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Both membrane stretch and fatty acids directly activate large conductance
Ca?"-activated K* channels in vascular smooth muscle cells
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Large conductance Ca*-activated K* channels in rabbit pulmonary artery smooth muscle cells are aclivated by membrane sirelch and by
arachidonic acid and other fatty acids. Activation by sirelch appears lo occur by a direct effect of stretch on the channel itself or a closely associated
component. In excised inside-out patches stretch activation was seen under conditions which precluded possible mechanisms involving cylosolic
factors, release of Ca®* from intracellular siores, or stretch induced transmembrane Alux of Ca** or other ions potentially capable of activating the
channel, Fatty acids also directly activate this channel. Like stretch activation, fatty acid activation occurs in excised inside-out patches in the
absence of cylosolic constituents. Moreover, the channel is activated by fally acids which, unlike arachidonic acid, are not substrates for the
cyclo-oxygenase or lypoxygenase pathways, indicating that oxygenated metabolites do not mediate the response, Thus, four distinet types of stimuli
(cytosolic Ca®*, membrane potential, membrane streich, and falty acids) can directly affect the activity of this channel.

Ca*-uclivated K channel; Stretch-activaled channel; Faitty acid; Vascular smooth muscle; Rabbit pulmonary artery

1. INTRODUCTION

Stretch-activated ion channels (channels activated by
increases in membrane tension) were first reported by
Guharay and Sachs [1] and have since been found in a
wide variety of preparations [2]. We reported channels
activated by membrane stretch in smooth muscle cells
isolated from toad stomach [3]. In this preparation these
channels may play a role as mechanoelectric trans-
ducers in the initiation of stretch-induced contraction,
a characteristic of a wide variety of smooth muscle cell
types (for references see [3]).

We have since studied two types of ion channels
which are affected by membrane stretch in another
preparation of smooth muscle cells, cells isolated from
rabbit pulmonary artery. One type is apparently cation-
selective and may play a role in the initiation of contrac-
tion of blood vessels in response to stretch [4]. The
second type, a large conductance K* channel, activated
by increases in Ca®* concentration at the intracellular
surface of the channel, is the subject of this report. As
shown below, the effects of membrane stretch on this
channel appear to be directly on the channel itself or
some closely associated component (and not secondary
to an elevation of internal Ca*" that might occur by
some sort of stretch induced influx of Ca** through
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other stretch-activated channels or release from in-
tracellular stores).

This same Ca®*-activated K" channel is activated by
fatty acids. Fatty acids are integral components of the
biological membranes in which ion channels reside and
are liberated as ‘free’ or unesterified fatty acids by a
number of stimuli [5]). One fatty acid, arachidonic acid,
is known to act as a signaling molecule in a number of
systems [6]. While arachidonic acid clearly acts as a
precursor to a variety of biologically active metabolites
{6], it is now also clear that this and other fatty acids
themselves exert many effects on biological systems,
independent of such metabolites [5]. Our previous stud-
ies of a different type of K* channel in gastric smooth
muscle cells [7], as well as studies in a number of other
preparations (reviewed in [5]), have demonstrated that
these ‘free’ fatty acids regulate the activity of ion
channels and have raised the possibility that these com-
pounds are endogenous channel regulators. Like the K*
channel in gastric smooth muscle cells, activation of the
Ca*"-activated K* channel in pulmonary artery by fatty
acids appears to result from the interaction of the fatty
acids themselves with a protein or lipid site in the
membrane.

This channel is of interest for two principal reasons.
First, a large body of literature exists documenting the
vasoactive effects of both arachidonic acid (and related
metabolites) (for example [8]) and mechanical stretch
[9]. Our findings suggest that these stimuli may, at least
in part, exert their influence by affecting the gating be--
havior of this large conductance Ca**-activated K’
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channel and consequently the membrane potential of
the smooth muscle cell. Second, it is unusual to find a
channel the gating behavior of which can be directly
affected by multiple diverse types of stimuli (internal
Ca?**, membrane potential, membrane stretch, and fatty
acids). The further investigation of these diverse modes
of channel activation and their interrelationships may
be of significant biophysical interest. Preliminary
reports of our studies have appeared in abstract form
[10,11].

2. METHODS

Freshly isolated smooth muscle cells from rabbit pulmonary artery
were obtained using the methods of Clapp and Gurney [12]. Single
channel currents were recorded from excised inside-out patches using
slandard patch-clamp techniques and equipment [3]. Unitary current
amplitudes were estimaled by inspeclion using custom software [13],
As a measure of channel aclivity we used the product of the number
of channels in the patch and the probability that a particular channel
is open (VP,), which is equivalent to the average number of open
channels. NP, was determined either by dividing the time averaged
current by the unitary current amplitude or by using the program
IPOCH, which performs the computalion based on an idealized
channel record derived from the raw data [13].

The compositions of the various pipette solutions are given in the
figure legends. Unless otherwise stated, the bathing solution con-
tained in mM: 130 K*, 5 EGTA, 1 Mg*, 10 HEPES, 10 glucose, 114.5
Cl™ (pH 7.4). Fatty acids (Nu Chek) were first dissolved in DMSOQ
before being diluted in bathing solution [7], The final concentration
of DMSO was 0.1% or less, and control applications of DMSO had
no noticeable effect on channel activity. Agents were applied by pres-
sure ejection from a glass micropipette and the concentration given is
that in the pipette {14]. The patch was stretched by appiying suction
to the back end of the patch pipetie. Suction was monitored using a
pressure transducer [3]. All studies were carried out al room tempera-
ture,

3. RESULTS

Large conductance Ca®*-activated K* channels in
rabbit pulmonary artery smooth muscle cells appear to
be similar to channels of this type found in a variety of
preparations [15]: they are highly selective for K* (the
reversal potential is near zero in symmetric K* solutions
and is shifted in a negative direction when most of the
K* at the extracellular surface is replaced with sodium
to mimic physiological conditions) and have a conduct-
ance of 270 pS with 130 mM K" on both sides of the
membrane (Fig. 1). Mereover, the channel is activated
by increasing the concentration of Ca®* at the intracel-
lular surface of the patch (Fig. 2) and by applying more
positive membrane potentials. However, as described
below, the activity of the channel from rabbit pulmo-
nary artery is also increased by membrane stretch and
by the application of fatty acids to the cytosolic surface
of the patch.

3.1. Membrane stretch
Activation of the channe! by stretch was obtained
under a variety of experimental conditions which to-
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Fig. 1. Unitary current—voltage relationship in symmetric 130 mM K~
and 3mM [K"],, 130 mM [K"]; solutions. The slope conductance near
0 mV is 270 pS in symmetric K*. For the symmetric K* patch the
pipette solution contained the identical solution to the bath with the
exception of the 10 mM glucose, The low [K*] pipeite solution con-
tained (in mM) 137 Na*, 3 K~, 1 Mg*, 10 HEPES, 2 EGTA, 135 CI"
(pH 7.8). Channel openings at potentials where the channel was not
tonically active were elicited by applying solutions identical to the
bathing solution with 4.8 and 5 mM CaCl, added.

gether point to a direct mechanical effect on the channel
itself or on a component closely associated with it.
Release of Ca** from intracellular stores does not
mediate the response since activation by stretch was
readily and repeatedly obtained in excised inside-out
patches. To demonstrate a direct effect of stretch we still
had to eliminate the possibility that stretching the
membrane caused the channel to be indirectly activated
by somehow permitting the transmembrane movement
of an ion which could in turn alter the gating behavior
of the channel. For example, stretching the membrane
could have allowed Ca®" to pass through the membrane
through another type of undetected stretch-activated
channel or through a stretch-induced leak. This would
have elevated the Ca** concentration on the cytosolic
surface of the channel and caused its activation. The
possibility of activating the channel indirectly by stretch
induced Ca** flux was ruled out by showing stretch
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Fig. 2. Application of Ca* to the intracellular surface of an excised
inside-out patch increases channel activity. The bathing solution con-
tained (in mM) 130 KCl, 10 HEPES, | MgCl,, 10 glucose. The patch
pipette solution contained (in mM) 110 Na*, 5§ EGTA, 1 Mg**, 3K*,
97.5 CI-, 10 HEPES. The application pipette contained bathing solu-
tion with 10 #M CaCl, (0 EGTA) added. The application pipette was
located at some distance from the patch pipstte so that the responses
would not be offscale; this accounts for the observed delay in activa-
tion. The pH of all solutions was 7.4. The membrane potential was 0
mV,
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Fig. 3. Application of suction to the patch pipetie causes a readily
reversible increase in channel activity with identical Ca*-free (5 mM
EGTA) solutions at both surfaces of the excised membrane patch. The
standard bathing solution without glucose was used in the bath and
in the patch pipette, and the membrane potential was held at +60 mV,

activation of the channel in excised inside-out patches
with 0 Ca*>* (5 mM EGTA) at both surfaces of the patch
(Fig. 3).

For the experiment described above, when the effects
of stretch were tested using identical solutions at both
surfaces of the patch in the absence of Ca®", positive
potentials were necessary to produce appreciable
channel activation and permit observation of the added
activation by membrane stretch. These positive poten-
tials might have resulted in the movement (driven by the
electrical field) of some ion other than Ca*" that may
have caused activation of the channel. We carried out
a set of experiments to eliminate this possibility: we
tested for the effects of stretch above, below (+ 10 mV
and =10 mV) and at 0 mV patch potential using solu-
tions which differed only in their Na* and K™ composi-
tion (K™ higher at the cytosolic surface) and which con-
tained the same Ca?" concentration at both surfaces of
the patch (3 mM Ca*, 5§ mM EGTA). We also tested
for the effect of stretch at +20 mV and —20 mV using

a
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symmetric 130 mM KC] solutions with no EGTA and
10 uM added Ca®". In all cases membrane stretch
repeatedly and reversibly caused increases in channel
activity making it highly unlikely that activation by
stretch is secondary to transient increases in ion con-
centrations via small unobserved channels or some sort
of undetectable membrane disruption.

3.2. Fauy acids

Activation of the channel by fatty acids also appears
to be direct and not due to the formation of biologically
active metabolites or to activation of another channel
type which might in turn allow the flux of ions that
could affect the gating behavior of the channel. As in
our study of gastric smooth muscle cells {7], we began
in pulmonary artery smooth muscle cells by examining
the effects of arachidonic acid (20 4M) in excised, in-
side-out patches (Fig. 4a). Upon application of arachi-
donic acid, Ca®*-activated K* channel activity increased
from an initial basal level. Arachidonic acid appears to
have no effect on other channel types under the record-
ing conditions used here.

In order to test whether channel activation resulted
from an action of the fatty acid itself or from the genera-
tion of an arachidonic acid metabolite, fatty acids that
are not substrates for the enzymes that convert arachi-
donic acid to active metabolites {5] were also tested. For
example, the saturated fatty acid, myristic acid (14:0)
mimicked the effect of arachidonic acid (Fig. 4b) as did
the trans-unsaturated fatty acid, linoelaidic acid (18:2
trans-9,12; not shown).

The effectiveness of fatty acids that are not converted
to active metabolites indicates that such metabolites do
not mediate the fatty acid activation. Since these effects
were seen in excised membrane patches in the absence
of nucleotides and calcium (5 mM EGTA on both sides
of the membrane), they also did not require signal
transduction mechanisms involving phosphorylation,
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Fig. 4. Fatty acids, arachidonic acid 20 uM (a) and myristic acid 20 uM (b), applied to the intracellular surface of the patch activate large
conductance K* channels. In both ¢ases the pipetle solution contained in mM 20 K*, 110 Ma*, 1145 C1-, 1 Mg*, 5 EGTA, and 10 HEPES, pH
- 7.4, The membrane potential across the patch was +50 mV in (a) and +60 mV in (b),
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GTP-dependent proteins, cyclic nucleotides, calcium, or
metabolites of the NADPH-dependent cytochrome
P450 enzyme. Rather, fatty acids, like stretch, appear to
directly activate these K* channels by acting on the
channel itself or a closely associated component.

3.3, Membrane potential, stretch and faity acids

To begin to understand the relationships between
these diverse modes of channel activation, we examined
the effects of membrane potential on channel activity in
the presence and absence of other activating stimuli.
Assuming that the channels in a patch behave identi-
cally and act independently of each other, and provided
that the probability that a channel is open (P,) is low,
the potential sensitivity of channel gating can be deter-
mined in patches containing multiple channels without
knowing the actual number of channels in the paich
[16]. Moreover, if the voltage activation is well de-
scribed by a Boltzman relationship then a plot of the
natural log of the product of the number of channels in
the patch (V) and the probability that a single channel
is open (P,) versus potential should be linear when P,
for a single channel is small. The reciprocal of the slope
(a measure of the potential sensitivity) is the voltage
required to produce an e-fold change in P, at low P,

The effects of membrane potential on channel gating
were examined at low P, in the presence and absence of
free Ca*" at the cytosolic surface of the channel (Fig.
5a). As for other channels of this type [15], both Ca**
and more positive potentials increase P, with the
voltage sensitivity of the channel appearing unaffected
by the presence of free Ca®* (near 11.5 m¥ required for
an e-fold change in P, for the channel in rabbit pulmo-
nary artery).

Like Ca®*, both membrane stretch (Fig. 5b) and fatty
acids (Fig. 5¢) increase the activity of the channel appar-
ently without altering its voltage sensitivity. Thus, Ca®*,
stretch, and fatty acids all appear to shift the curve
relating P, to membrane potential along the voltage axis
to more negative potentials. The most straightforward
interpretation of these data is that none of these modes
of activation affect the voltage sensing portion of the
channel molecule.

3.4, Basal activity and activating stimuli
The effects of stretch or fatty acids on these Ca®*-

activated K™ channels appear to be different from other
stretch or fatty acid activated channels which we have
studied in smooth muscle [3,4,7]. The other channels
can be activated by the application of either suction to
the patch pipette or fatty acids in the absence of basal
activity. Application of either to the large conductance
Ca?"-activated K* channel has little effect in the absence
of basal activity (for example at more negauv;
membrane potentials and/or the absence of Ca*" at the
cytosolic surface). However, under conditions where a
moderate amount of basal activity is present, membrane
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stretch or fatty acids cause a profound increase in activ-
ity.

4, DISCUSSION

The activity of large conductance K<-selective
channels found in pulmenary artery smooth muscle
cells is increased by elevations of intracellular Ca*"
more positive membrane potentials, membrane stretch
and fatty acids (Figs. 2-4). At low P, [Ca®}, fatty
acids, and stretch all increase channel activity by a con-
stant multiplicative factor at various potentials suggest-
ing that none of these affect the voltage sensor portion
of the channel molecule (Fig. 5). Both membrane stretch
and fatty acids seem to directly affect either the channel
itself or a membrane component closely associated with
1t.

Although increases in the activity of Ca**-activated
K* channels have been reported to be correlated with
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Fig. 5. Three distinct stimuli [Ca*"] (a), stretch (b}, and myristic acid
(¢) increase channel activity without affecting the voltage sensitivity
(m control, A with stimulus). (a) Elevation of [Ca'* }. The voltage
sensilivity is respectively 12,3 mV and 10.5 mV per e-fold change in
NP, in the presence and absence of Ca*. NP, was calculated from
data segments 15 s in duration at each potential. The paich contained
al least 1B Ca®*-activated K* channels. The bathing solution was the
stundard solution without glucose. The pipette solution contained (in
mM) 110 Na*, 20 K-, 114.5 Cl-, 1 Mg*>, 5 EGTA, 10 HEPES, (pH
7.4). Ca®* containing solution was bathing solution with 4 mM CaCl,
added, (b) Application of siretch. The voltage sensitivily is respectively
11,2 mV and 10.2 mV per e-fold change in NP, in the presence and
absence of 30 mmHg suction. Segments used to calculate NP, ranged
induration from 9 to 30 5 but were typically 28 s in duration. The patch
comtained a minimum of 12 Ca**-activated K* channels. The bathing
solution contained (in mM) 130 K, 1.1 Mg*, 10 HEPES, 2 EGTA,
0.755 Ca?*, 126.7 C1~ (pH 7.2). The patch pipelte contained (in mM)
110 Na-, 3 K*, | Mg*, 10 HEPES, 5 EGTA, and 97.5 CI" (pH 7.4).
(c) Myristic acid (20 uM ). The voliage sensitivity is respectively 13.3
mV and 11.4 mV per e~fold change in NP, in the presence and absence
of 20 12M myristic acid, NP, was calculated from data segments 10 s
in durauon at each potential. The patch contained at least 14 Ca**-

activated K* channels. The pipetle contained (inmM) 110 Na*, 20K~,

114.5Cl", | Mg, 5 EGTA, 10 HEPES (pH 7.4). Myristic acid con-
taining solution was bathing solution with 20 uM myristic acid added.
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membrane stretch in other preparations [17-23), activa-
tion in these preparations appeared to be indirect, i.e.
secondary to an influx of Ca*" through other stretch-
activated channels or to possible release of Ca** from
intracellular stores. Qur studies suggest that this does
not appear to be the case for the channel in pulmonary
artery.

Direct fatty acid activation of Ca*-activated K~
channels has been reported for channels of this type in
two other types of vascular smooth muscle cells of
mammalian origin [24-26] suggesting that this pheno-
menon might be quite widespread among vascular
smooth muscles. However, in the case of at least one of
these, cultured human aorta, the time course of onset
and recovery from the effects of faity acids seems to be
prolonged compared to the results from the smooth
muscle cells studied here [24,25]. In toad stomach
smooth muscle cells, fatty acids activate another differ-
ent type of K* channel (smaller conductance and rela-
tively insensitive to membrane potential) {7].

That this large-conductance K* channel could be ac-
tivated by four different types of stimuli is a new find-
ing. It remains to be determined whether these stimuli
indeed act independently of one another on different
parts of the channel molecule. It is possible that some
interaction between these stimuli might occur. For ex-
ampie, membrane stretch could affect channel activity
by activating a membrane bound phospholipase, produ-
cing free fatty acids, which could, in turn, activate the
channel.

4.1. Role in vascular smooth muscle function

Activation of these large conductance K* channels
under physiological conditions will produce outward,
hyperpolarizing, currents in the smooth muscle cells,
which would tend to inhibit contraction involving
voltage sensitive mechanisms. When the membrane
potential is at normal resting levels and the intracellular
Ca*" concentration low, as in a relaxed cell, we would
not expect to see significant stretch or fatty acid activa-
tion of these channels. We would, however, expect to see
activation in cells which exhibited some degree of con-
traction. A somewhat paradoxical role for stretch which
depends on the contractile state of the cell is suggested.
Stretch can induce contraction in relaxed cells (perhaps
via cationic stretch-activated channels); however, when
a cell is already somewhat contracted further excitation
due to stretch may be countered by the stretch-activa-
tion of these large conductance K* channels. Thus,
these channels may have a protective role in limiting
additional myogenic activation when a high degree of
basal tone is present, thereby assuring that arteries re-
main patent.

The vasoactive effects of arachidonic acid appear to
be complex, and can depend on a variety of factors
including the particular preparation, the presence or
absence of an intact endothelium, and level of basal
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tone [8,27]. In several arterial preparations, in the pres-
ence and absence of endothelium, with some adrenergi-
cally induced basal tone, arachidonic acid application
induced relaxation [27]. Such relaxation may, at least in
part, be due to a direct effect of the fatty acid on large
conductance K* channels. (This of course does not
preclude further vasoactive effects of arachidonic acid
metabolites.) In addition, fatty acid activation of this
class of channels may have relevance in conditions such
as ischemia where circulating levels of fatty acids are
elevated [28,29].
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