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Abstract

The effects of cytosolic ATP on Ca?*-dependent K* (K ,) channel activation in cultured bovine adrenal chromaffin cells were
investigated by using single-channel recording patch-clamp techniques. Application of ATP to the intracellular surface of excised
inside-out patches activated K , channels in a dose-dependent manner at 30 ©M to 10 mM. The K, channels also were activated by 3
mM of adenosine 5-O-(3-thiotriphosphate) (ATPyS), a non-hydrolyzable analogue of ATP, but not by 5-adenylylimidodiphosphate
(AMP-PNP) (from 300 «M to 3 mM). Furthermore, other nucleotides also activated K ., channels in inside-out patches. This modulation
took place without addition of exogenous protein kinase and was dependent on the presence of Mg?* in the bathing solution.
Staurosporine, a non-specific kinase inhibitor, or H-89 ( N-[2-( p-bromocinnamylamino)ethyl]-5-isoquinoline-sulfonamide), a cAMP-de-
pendent protein kinase inhibitor, was unable to alter ATP-mediated K ., channel activation. Following complete removal of Mg?*, a
higher concentration of ATP (10 mM) and other nucleotides was required to activate K , channels; however, Mg?* was ineffective in
atering the activation of K, channels by itself. It is concluded that intracellular ATP and other nucleotides activate K -, channels
directly. These nucleotides may regulate catecholamine release by changing the cell membrane potential in adrenal chromaffin cells.

© 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chromaffin cells from the bovine adrenal medulla syn-
thesize, store, and secrete a complex mixture of hormones,
the most important of which is adrenaline. Chromaffin
cells express neurotransmitter receptors and generate ac-
tion potentials as part of excitation—secretion coupling.
Adenosine triphosphate (ATP), an established neurotrans-
mitter, causes elevation of cytosolic Ca?* and cate-
cholamine secretion when applied to chromaffin cells at
low concentrations (Asano et d., 1995; Reichsman et al.,
1995), but at high concentrations it inhibits catecholamine
secretion by suppression of voltage-dependent Ca2* chan-
nels (Gandia et al., 1993). In isolated bovine chromaffin
cells, extracellular ATP aso inhibits acetylcholine-stimu-
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lated secretion (Chern et d., 1987). However, there have
been few studies on the effect of intracellular ATP.

The Ca?*-dependent K* channel (K ., channel) whose
activation is regulated by intracellular Ca®* and membrane
depolarization has been identified and characterized in
chromaffin cells (Marty, 1981; Yellen, 1984; Marty and
Neher, 1985; Artalgjo et al., 1993). Although the precise
role of these channels is not clear, they have been impli-
cated in a number of important physiological processes
such as the regulation of catecholamine secretion in adrenal
chromaffin cells (Petersen and Maruyama, 1984; Marty
and Neher, 1985; Uceda et al., 1992). In a series of recent
papers, direct activation of K -, channels by ATP has been
consistently reported in a number of tissues (Chung et 4.,
1991; Albarwani et a., 1994; Bielefeldt and Jackson,
1994; Esguerra et a., 1994; Lee et al., 1995; Hartley and
Kozlowski, 1996). However, in the case of chromaffin
cells the mechanisms responsible for the action of cytoso-
lic ATP have not been fully elucidated. We hypothesized
that ATP inhibits catecholamine secretion, at least in part,
by activation of K -, channels. To investigate this hypothe-
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Fig. 1. Stimulatory regulation of the K ., channel by increasing internal Ca?*. K ., channel currents were recorded under control conditions at +40 mV
membrane potential (V;,) with 1077 M internal Ca2* concentration. Single-channel currents required 10~ ® M concentration of internal Ca2* for activity.
(A) K ¢, channels were activated by 1076 M Ca™ applied to the cytosolic side and were blocked by 4 mM tetragthylammonium (TEA). (B) K ., currents
were recorded under control conditions (trace a); K , channels were activated by 10™® M Ca?* (trace b) and were suppressed by lowering cytosolic Ca2*
with 4 mM EGTA (trace c). The histogram and the | /V curve are given to illustrate the single channel in (C) and (D), respectively. The bath solution
contained 100 mM K-aspartate, 40 mM KCI, 10 mM K-MOPS buffer, 1 mM Mg2", and 10~7 M Ca?", pH 7.2. The pipette solution contained 140 mM

KCl, 10 mM K-MOPS, and 10~* M C&*, pH 7.2.

sis we used inside-out patch-clamp techniques to study this
problem.

The results of the present study suggest that intra
cellular nucleotides directly modulate K, channels in
cultured bovine adrena chromaffin cells. Furthermore, on
the basis of our results when using staurosporine and H-89
( N-[2-( p-bromocinnamylamino)ethyl]-5-isoquinoline-
sulfonamide), it is unlikely that K -, channel activation in
adrenal chromaffin cells is subject to modulation by the
activity of the closely associated kinase.

2. Materials and methods
2.1. Sngle cell preparation

Isolated bovine adrenal chromaffin cells were dispersed
enzymatically as described previously (Greenberg and Zin-
der, 1982). Briefly, the medulla was diced with a hand
slicer, and the dices were digested in medium containing
0.1% collagenase, 0.01% soybean trypsin inhibitor, and
0.5% bovine serum abumin in balanced salt solution
(BSS) (135 mM NaCl, 5.6 mM KCl, 1.2 mM MgSO,, 2.2
mM CaCl,, 10 mM glucose, and 20 MM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES)/NaOH;
pH 7.40). Cells were plated in 35-mm culture dishes and
were maintained for 3 to 6 days as monolayer cultures in
Eagle's basal medium supplemented with 5% heat-in-
activated fetal calf serum. Four or five glass coverdips
were placed on the bottom of each culture dish.

2.2. Solutions and chemicals

High K" solution contained 100 mM K-aspartate, 40
mM KCI, 10 mM K-3-(N-morpholino)propane-sulfonic
acid (MOPS) buffer, pH 7.2. Ca2"-EGTA buffer was used
to adjust the Ca®" concentrations when they were less than
5x 10~° (mmol /1). Adenosine 5-O-(3-thiotriphosphate)
(ATPyS), 5-adenylylimidodiphosphate (AMP-PNP),
guanylylimidodiphosphate (GMP-PNP), ATP, GTP, and
ADP were purchased from Sigma (St. Louis, USA). GDP
was purchased from Nakarai Tesque (Tokyo, Japan).

2.3. Electrophysiological recordings

Membrane currents were recorded in inside-out patches
with a patch-clamp amplifier as previously described
(Hamill et al., 1981). Soft glass pipettes prepared by an
electrode puller (PP-83, Narishige, Tokyo, Japan) were
used after being coated with Sylgard. The electrical resis-
tance of the patch pipette was 3 to 5 MQ for single
channel recordings. Experiments were conducted at a tem-
perature of 35 to 37°C. pClamp Version 6.0. (Axon Instru-
ments, Foster City, CA) was used for data acquisition and
analysis of single-channel currents. The open probability
(NP,) was determined from current amplitude histograms
and was calculated using the following equation:

N
NP, = Z ( npn)
n=0
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where n is the number of channels in the patch and P, is
the integrated channel opening. Statistical comparisons
were made by using Student’s paired t-test, and results are
presented as means + S.E.M.

The length of recording for the NP, calculations was
more than 1 min.

3. Results

3.1. Characterization and identification of the K., chan-
nel in chromaffin cells

The existence of K, channels which have a single-
channel conductance that ranges, depending on the record-
ing conditions, from 96 to 300 pS and which are sensitive
to the internal free Ca?* concentration ([Ca?*],) has been
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demonstrated by using the patch-clamp technique in cul-
tured chromaffin cells (Marty, 1981; Yellen, 1984; Marty
and Neher, 1985). In the present study, isolated KCa
channels had a conductance of 215 4+ 23 pSin symmetrical
150 mM KCI solution. When the pipette solution contained
1 nM charybdotoxin, ATP was still able to activate K o,
channels. Moreover, charybdotoxin (1 nM) was ineffective
against ATP-mediated channel activation at the internal
side, indicating that this channel was charybdotoxin-insen-
sitive (n = 4, data not shown).

Fig. 1A shows the effect of Ca?* on single-channel
currentsin inside-out patches. Single-channel currents were
observed infrequently under control conditions. The chan-
nels required micromolar concentrations of internal Ca2*
for activation and were blocked by 4 mM tetraethyl-
ammonium, a K™ channel inhibitor. These channels also
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Fig. 2. Modulation of K, channel activation by ATP in inside-out patches. The channel currents were recorded under control conditions (trace &
following addition of 30 uM ATP to the bath solution (trace b) and following addition of 3 mM ATP to the bath solution (trace c). K ¢, channels were
activated significantly following addition of 3 mM ATP to the bath solution. The bath solution contained 100 mM K-aspartate, 40 mM KCI, 10 mM
K-MOPS buffer, 1 mM Mg?", and 3x 107 M Ca&™ (in these experiment unless otherwise indicated), pH 7.2. The pipette solution contained 140 mM
KCl, 10 MM K-MOPS, and 10* M Ca™*, pH 7.2. The membrane potential (V,,) was +20 mV in these experiment unless otherwise indicated. (B) Each
point represents the mean open probability (NP,) of K ., channels which were modulated by ATP in the bath solution containing 10°7 M Ca2*(m) or
3x 1077 M Ca" (@). Intracellular application of ATP activated K , channels in a dose-dependent manner. (C) Intracellular application of ATPy S to the
bath solution. The channel currents were recorded under control conditions and following application of 3 mM ATPy S to the bath solution. (D) Shows that
3 mM AMP-PNP was ineffective in causing K -, channel activation. The graph shows the effects of ATP and ATP analogues (ATPy S and AMP-PNP) on
K ca channels (E). (F) Shows that K -, channels were modulated by ATP and subsequent addition of H-89 to the bath solution. The bath solution and

pipette solution were the same as in (A).
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were suppressed by lowering cytosolic Ca?* with eth-
yleneglycol-bis-( g-aminoethylether) N, N’-tetraacetic acid
(EGTA) (Fig. 1B). The histogram shows the K ., currents
recorded under control conditions and after application of
1075 M Ca&* to the bath solution (Fig. 1C). The | /V
curve is given to illustrate the single-channel conductance
(215 p9) in Fig. 1D.

3.2. The effects of ATP and ATP analogues on K,
channels

Intracellular ATP has been shown to modulate the
activity of K, channels in a number of tissues. We also
investigated the intracellular effects of ATP on K, chan-
nels in chromaffin cells. As depicted in Fig. 2A, applica
tion of 30 uM ATP to the cytoplasmic surface of an
excised inside-out patch did not lead to significant activa-
tion of K -, channels. However, application of 3 mM ATP
to the bath solution led to a large increase in channel
activation (NP, from 0.003 4+ 0.001 to 0.300 + 0.104, n =
5). ATP at concentrations of 30 wM to 10 mM applied to
the cytosolic side activated K , channels in a dose-depen-
dent manner (Fig. 2B and Fig. 4A). When the bath solution
contained a lower concentration of Ca?* (107 M), ATP
was needed in higher concentrations (3 to 10 mM) to
activate K , channels (n = 6) (Fig. 2B).

To examine whether ATP hydrolysis was necessary for
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this effect, analogues of ATP were tested. ATPyS, a
thiophosphate analogue of ATP, a complex resistant to
dephosphorylation (Kozlowski et al., 1989), at a concentra-
tion of 3 mM also activated the K ., channel significantly
(NP, from 0.004 + 0.001 to 0.311 + 0.120, n=5) (Fig.
20). In contrast to ATP and ATPyS, the non-metaboliz-
able ATP analogue, 5-adenylylimidodiphosphate (AMP-
PNP), failed to mimic ATP in altering K ., channel activa
tion (n=4) (Fig. 2D), indicating that ATP hydrolysis is
required for channel activation. Fig. 2E shows the effect of
ATP and the analogues of ATP (ATPyS and AMP-PNP)
on K -, channels.

K, channels are modulated by protein phosphoryla-
tion. This modulation of K., channels is blocked by a
specific inhibitor of cyclic AMP-dependent protein kinase
(Kume €t al., 1989; Esguerra et al., 1994; Lee et d., 1995;
Hartley and Kozlowski, 1996). In order to clarify this
hypothesis, the effect of staurosporin, a non-specific kinase
inhibitor, (Tamaoki et al., 1986), was tested on the ATP-
mediated K ., channel activation (Lee et al., 1995; Biele-
feldt and Jackson, 1994). This substance blocks kinase C
and is useful to identify co-factor-independent phosphory-
lation of K -, channels by members of the kinase C family.
H-89, a cAMP-dependent protein kinase inhibitor, (Chijiwa
et a., 1990), was tested on the ATP-induced changes in
channel activation. H-89 (100 nM) or staurosporine (10
nM) did not induce any change in the open probability of
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Fig. 3. Stimulatory regulation of K -, channels by ADP and other nucleotides in inside-out patches. (A) Effects of ADP on K, channel activation in
inside-out patches. The channel currents were recorded under control conditions and following application of 10 mM ADP to the bath solution. K,
channels were significantly activated by 10 mM ADP. (B) Effects of GDP on K ., channel activation in inside-out patches. The channel currents were
recorded under control conditions, following addition of 30 M GDP to the bath solution, and following addition of 3 mM GDP to the bath solution. (C)
The channel currents were recorded under control conditions, following addition of 3 M GTP to the bath solution, and following addition of 300 uM
GTP to the bath solution. (D) Effects of GMP-PNP on K ., channel activation in inside-out patches. K , channels were significantly activated by 1 mM
GMP-PNP. (E) The graph shows the effects of ADP and other nucleotides on K , channels. The bath solution and the pipette solution were the same as in

Fig. 2.
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Fig. 4. The concentration-dependent effect of ATP and GTP on K, channel activation was studied in inside-out patches. Each curve shows the
representative experiment in which K ., channels were modulated by ATP (A) and GTP (B) in Mg?*-free solution (M) or in the presence of 1 mM
Mg?" (@). The bath solution (except Mg?*-free conditions) and pipette solutions were the same as in Fig. 2.

channels activated by ATP (n=4). Fig. 2F shows the
effect of H-89 on ATP-activated K ., channels.

3.3. The effect of ADP and other nucleotides on K,
channels

Application of ADP and other nucleotides to the cyto-
plasmic surface of excised inside-out patches led to a large
increasein K , channel activation (Lee et al., 1995). In the
present study, when a high concentration of ADP (10 mM)
was added to the cytoplasmic side of the channel, the open
probability increased substantially (NP, from < 0.001 to
0.208 + 0.104, n = 4). The effects of ADP on K ., channel
activation were dependent upon the presence of intra-
cellular Mg?*. To determine whether GTP or GDP could
directly activate K , channels, we examined the effects of
intracellular GTP and GDP on K, channel activation.
Single-channel activation was observed infrequently under
control conditions (NP, < 0.001, n=6). GDP activated
K ¢, channels in a dose-dependent manner between 30 uM
and 3 mM. GDP at a concentration of 3 mM activated K ,
channels significantly (NP, from 0.003 + 0.001 to 0.113
+0.093, n=6). GTP activated K, channels at lower
concentrations than did ATP. Application of 300 uM but
not 3 uM GTP to the bath solution activated K , channels
significantly (NP, from < 0.001 to 0.657 + 0.169, n = 6).

The effects of the non-hydrolyzable derivative of GTP,
guanylylimidodiphosphate (GMP-PNP) were also tested.
In contrast to AMP-PNP, GMP-PNP (1 mM) also activated
K ¢, channels significantly (NP, from < 0.001 to 0.163 +
0.103, n=4). Fig. 3E summarizes the effects of the
nucleotides on K , channel activation. The graph shows a
representative experiment in which K, channels were
modulated by GTP, GMP-PNP, GDP and ADP.

3.4. The effects of Mg2* on nucleotide-induced activation
of K¢, channels

In the presence of millimolar Mg?*, ATP is largely
complexed with Mg?*. To test whether free ATP or its

Mg?* complex is the active agonist, we also studied the
concentration dependence of the response to ATP and
other nucleotides in the absence of intracellular Mg?*. The
ATP response approached saturation at 10 mM and the
concentration of ATP that eicited 50% of the maximal
response (EC.,) was 1.5 mM (Fig. 2BFig. 4). In the
absence of Mg?*, ATP and the other nucleotides had to be
used in higher concentrations to activate K, channels
(n=6). The EC,, of the response to uncomplexed ATP
was 5 mM, considerably higher than that for complexed
ATP, Mg-ATP (1.5 mM). The shift in the curve for
uncomplexed ATP suggests that free ATP, and not com-
plexed ATP could modulate K , channels but to a lesser
extent (Fig. 4).

To determine whether Mg?* aone could activate K ,
channels, we added 1 mM Mg?" to the bath solution
(cytosolic side) in inside-out patches. Mg?* did not induce
any change in the open probability when applied aone
(n =6, data not shown).

4, Discussion

Secretory vesicles of chromaffin cells store catechol-
amines and ATP in high concentrations (Winkler, 1976;
Westhead and Winkler, 1982). ATP is co-secreted and
co-released with catecholamines following physiologic
stimulation (Rojas et al., 1985) and can induce both inhibi-
tion and enhancement of the Ca?* current (Diverse et al.,
1991). The ATP-induced rise in [Ca"], is due to the
release of Ca2 + from internal stores and entry across the
plasma membrane; the latter source of Ca2 + initiates
secretion (Kim and Westhead, 1989). These Ca2 + cur-
rents are inactivated by increased concentrations of ATP
and intracellular Ca2 + (Otsuguro et a., 1996).

lon channels which are activated by intracellular Ca2 +
ions have been found in various cell types (Marty, 1989).
However, previous reports indicate that Cl — channel acti-
vation dose not appear to be related to [Ca2 + |, increase
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(Hazama and Okada, 1988; Doroshenko et al., 1991;
Doroshenko and Neher, 1992) and that Mg-ATP and GTP
by themselves decrease channel activation. In this study,
we found that Ca2 + at the intracellular membrane surface
activates KCa channels and that this channel could be
blocked by intracellular application of tetraethyl-
ammonium or EGTA. Tetraethylammonium is an effective
inhibitor of the K , channel when applied on either side of
the membrane. These results demonstrate that the channels
examined were indeed K ., channels. But the K ., channel
is insengitive to external or internal charybdotoxin. The
previous reports has shown two types of K, channels
from rat brain modulated by different sets of enzymes
(Bidlefeldt et al., 1992; Chung et al., 1991), i.e., a channel
referred to as type 1, which was charybdotoxin sensitive
and the other referred to as type 2, which was charybdo-
toxin insensitive (Reinhary et a., 1991; Wang et a.,
1992). The channel in the present study was not inhibited
by charybdotoxin, indicating that ATP might directly acti-
vate the charybdotoxin-insensitive K ., (type 1) channel in
chromaffin cells.

K ¢, channels are recognized as playing a vital role in
controlling the membrane potential of a variety of cell
types (Brayden and Nelson, 1992). In chromaffin cells,
K ¢, channels may be the crucial regulatory link between
[Ca?*]; and catecholamine secretion (Petersen and
Maruyama, 1984; Uceda et a., 1992). K ., channel activa-
tion is of particular interest because it provides explana-
tions for severa well-known phenomena in which the
export of K* from cells appears to be linked to changesin
cell metabolism and membrane potential (Petersen and
Maruyama, 1984). Inhibition of K, channels results in
gating of voltage-dependent Ca?" channels and thereby
augments catecholamine secretion (Sorimachi et a., 1990;
Gonzalez-Garcia et al., 1993). Activation of K -, channels
leads to membrane hyperpolarization, which impedes fur-
ther Ca?* influx (Meech and Standen, 1975; Gorman and
Thomas, 1980; Petersen and Maruyama, 1984). The cellu-
lar regulation of K, channel activation is still not well
understood. However, only a few reports exist which
suggest that these channels possess the capacity for auto-
phosphorylation as a consequence of endogenous kinase
activity or through a kinase firmly associated with this
channel at the membrane level (Chung et al., 1991; Lee et
al., 1995; Bidefeldt and Jackson, 1994; Esguerra et a.,
1994). On the basis of our findings when using stau-
rosporine and H-89, intracellular ATP-induced cell mem-
brane hyperpolarization via activation of K, channels is
not modulated by the closely associated kinase.

Our results suggest that the K, channels found in
chromaffin cells are activated directly by physiological
levels of ATP. This modulation takes place without the
addition of protein kinase and is mimicked by an ATP
analogue (ATPyS), but not by a non-hydrolyzable ATP
anaogue (AMP-PNP). These findings are consistent with
the hypothesis that intracellular ATP can modulate K,

channels directly, and that phosphorylation can occur in
excised patches (Bielefeldt and Jackson, 1994). But there
are several important differences between their studies and
ours. Firstly, ATP-mediated K -, channel activation is not
due to the activity of a closely-associated, membrane-bound
kinase. Secondly, athough many biological processes
which utilize ATP as a high-energy phosphate donor re-
quire the divalent cation Mg?* as a co-factor, it appears
that free ATP and not complexed ATP, is effective in
altering the activity of K ., channels (although to a smaller
extent). Moreover, ATPy S was used as a non-hydrolyzable
ATP analogue; however, this nucleotide possesses a termi-
nal thiophosphate bond and has been reported to substitute
for ATP in many processes which require phosphorylation.
ATPyS has been reported to have variable effects upon
ATP-activated K, channels. In cortica synaptosomes
ATPyS produced a larger increase in channel activation
than did ATP (Chung et al., 1991), whereas in rat cortical
neurons ATPyS modulated K, channels to a variable
extent (it was much less potent than ATP or produced a
large increase in channel activation) (Lee et al., 1995). In
the present study, the activation of K , channelsby ATPyS
was very similar to that elicited by ATP. The result
obtained with the ATP analogue suggests a role for protein
phosphorylation in the upregulation of K, channel activ-
ity. We do not know if the effect is mediated by a direct
binding effect after phosphorylation or /and binding of the
nucleoctides to the channel directly.

The genes encoding K, channels were found in the
muscles of Drosophila slowpoke (Atkinson et al., 1991)
and a putative nucleotide binding site has also been identi-
fied. Whether this sequence in the K, channel serves as a
site for G protein regulation or as a site of direct nu-
cleotide (GTP or ATP) binding, has not been addressed.
Recently, Kenneth et a. (1996) found that K o, channels
could be directly modulated by G protein in bovine adrena
chromaffin cells. In this study, activation of K -, channel
by cytoplasmic GMP-PNP might be mediated by G pro-
teins in chromaffin cells.

ATP serves as a negative feedback inhibitor of voltage-
gated Ca?* channel currents in cultured bovine adrenal
chromaffin cells and as such is an important regulator of
catecholamine secretion (Currie and Fox, 1996). The re-
sults of the present study suggest that cytosolic ATP and
other nucleotides induce cell membrane hyperpolarization
through activation of K ., channels by dual pathways: one
with, and the other without, protein phosphorylation.
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