open probability of 0-89 at pH 7-2 and 0-51 at pH 6-0)
when the number of channels is one. The activity of the inwardly rectifying K*
channel remained unaffected above pH 6-4. It should be noted that the amplitude of
the K}p channel was smaller at pH 6-0 than that at pH 7-2 (it decreased from 547
to 4-76 pA). Thus, internal acidification seems to influence both the activity and the
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single channel conductance of the K} p channel. The effect on the conductance of the
K}1p channel is analysed further in Fig. 9.

We observed a similar effect of intracellular acidification on the K}, channel
activity in the presence of 1 mm ATP (Fig. 1C). The control channel activity
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Fig. 1. Effects of intracellular H* on both the K}, channel and inwardly rectifying K*
channel. A, single channel recordings obtained from inside-out membrane patches
exposed to the bathing solution containing 0-3 mM ATP with the pH indicated beside the
current trace. The patch membrane potential was —60 mV. Two types of channel
openings can be seen: those of the K}, channel and the inwardly rectifying K* channel.
After obtaining an inside-out membrane patch in 0-3 mm ATP, pH 7-2 solution, the pH
was changed sequentially to 6-8, 6:4 and 6-0 in the presence of 0-3 mmM ATP. B, the
amplitude histogram constructed from recordings longer than 2 min under the
experimental conditions indicated in 4 at pH of 7-2 and 6'0. The ordinate expresses the
percentage of the total sampled points and the abscissa the bin size in units of 0-04 pA.
Each @ near the third and forth peaks of the amplitude histogram indicates the openings
of the K}, channel at pH 6:0, and O those at pH 7-2. C, the effect of pH on the K},
channel in the presence of 1 mmM ATP. Channel activity recorded at 0-3 mm ATP and
pH 7-2 was substantially inhibited by subsequent introduction of 1 mm ATP (top and
second trace). Subsequent acidification relieved the channel inhibition by ATP. The data
were filtered and sampled at 2 and 10 kHz, respectively. The dashed lines in 4 indicate
the patch current level when the channel was closed.
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recorded at 0-3 mm ATP with pH 7-2 (top trace) was significantly inhibited by 1 mm
ATP but subsequent reduction of pH; produced a significant K 1p activation. These
effects of H* were reversible when the pH changed back to 7-2.

In Fig. 2 we examined the pH effect in the presence of 3 mm ATP with and without
2 mM Mg?**. Shown on the top trace of A, Kirp channel activity with the open
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Fig. 2. The effect of H* on single K}, channel currents in the presence of 3 mM ATP. The
chart recording of K}, channel current was filtered at 1 kHz. 4, in the presence of 0-3 mm
ATP and 0-1 mm ADP, at least eight K}, channels were present in this membrane patch.
ATP (3 mm) without ADP was applied at the arrow, then the pH was changed
sequentially as indicated above each fractional current trace. B, the effect of acid pH on
the channel in the absence of Mg**. Mg** ions were omitted from the standard internal
solution and 1 mmM EGTA was replaced by EDTA. The solution exchange was performed
sequentially from the top to bottom in the figure. In these experiments, 5 mm Mes-KOH
was used instead of Hepes buffer. The patch membrane potential was held at —60 mV.

probability of 0-52 was seen in the solution containing 0-3 mm ATP, 0-1 mm ADP and
2 mM Mg?** which was significantly greater than that in the solution of 0-3 mm ATP
alone. This increased activity was due to the decreased sensitivity of the channel to
ATP in the presence of ADP as has already been demonstrated (Kakei, Kelly,
Ashcroft & Ashcroft, 1986; Findlay, 1987). Subsequent introduction of 3 mm ATP
without ADP at the arrow resulted in the rapid inhibition of the K} p channel and
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only occasional K}, channel events, overlapping with those of the inwardly rectify-
ing K* channel, were seen (second trace). Although many K} channels were present
in this membrane patch, the channel activity was very low when 3 mm ATP was
superfused. We, therefore, needed to sample the data for more than 2 min in order

¢5 *6
o6

[1]3 A4 ¢23
o Az
18 ?6 A7

02 o
-2} 3

*9

10g [NPiog/ NPcortrall
o>
o

5.0 8.0 70
pH

Fig. 3. Dose-dependent activation of the K}, channel by internal H*. Each point was
obtained by making an amplitude histogram and calculating the mean current and
unitary amplitude of K}, channel during the application of the test pH solution. The
mean current recorded in intracellular solution containing 0-3 mmM ATP at pH 72 was
taken as the control level. The channel activity calculated during the test solution (i.e. at
a different pH, NP,,,,) was then expressed as a fraction of NP,,.,. The logarithm of
relative NP against that of control was plotted as a function of pH,. Means + 8.E.M. were
expressed as vertical bars when they were larger than symbols. The number beside each
symbol indicates number of experiments carried out. @, results using 3 mm ATP, 2 mm
Mg®; O, using 3 mm ATP, 0 mm Mg™; A, using 1 mm ATP, 2 mm Mg?*; and @, using
0-3 mm ATP, 2 mm Mg.

to calculate the open probability, because of the longer interburst intervals. The open
probability of the K}rp channel at pH 7-2, 6:4 and 6:0 was 0:0004, 0005 and 0-019,
respectively (the number of channels was 8). It is clear that protons have an
activating effect on the channel even in the presence of 3 mm ATP and that this effect
is reversible. A similar effect could be detected also in the absence of Mg**, as
illustrated in part B of the figure. The relative increase in the channel activity (VP)
at low pH as compared to that at pH 7-2 was 3:2+0'6, 13-1+2:8 and 79186 at
pH 6-8, 6-4 and 6-0, respectively, in five separate membrane patches.

The relationship between channel activity and pH, at different ATP concentrations
is summarized in Fig. 3. The dose-dependent increase in channel activity with
decreasing pH is obvious. The observation that the channel could be activated by H*
even at ATP concentrations greater than 1 mm contrasts to that reported by Lederer
& Nichols (1989), who showed little activation effect of H* at such ATP



754 T. KOYANO AND OTHERS

concentration. In the presence of 3 mm ATP, the channel activity was greater at
0 mm Mg?* than at 2 mm Mg?*. MgATP was more potent for the channel inhibition
than ATP*~ as has been reported by Findlay (1988a).

K} 1p channel inhibition in extremely low pH solutions

We examined whether the pH effect on channel activity was detectable when the
pH was reduced below 6:0. We used a 5 mM Mes buffer rather than Hepes which is
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Fig. 4. Channel inhibition both in strong acid pH, range and in alkaline pH,. 4, chart
record of the fractional K}, channel current filtered at 1 kHz at various pH,. Strong
acidification to pH 56 decreased the channel activity reversibly. 5 mm Mes buffer was
used. The small conductance channel openings were those of the inwardly rectifying K*
channel. B, alkaline pH to 7-6 produced less activity of the channel. We used 5 mm Hepes
buffer. The membrane potential was held at —60 mV.

expected to be more appropriate for buffering pH at low pH. Figure 44 shows that
the channel was similarly activated by acidification between pH 6-4 and 6-:0 but was
reversibly inhibited at pH 5:6. We observed a complete inhibitory effect by pH;
below 6:0 on the channel in eight out of eleven separate patches. The three other
patches showed no significant effect as compared to the activity at pH 6-0. It is,
therefore, suggested that internal H* may have a dual effect on channel gating,
activation and inhibition. We recognized the same effects on the channel activity of
protons in the Hepes-buffered solution. We also observed that the channel was less
active at pH 7-6 than at pH 7-2 (Fig. 4 B). The relative channel activity at pH 7-6 was



INTERNAL pH AND ATP-REGULATED K* CHANNELS 755

30:01+6:0% (n =4) of that at pH 7-2. Although the dual effects of protons on the
channel activity interfered with a measurement of the half-maximal effect (the
negative log of the dissociation constant (pK,)) for the pH in Fig. 3, we found that
the slope factor at 0-3, 1 and 3 mm ATP was 1-3, 1-3 and 1-6, respectively, when
judged by a least squares method.

Channel activity

1 10 100 1000

ATP concentration (uMm)
Fig. 5. The effect of pH, on the dose-dependent inhibition of the channel by ATP. The
K} p channel current was recorded at each ATP concentration with two pH values

(pH 7-2 (O) and 6-4 (@)) and normalized to that at pH 6-4 and 1 um ATP. Each curve was
drawn according to the Hill equation by the least squares fit (n = 5).

Effects of H* on ATP-inhibition curve of the channel

Lederer & Nichols (1989) demonstrated that a reduction of pH; from 725 to 6-25
shifted the sensitivity of the K{;p channel to ATP from K; of 25 to 50 um. We
examined pH, effects on the dose—response relations of the channel inhibition for ATP
(Fig. 5). The data were normalized as unity to that revealing maximal channel
activity (VP) which was usually obtained at pH 6-4 and 1 gMm ATP. Both curves could
be well fitted by the Hill equation with a Hill coefficient of 2-5 and with Kj of 20 um
(pH 7-2) and 40 um (pH 6'4). The shift of the channel-inhibition curve by the
reduction of pH was much less than that reported for the skeletal muscle cell (Davies,
Standen & Stanfield, 1992), but it was close to that reported for the rat cardiac
myocytes (Lederer & Nichols, 1989). They reported that the effect of low pH; was
accompanied by a change in the Hill coefficient for the ATP-inhibition curve. In the
present study, the channel activation by lowering pH, could be observed even at
1 um ATP. Because the ATP-inhibited gate of the channel should be maximally
opened at such a low ATP concentration, we cannot explain the pH effect solely by
a change in the sensitivity of the channel to ATP.

Effects of H* on K}pp channels in ATP-free solution

The channel could be activated by internal H* in the absence of ATP as shown in
Fig. 6. The solution exchange protocol is indicated above the chart recordings of
K rp channel current (4 and B). When the ATP concentration in the solution was
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changed from 0-3 to 0 mm ATP, a transient increase of the channel openings was seen
(see also inset). Subsequent rapid decrease in the channel activity in ATP-free
solution indicates that the channel ran down in this solution and revealed a new
steady-state activity. Under this condition, a reduction of pH to 6:8 produced a
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Fig. 6. The effect of pH on the K} channel in the absence of ATP. 4 and B, single K},
channel currents recorded from the chart recorder, the solution-exchanging protocol for
ATP and pH, is shown above current traces. The time-expanded current trace (filtered
2kHz and sampled 10 kHz) displayed as an inset to 4 shows a rapid increase and
subsequent decrease in the channel activity with time after the ATP concentration in the
bathing solution was changed from 0-3 to 0 mm, resulting in a steady-state activity similar
to that at 0-3 mm ATP. However, the level of the channel activity at 0 mm ATP is kept
stable by alternating application of 0-3 mM MgATP in B. C, dose dependence of the
channel activation for H* in both protocols. The open circles are from the protocol
displayed in 4 and the filled circles from that represented in B. The NP at pH 7-2 and
0-3 mM ATP was chosen as control to compare the relative effect of H* on the channel
activity. Patch membrane potential was held at —60 mV. The number beside each
symbol indicates the number of replicate experiments.

remarkable increase in channel activity and much more activity was observed at
pH 6'4. An increase in the channel activity was 24-fold compared to that of control
at pH 7-2 (Fig. 6C, open circles).

When the run-down was prevented, however, by alternately exposing the patch to
the test solution and then to a recovery solution containing 03 mm ATP at pH 7-2
(Ohno-Shosaku et al. 1987; Findlay, 1988a; Ashcroft & Kakei, 1989; Lederer &
Nichols, 1989), internal acidification in the ATP-free solution produced little effect
on channel activity (Fig. 6C). A similar finding has been reported for skeletal muscle
(Davies, 1990) and for rat ventricular myocytes (Lederer & Nichols, 1989). Although
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it is undisputed that the fully active channel cannot increase the open probability
further unless the rapid open—shut kinetics is changed by protons, the increase in the
channel activity by a reduction of pH, in the ATP-free solution seemed to be related
to the extent to which the channel is in a run-down state.

30 30
ATP(M) 0 ————0 0 0
pH T2 s T2 72 732
o — 30 min

i
open 0.9 0.46 0.62 0.88

P

' FTMF'

164

ATP (um) 0

H 72 7.2
p 6.4

w |‘é
—0
10s

Fig. 7. The effect of pH, on the K},; channel during the superfusion of ATP-free solution.
At the arrow the patch membrane was excised to form the inside-out patch mode (i/o).
Open probability (P,,,) was calculated as described in Methods and was indicated below
the current trace. During the interruption of the current trace for 30 min, the channel
activity decreased with time. Both upper and lower current traces are continuous. The
patch membrane potential was held at —60 mV and the current was filtered at 500 Hz.

We explored the pH effect during a process of channel run-down in Fig. 7. In one
experiment shown in the figure, the channel revealed the maximal open probability
of 0:9 (the number of channels was three) immediately after excising the patch
membrane on the cell into the ATP-free internal solution. During an exposure of the
patch membrane to 30 um ATP with pH 7-2 and 64, the channel did not run down
because a complete reversibility of the open probability at subsequent 0 mm ATP
with pH 7-2 could be seen. In this situation the channel was activated by lower pH,
suggesting that the protons reduced the ATP sensitivity. Exposure to ATP-free
solution for 30 min resulted in a gradual decrease in channel activity (run-down). An
application of 30 um ATP after the activity reached a steady state produced an
inhibition of the channel, so that the channel still retained the ATP sensitivity.
However, subsequent reduction of the pH to 64 evoked more activation of the
channel (9-fold increase in F,,,) than that observed at the beginning of this
experiment (1:3-fold increase). The activation caused by lowering pH was observed
even when the channel openings disappeared (the former half of the lower trace in
Fig. 7), but it was no longer recognized after ATP-free solution was further
superfused. The channel seemed to be reactivated by H* during a run-down process
until the channel was irreversibly inactivated. We propose that the pH, effect on the
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channel gating consists of lowering the sensitivity of the channel to ATP and the
reactivation of the channel during the run-down process.

Is channel activation due to changes in Ca®* or Mg** concentration?

In the standard internal solution we used, the reduction of pH increases free Ca2*
concentration from 1-3x107°m at pH 72 to 43x10™° M at pH 6-4. It has been
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Fig. 8. Effects of pH, decrease on K}, channels at constant concentrations of free Ca?*
and Mg?*. Free Ca®* and free Mg?* concentrations were buffered to 1 nm Ca?* and 1 mm

Mg?* at pH 72 and 6'4. The composition of the solutions is described in the Methods.
Patch membrane potential was held at —60 mV. The data were filtered at 1 kHz.

reported that K} p channels are inhibited by internal divalent cations such as Ca?*
and Mg** at micromolar levels (Kakei & Noma, 1984 ; Findlay, 1987 ; Horie, Irisawa
& Noma, 1987). Internal Ca** blocked the K} 1p channel when the Ca®* concentration
was greater than 0-01 ym (Findlay, 1987). However, a change in nanomolar levels
(< 10 nM) of Ca?* concentration may conversely modulate the channel activity.
Accordingly a question may arise as to whether free Ca?* concentration changes
when pH, in the solutions is lowered, and whether, as a consequence, the activity of
the channel increases. In our study this did not happen. As shown in Fig. 8 we
observed consistent modulatory effects of pH, on the channels, when free Ca®* and
Mg?* concentrations were buffered to 1 nm for Ca** and to 1 mm for Mg?*, calculated
using association constants provided by Martell & Smith (1974). In this experiment,
the open probability was 0-0049 at pH 7-2 and 0065 at pH 6-4. Similar results were
obtained in six other experiments. These results indicate that the pH, effect is
independent of changes in Mg?* and Ca?* concentrations in the internal solution.

Permeability of K}wp channels and pH,

The effect of H* on the gating of the channel was accompanied by a reduction in
the single channel unitary current, which decreased by 13 % when pH; was reduced
from 7-2 to 6:0 (Fig. 1B). Single channel unitary currents at a patch membrane
potential of —80 and +60 mV and at pH 7-2 and 6-4 are shown in the presence and
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Fig. 9. Inhibition of single channel conductance by internal H*. Single K}, channel
currents at a patch membrane potential of +60 and —80 mV and the current—voltage
relations in the presence (4 and C) and absence (B and D) of 2 mm Mg?* in the intracellular
solution. The thin lines in the current traces indicate the closed levels of the channel. In
B and D, Mg?** was omitted and EGTA was replaced by equimolar EDTA. The lines in the
current—voltage relations were drawn by eye. The mean current amplitudes from six
different inside-out patches were averaged and plotted as means+s.E.M. which is
indicated by the vertical bar and illustrated when it is larger than the symbols. @, data
from pH 7-2; &, data from pH 6-4.

absence of Mg®** in Fig. 94 and B. In the presence of 2 mm Mg?*, the current
amplitude decreased significantly when pH, was changed from 7-2 to 6-4 at —80 mV,
but there was no difference at +60 mV. The lack of a decrease in the outward current
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amplitudes may be due to blocking of the open channel by Mg?* (Findlay, 1987;
Horie et al. 1987). We re-examined the effect of H* on the K}, channel permeability
in the absence of Mg?**. By removing Mg?* from the internal solution, the decrease
in the outward current amplitude (inward rectification) was abolished (left panel in

pH7.2 C- pHB.4 C
n
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€5 =078 ms t=011ms § 7=0-88 ms 7=0.14 ms
o
;.3 10 10
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Fig. 10. Effect of H* on open time and closed time histograms. Each histogram was
constructed with a bin size of 0:10 ms for the open time and 0-04 ms for the closed time.
In the closed time histograms, only closed events within the burst-like openings were
analysed. Open time histograms at pH 7-2 (4 and C) and closed time histograms at pH 6-4
(B and D) were constructed from single K}, channel recordings and expressed as a
percentage of the total number of events at each bin size. The histograms were fitted with
a single exponential function and the time constant was obtained using a least squares
method. The critical level used to distinguish between an open or closed event was placed
at half the value of the single channel current amplitude. Original current traces are
illustrated above the histograms, where ¢ and lines indicate the closed level of the channel.
The ATP concentration and the patch membrane potential were 1 mM and —60 mV,
respectively. The total number of events collected for each histogram was 1024. The
current was filtered at 10 kHz and sampled at 50 kHz.

B and closed circles in D). When pH, was lowered, we observed almost the same
amount of reduction in the single channel amplitude at positive and negative
membrane potentials, as illustrated in D. The inhibition of the current amplitude by
internal acidification was not associated with an increase in the open channel noise
in contrast to the blocking produced by Mg?* (upper traces in 4 and B). It therefore
seems that the inhibitory effect of H* on the channel current amplitude is different
in its mechanism from that produced by internal Mg?*.

The single channel slope conductance when measured at negative potentials was
799+ 062 pS (pH 64, n = 5) and 89-53 + 0-51 pS (pH 7-2, n = 5). These conductances
were similar to those obtained in the absence of Mg?**; 777+ 1-1 pS (pH 64, n = 5)
and 89-:01+0-92 (pH 7-2, n = 5). The difference in conductances between pH 7-2 and
6-4 was statistically significant (Student’s ¢ test; P < 0-001). A similar effect was
reported for the K};p channel of the frog skeletal muscle cells (Davies, 1990).
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Kinetic properties and pH,

Intracellular H* increased the number of openings of the channel (Fig. 1), but did
not influence the time constants of open and closed time distributions within a burst
of openings (Fig. 10). Mean open times and mean closed times within a burst of
openings were 077 + 0:03 ms and 0-14 + 0-02 at pH 7-2 and 0-77 4+ 0-06 and 0-14 +0-01
at pH 64 in the presence of 1 mmM ATP (» = 3), and 1-01+0-05 and 0-14+0-02 at
pH 7-2 and 1-04 +0-06 and 0-14 +0-01 at pH 64 in the presence of 0:3 mm ATP (n =
4). Thus it seems that internal H* does not influence the rapid, open and closed
events within the burst. Rather, a decrease in pH; may increase the number of
openings within the burst and may decrease the mean lifetime of interburst closed
events as shown in Fig. 14 and C, resulting in an increase in the open probability of
the channel.

DISCUSSION
K} 1p channel modulation by H*

In the present paper we have shown that the K};p channel is modulated by
intracellular H*. A reduction of pH; resulted in an increase in the channel activity.
This effect consisted of a shift of the K; of ATP-dependent channel inhibition from
20 to 40 um without a change in the steepness and the increase in the open
probability of the run-down channel. However, the channel was inhibited by further
acidification below 6:0. Lowering the pH also decreased the single channel
conductance.

Modulation of K};p channels by internal H* has also been found recently in
pancreatic B-cells (Misler, Gillis & Tabcharani, 1989), frog skeletal muscle cells
(Davies, 1990) and rat ventricular myocytes (Lederer & Nichols, 1989). Internal H*
increased the channel open probability in skeletal muscle cells and ventricular
myocytes, but decreased it in B-cells. The results presented in this paper confirm
previous reports from muscle cells (Lederer & Nichols, 1989; Davies, 1990). In the
skeletal muscle cells, Davies et al. (1992) reported that the Kj;p channel was
activated by protons only in the presence of ATP. They found that the K; of the
channel inhibition for ATP was changed from 17 um at pH 7-2 to 260 um at pH 6-3.
Thus, the shift of the K; was much smaller in the cardiac myocyte than in the skeletal
muscle cell.

Lederer & Nichols (1989) reported that the pH, effect was associpted with an
increase in the Hill coefficient from 2 at pH 7-25 to 3 at pH 6:25. In the experiments
in Fig. 5, however, we observed little effect of the pH reduction on the steepness of
the dose-response relations of the channel activity for ATP. The ineffectiveness on
the slope was also observed for skeletal muscle cell (Davies et al. 1992).

Mechanism of the effect on the gating of the channel by H*

Internal acidification caused an increase in the open probability of the Kjrp
channel. The following three reasons suggest that channel activation does not result
from changes in metabolite concentrations such as MgATP, ATP*~, Mg** and Ca?*,
the concentrations of which may be changed on decreasing pH and influence channel
activity (Findlay, 1987 ; Findlay, 1988a; Lederer & Nichols, 1989). (1) The pH effect
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was observed when the Mg?* and Ca®" concentrations were held constant in the
internal solution. (2) When we calculated various species of ATP in the internal
solution containing 1 mM ATP and 2 mm Mg®** at both pH 7-2 and 64 using the
binding constant given by Martell & Smith (1974), we found that the concentrations
of MgATP and ATP*~ are 0-87 mm and 0-036 mM, respectively, at pH 7-2 and both
are decreased to 0-82 mm and 0-018 mMm at pH 64. The concentration of HATP3~
should be increased from 82 um at pH 7-2 to 32 um at pH 6-4. MgATP is a more
potent inhibitor than ATP*~ for the K{;p channel of the cardiac cell and the K; was
increased from 18 to 30 uM by removing Mg?* in the internal solution (Findlay,
1988a). In the K} 1p channel of pancreatic B-cells, it is suggested that HATP?*~ has
an inhibitory effect on the channel (Asheroft & Kakei, 1989). If we assume that
HATP?" is as effective as ATP*~ on the channel inhibition, a decrease in the ratio of
(MgATP):[(ATP*") + (HATP?")] results in an increase in the K, towards the higher
ATP concentration in the presence of Mg?*, but this increased K should not exceed
the K; obtained in the absence of Mg®*. Thus we suggest that the increase (a double
increase) of the K, for ATP-dependent inhibition produced by a reduction of pH, can
not be fully explained by the small changes in each concentration of MgATP and of
the sum of both ATP*~ and HATP?". (3) Even if the channel is equally sensitive to
both MgATP and ATP*" as has been reported by Lederer & Nichols (1989) or by
Davies et al. (1992), we cannot explain the pH effect for the same reasons as that
mentioned above. Thus, we suggest that protons increase the open probability of the
channel by lowering the ATP sensitivity. In the skeletal muscle, Davies et al. (1992)
proposed the model that protons compete with ATP for the site where ATP binds to
close the channel.

Likewise, the fact that protons can activate the channel during the run-down
process in ATP-free solution (Figs 6 and 7) suggests that the protons increase the
channel activity by a different mechanism from that described in the previous
paragraph. We suggest that the activation of the K}, channel by protons is a
consequence of both a change in the ATP sensitivity and the reactivation of the
channel as long as the channel is to some extent run down. It has been reported that
ADP has similar dual effects on the K} p channel in both insulin-secreting cells and
cardiac muscle: a change in the ATP sensitivity of the channel and reactivation of
run-down channel (Dunne & Petersen, 1986; Kakei et al. 1986; Findlay, 1988b).

Many other types of K* channel seem to be inhibited by internal H*, as for
example the Ca?*-activated K* channels from pancreatic B-cells (Cook, Ikeuchi &
Fujimoto, 1984) and from rabbit tracheal smooth muscle cells (Kume, Takagi,
Satake, Tokuno & Tomita, 1990). In opossum kidney cells, inwardly rectifying K*
channels were activated by a more alkaline pH (Ohno-Shosaku, Kubota, Yamaguchi
& Fujimoto, 1990): the potassium current of cultured Schwann cells was also
inhibited by external H* (Hoppe, Lux, Schachner & Kettenmann, 1989). All these
channels were influenced by changes within the physiological pH; range, whereas in
the cardiac K}p channel, it was blocked by a strong acidic pH, below 6-0. It seems
that the channel inhibition by H* may be a common property among potassium
channels.



INTERNAL pH AND ATP-REGULATED K* CHANNELS 763

Inhibition of the permeability for potassium ions by H*

Hydrogen ions influenced not only the open probability of the channel but also the
single channel conductance. The reduction in the single channel conductance was
16 % of the control amplitude per pH unit in our results and 19% per pH unit in
skeletal muscle (Davies, 1990). Reduction of the conductance was observed at all the
potentials in the absence of Mg?* despite the acidification only on the inner surface
of the membrane. A decrease in the unitary current amplitude was demonstrated also
for the acetylcholine receptor (AChR) channel by Imoto, Busch, Sakmann, Mishina,
Konno, Nakai, Bujo, Mori, Fukuda & Numa (1988). In Torpedo AChR channels
expressed in Xenopus oocytes, they found that anionic rings formed by the
negatively charged amino acid residues (glutamate and/or aspartate residues) on the
transmembrane segment is a determinant of the channel conductance, and that ionic
permeability may be reduced by changing the number of charges of these residues.
Assuming that the K}, channel has a similar structural characteristic, protonation
of the K};p channel may neutralize some of the negatively charged amino acid
residues at the cytoplasmic side of the transmembrane segment of the channel,
resulting in the reduction of unitary amplitudes. A reduction in the single channel
conductance by decreasing external pH was also reported for ACh-activated channels
from BC3H-1 cells (Pappone & Barchfeld, 1990).

Physiological relevance

Activation of the K} p channel has been thought to be a major component of the
increased potassium conductance, which appears under anoxic conditions or in
response to the application of metabolic poisons (Noma & Shibasaki, 1985; Fosset et
al. 1988; Weiss et al. 1992). A decrease in pH;, ATP/ADP, ATP/AMP and
phosphocreatine levels seems to occur with a fall in the ATP concentration, when
myocyte metabolism is reduced by ligation of the coronary artery (Opie, 1976).
Measurement of the cytoplasmic ATP concentration in the anoxic heart by nuclear
magnetic resonance showed that the decrease in ATP concentration was preceded by
a decline of pH; and phosphocreatine levels (Allen et al. 1985) and showed little
decrease in the ATP levels even when action potential durations had already
shortened (Elliott et al. 1989). Phosphocreatine was without effect on the K,
channel (Kakei et al. 1985; Nichols & Lederer, 1990). Could the fall in pH; produced
by ischaemia be responsible for the increase in potassium conductance by activating
the K} channel? It has been reported that internal pH is decreased to around
pH 6:8 in response to a disturbance of energy metabolism in heart cells (Allen et al.
1985; Vanheel, Leybaert, De Hemptinne & Leusen, 1989). We attempted to estimate
mean outward current through K}, channels during internal acidification. From
inside-out membrane patch experiments in the presence of 3 mm ATP, mean currents
obtained with pHs of 7-2, 6:8, 6:4 and 6-0 were 0-0051 1+ 0-0027 (» = 9), 0:0193 +0-0114
(n = 3), 0001254+0-:0057 (n =4) and 0-21401+0-1260 pA (n = 5), respectively. We
assumed a specific membrane capacitance of 1 uF cm™2, a cell capacitance of 50 pF
(which is a rather low value), and a patch membrane area of 2 yum?® which was
obtained from the equation (see Sakmann & Neher, 1983) of:

a = 12:6(1/R +0-018),
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where a is a patch membrane area (um?) and R is the pipette resistance, which is
between 5 and 10 MQ in our experiments. The single K} p channel conductance is
35 pS at 54 mm K™ in the external solution (Kakei et al. 1986), so that the calculated
mean current per cell at pH values of 72, 6:8, 6:4 and 6:0 and at a membrane
potential of 0 mV was 59+ 3-1, 23-5+ 139, 159+ 7-3 and 290+ 170 pA, respectively.
Faivre & Findlay (1990) demonstrated that an increase of only 50 pA whole-cell
background current at 0 mV may be enough to decrease the action potential
duration to 50 % of control using the K} channel opener SR 44866. In a computer-
simulated measurement, a similar amount of current increase through the K},
channel could cause a decline of the action potential duration (Nichols & Lederer,
1990). We therefore suggest that a reduction in pH; below pH 6-:8 may be responsible
for the increase in the outward current.

It has been suggested that the K} 1p channel is phosphorylated in MgATP solution
and as a consequence the channel activity is maintained (Findlay, 1987; Ohno-
Shosaku et al. 1987 ; Takano, Qin & Noma, 1990). As shown in Figs 6 and 7, the run-
down channel was more sensitive to change in pH than a not run-down channel. We
speculate that the dephosphorylated state during metabolically disturbed conditions
to some extent facilitates the activation of the channel by the reduction of pH;.

However, our estimation of the increase in the K} p channel current level during
pH reduction was based on some unknown parameters. The cytosolic ATP
concentration in the intact cell may be at a millimolar level, possibly greater than
3 mM, and it may not be changed so much during the early stages of anoxia (Elliott
et al. 1989). It has been known that not only a change in ATP concentration but also
the ATP/ADP ratio influences K} +p channel activity (Findlay, 1988b; Lederer &
Nichols, 1989; Weiss et al. 1992). In addition, pH; reduction during hypoxia is
relatively small when CO,-bicarbonate buffer was used instead of Hepes buffer
(Vanheel et al. 1989). At present, we do not conclude that intracellular acidosis can
fully explain the underlying mechanism of the increase in the potassium conductance
in anoxia. It is expected that a more complex modulation of the channel activity by
ADP, ATP and internal H* determines the appearance of the outward current
through the K}p channel.

We thank Dr F. M. Ashcroft (University Laboratory of Physiology, Oxford) for valuable
comments in preparing the manuscript. This work was supported by a grant from the Ministry of
Education, Science and Culture of Japan.
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