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—— Abstract

It has been proposed that Ca’ " -activated K* channels play an essential role in rnamta.lmng vascular tone during stretch
of blood vessel. However, the underlying mechanism of stretch-induced change of Ca’ " -activated K" channel activities
are still unknown. The present experiment was designed to investigate the effect of membrane stretch on these channels
whose activity was measured from ra.bblt coronary smooth muscle cells using a patch clamp technique. Ca’"-activated K"
channel were identified by their Ca”" and voltage dependencies and its Jarge conductances as in other preparations. Perfusion
of cells with a hypotonic solution, which mimics stretching the cell membrane by making a cell swelling, produced an
increase in channel activity in cell-attached patch mode. The similar increase was observed when negative pressure was
applied into the patch pipette for stretching the cell membrane within a patch area. In inside-out patch, stretch still increased
channel activity even under the conditions which exclude the possible involvement of secondary messengers, or of
transmembrane Ca’’ influx via stretch-activated cation channels. Pretreatment of arachidonic acid or albumin showed no
effect on stretch-induced channel activation, excluding the possibility of fatty acids mediated channel actlvanon during

membrane stretch. These results indicate that the stretch may directly increase the activity of Ca’ " -activated K™ channels

in our experimental condition.
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INTRODUCTION

Myogenic tone of blood vessel helps to maintain
the appropriate amount of blood flow to penpheral
organs regardless of their perfusion pressure. “ It is
neither related to its supplying nerve nor endogenous
hormones. But it disappears when omitting external
Ca’”" or adding Ca’" channel blockers in the per-
fusate.” This means Ca’" influx into the vascular
smooth muscle cells should play an 1mportant role in
preserving vascular myogenic tone.’ $ [Ca®"]; is de-
pendent up0n the membrane potential of the srnooth
muscle cell.*” Membrane depolarization enhances Cca®"
influx which increases the vascular tone. And mem-
brane hyperpolarization decreases Ca’" influx which
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induces relaxation of smooth muscle cells.* This may
indicate that the factors affecting the membrane
potential can contribute to the regulation of vascular
myogenic tone.” Experimentally, stretching the vas-
cular smooth muscle induces depolarization by in-
creasing the transmembrane cationic fluxes into the
smooth muscle cells, and the degree of depolarization
is dependent on the magnitude of the stretch.*'*"

However, this stretch-induced cationic fluxes may
cause uncontrolled depolarization and contracture of
smooth muscle cells if the depolarization is not
opposed by certain protective mechanism.

Ca’ " -activated K channel (maxi K* channel) in
the vascular smooth muscle cells has large unitary
conductance (>200 pS) and its density is high (>
15,000/cell). It affects not only the membrane poten-
tial of the smooth muscle cells, but also [Ca’"; per
se."*"" This channel is considered as an ideal candi-
date for a negative feedback against graded depolari-
zation and vascular contracture during membrane
stretch, because it is activated by membrane depo-
larization and cytoplasmic Ca*". If stretching of the
membrane activates the maxi K~ channel, it can
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prevent excessive [Ca®"] influx into the smooth
muscle cells by hyperpolarization of membrane po-
tential and keep the vascular tone in the optimal
range in the presence of continuous membrane
stretch.'>'®" However, the mechanism of activation
of maxi K* channel by stretch has been unclear yet,”

whether it is by the direct effect of stretch to the

channel or via the secondary messenger system
activated by stretch.” ™

In this paper we has observed an activation of maxi
K" channel by membrane stretch which was observed
under given conditions of steady state of [Ca’" ] and
membrane potential, and in the presence of arachi-
donic acids or albumin. Thus, membrane stretch per
se may directly activate maxi K* channels in rabbit
coronary smooth muscle cells.

MATERIALS AND METHODS
Preparation of single cell

After anesthetizing a rabbit with pentobarbital
sodium (60 mg/Kg), the heart was extracted and the
coronary arteries were roughly dissected with their
surrounding tissues. In the preparation chamber,
meticulous dissection” of the coronary arteries from
neighboring tissues were done with ophthalmologic
scissor and forceps. The coronary artery was exposed
longitudinally and bathed in Ca’ " /Mg’" free Tyrode
solution for 5 minutes. Additional 60 minutes
incubation was done in temperature controlled (37°C)
water bath after changing with solution containing
0.1% collagenase. After this incubation, the coronary
strips was transferred to Ca’ /Mg’ ' free Tyrode
solution, and agitated with fine glass rod. Single
coronary smooth muscle cells were stocked in Tyrode
solution at 4°C until the experiment.

Measurement of channel currents

Small amount of cell suspension was dropped into
the experimental chamber, and waited for 5 to 10
minutes to settle down the cells to the bottom. The
experiment was taken under the room temperature,
and the bath solution was perfused with' gravity at
a rate of 1 ml/min. Patch clamping was done accord-
ing to the method developed by Hamil et al. in either
cell-attached or excised inside-out patch mode.**

The activity of Maxi K* channels was measured
from cell-attached and inside-out patch modes using
standard patch clamping techniques. Changes of
membrane potentials were performed with com-
mercial amplifier (Axopatch 1-C, Axon Instrument
Inc., Foster city, CA, USA), and resulting membrane
currents were digitized at a rate of 5 KHz with AD
converter (Digidata 1200, Axon Instrument Inc.,
Foster city, CA, USA). The changes of channel
activity were analyzed with pClamp 6.0 (Axon
Instrument Inc., CA, USA) and expressed as average
number of open channels (NP,) instead of open
probability (P,), because every patch had multiple
channels.

Experimental solutions

Tyrode solution for cell preparation contains (mM);
NaCl, 140; KCl, 5.4; CaCl, 1.8; MgCl,, 1.0; HEPES,
10; Glucose 5.5; pH=7.4 adjusted with Tris. Elec-
trode solution contains in mM; KCl, 140; MgCl, 1;
Glucose, 10; HEPES, 10; pH=7.4 adjusted with Tris.
Perfusion solution for inside-out patch contains (mM);
KCl, 140; HEPES, 10; Glucose, 10; EGTA, 5 and
appropriate amount of CaCl, was added by Fabiato
and Fabiato's formula.”’ Isotonic Tyrode solution
contains (mM); NaCl, 70; KCl, 5.4; CaCl,, 1.8; MgCl,,
1.0; HEPES, 10; Glucose 5.5; 140 mM Sucrose;
pH=7.4 adjusted with Tris. Hypotonic Tyrode
solution was made by omitting sucrose from isotonic
Tyrode solution. Identically Ca’" free solution was
made by removing CaCl, and adding SmM EGTA
from original composition. Arachidonic acid was
dissolved in dimethylsulfoxide (DMSO), and diluted
into the perfusate. All chemicals used in our
experiment were purchased from Sigma Co.

RESULTS

Effect of membrane stretch on maxi K channel
activity in cell-attached patch

We measured the maxi K™ channel activity of the
coronary arterial smooth muscle cells in cell attached
patch mode under perfusing isotonic and hypotonic
Tyrode solution. As shown in Fig. 1-A, perfusing the
smooth muscle cells with hypotonic Tyrode solution
caused the marked increase of maxi K* channel
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activity compared to the control, an isotonic Tyrode
solution. And it returned to control level when the
perfusing solution was changed from hypotonic to
isotonic Tyrode solution (Fig. 1A).

We also tested the effect of local stretch on the
activity of maxi K channels by applying negative
pressure within the patch pipette in cell attached
patch. When we applied a negative pressure of 40 cm
H,O within the pipette, maxi K" channel activity
was markedly increased compared to the control. The
percent increase in NP, was 214.8 =59.0% of control
(n=5), and after releasing negative pressure the
activity of maxi K™ channels decreased to control
level (Fig. 1B).

Candidates for stretch induced activation of maxi K"
channel

The activity of maxi K~ channel was subjected to

Hypotonic solution

many factors, such as intracellular Ca“, membrane
potential, and intracellular metabolites. Stretch-
induced change of intracellular Ca’" concentration or
cellular metabolite may contribute to the change of
maxi K channel activity during membrane stretch.
To rule out these possibilities, we made a cell-free,
inside-out patch to change the intracellular consti-
tuents on purpose, and measured the effect of
negative pressure within patch pipette on maxi K~
channel activity.

In inside-out patch perfused with pCa 7 solution
(no GTP, no nucleotide and no ATP in perfusing
solution), negative pressure within the pipette could
still increase the activity of K* channel as those in
cell attached patch. Also the activity of maxi K™
channel was increased along with the magnitude of
negative pressure within the patch pipette (Fig. 2).
However, beyond 50 cm H;O, huge leakage currents
were developed, and the seal resistance was decreased

40cmH,0
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Fig. 1. Activation of the maxi K~ channel by perfusion of hypotonic solution. A) Effect of hypotonic bath
solution on the K™ channel activity was measured in cell-attached patch configuration, and the pipette potential
was held at O mV. Hypotonic Tyrode solution was perfused as indicated by bar in the figure. Lower panel
shows experimental traces (a: control, b: hypotonic solution) with expanded time scale. Horizontal dashed bar
represent open channel amplitude. B) The K™ channel activity was recorded in cell-attached mode and the
path membrane potential was dampad to 0 mV. App{zmﬂm of negative pressure (—40 om H,0) causes
@ reversible increase of the K™ channel activity. 0 Ca° ~ Tyrode solution was used as a bath solusion and
@ high K™ solution (mM) (140 KCl, 1 CaCl, 1 MgCl, 10 HEPES, 10 Gluwse, pH 7.4) was used
as a pipette solution. Lower panel shows experimental traces (a: control, b: negative pressure within pipette)
with expanded time scale. Horizontal dashed bar represent open channel amplitude.
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Fig. 2. Pressure dependent increase of maxi K~ channel activity in rabbit coronary smooth muscle cell. After
making an inside-out patch, the membrane potential was clamped at +20 mV. Magnitude of negative pressure
within the pipette was increased stepwise from 0 to —70 cm H20 and the resulting K channel activity
change was recorded. A High K™ solution and a pCa 7 solution were used as a pipette solution and a
bath solution (see material and method for details). Summarized result of negative pressure effect on maxi
K7 channel activity. The numbers of patch examined expressed within the figure. The change of activity
was expressed as percentile of comtrol maxi K™ channel activity.

to less than 10 giga ohm as well. Therefore, we used
40 c¢cm H,O of negative pressure during the ex-
periment for elucidating the mechanism of stretch-
induced activation of maxi K* channel.

During membrane stretch there might be a
movement of Ca’® from pipette solution to bath
solution through stretch-activated non-selective cation
channels. This Ca’” influx may increase the local
[Ca2+]i underneath the patch membrane and increase
maxi K* channel activity. To rule out this possibility.
we changed the pipette and bath solution to an
identically Ca’" free solution (<pCa 9), and ex-
amined the effect of negativé pressure on maxi K~
channel activity. As seen in Fig. 3A, application of
negativé pressure could still increase the maxi K"
channel activity in the identically Ca’ " -free solution
where percent change of NP, was set to 195.01+49.8
of control (n=3). ‘

Besides an activation of non-selective cation cha-
nnels, membrane stretch can activate membrane

bound phospholipase activity and increase local
concentration of free fatty acids, especially arachidonic
acids.””> These free fatty acids were reported to
increase the activity of many type of K* channels,
including maxi K" channels.”®*’ These reports sug-
gest that stretch-induced activation of maxi K™
channel might be due to the stretch-induced increase
of free fatty acids concentrations. To test this possi-
bility, we exposed the cytosolic surface of inside-out
patches to arachidonic acid (4 uM) to activate the
maxi K* channel and then determining whether the
maxi K* channel activity increased in response to
negative pressure in the presence of arachidonic acid.
After making an inside out patch, arachidonic acid (4
¢#M) was applied to the bath. Within a few seconds
K" channel activity increased and reached to a steady
state. When channel activity reached to a steady
state, a negative pressute was again applied to the
pipette, which produced a further increase in channel
activity of the same type of channels (% change of
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Fig. 3. Effect of various conditions on the negative pressure-induced
activation of maxi K~ channel. A) Maxi K * channel activity was
recorded wsing identically Ca free bath and pipette solutions.
Application of negative pressure (—40 om Hy0) 1to the patch
membrane causes @ reversible increase of K" channel activity.
Membrane potential was clamped at +40 mV in inside out
configuration. B) After making an 1-O patch, patch membrane
potential was held at +40 mV. Application of arachidonic acid (4
#M) to the bath solution causes a increase of K " channel activity
and negative pressure (—40 cm H20) within the pipette further
increase the K channel activity in spite of the presence of arachidonic
acid. A high K™ solution and a pCa 7 solution were used as a
pipette solution and a bath solution. C) Effect of negative pressure
(—40 cm H20) on K™ channel activity was recorded in the presence
of Albumin (10 uM). Application of negative pressure cause
marked increase of K™ channel activity. The membrane potential was
beld at +40 mV. A High K * solution and a pCa 7 solution were
used as a pipette solution and a bath solution.
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NP,=398.8+80.3, n=3). After returning to an
atmospheric pressure, the channel activity returned to
the same level observed just before application of
negative pressure (Fig. 3B). Futhermore, the negative
pressure within the pipette could still increase the
activity of maxi K" channel even in the presence of
defatted albumin (10 M), which was reported to
bind with circulating free fatty acid and lower its
blood level.”® (Fig. 3C, % change of NP,=219.8+
13.5, n=7).

DISCUSSION

+ « . .
The K~ channel activity recorded in our exper-
iment was strongly dependent on membrane depolari-
. . 2+ .
zation and intracellular Ca”" concentration. These
. . . .t 15,29-32
findings are compatible with the maxi K™ channel. >3
. =+ . . . .
Maxi K~ channel is distributed over various vascular
smooth muscle cell membrane in high density and
these channels affect the level of membrane potential
. 13,17 .. . ot
and vascular contractility. Activity of maxi K
channel is regulated by various modulators such as
. . 2+ o« o
membrane potential, intracellular Ca®", lipid, and
. 33 .
nucleotide.” The stretch of membrane is also con-
. 20,22,34
sidered to be one of the modulators. However,
it is still uncertain whether the stretch of the
membrane can directly increase the activity of maxi
+
K" channels.
When renal proximal tubular cells were exposed to
. o .« . +
hypotonic solution, the activity of maxi K~ channel
was increased which was dependent on the con-
. 2+ . . . 21,3536
centration of Ca” in the hypotonic solution, as
it was in our experimental result in Fig 1A.
Stretching the membrane by exposing the cell with
. . 2+ .
hypotonic solution may allow Ca”" influx through a
stretch-induced leak or stretch-activated non-selective
cation channel. This would elevate intracellular con-
. 2+ . . .
centration of Ca”  and cause the activation of maxi
- 2 . A
K" channel.” However, the activity of maxi K
channel in rabbit coronary smooth muscle cells,

unlike renal proximal tubular cells, increased in

identically Ca’ " -free solution (Fig. 3A) which eli-
minates the possibility of Ca*" influx during mem-

‘brane stretch. It suggests that in rabbit coronary

. 2+ . .
smooth muscle cells, increased Ca”" influx is not a

.« . . . . . -+
prerequisite for stretch-induced activation of maxi K

channels.
In our experiment, there was 10—30 seconds of lag
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phase before channel activation after an exposure to
hypotonic solution or application of negative pressure
to the pipette, and slow recovery of channel activity
was observed after removing the stimuli (see Fig. 1
and 3). These slow onset of stretch effect. may suggest
involvement of intracellular metabolites or signal
transduction system to the activation of maxi K"
channel. In cell-free, excised inside-out patch perfused
with pCa 7 solution which has no substrates for signal
transduction system, application of negative pressure
to the pipette still increased maxi K" channel activity
reversibly (Fig. 2). This means that the stretch may
increase the activity of maxi K™ channel of coronary
smooth muscle cells directly rather than by the effect
of intracellular metabolites.””*

Free fatty acid, such as arachidonic acid can
increase the activity of various types of K' cha-
nnels.”** In toad gastric smooth muscle cells, a K™
channel activated by fatty acids was also sensitive to
membrane stretch.”’ Ordway et al. suggest that the
membrane stretch increases fatty acid level by
activating the membrane bound phospholipase in
pulmonary smooth muscle cells, and these fatty acids
mediate the stretch induced increase of maxi K
channel activity.”> To test this possibility, we pre-
treated sufficient amount of arachidonic acid in bath
solution and investigated the effect -of stretch on maxi
K" channel activity.26 As shown in Fig. 3B, pre-
treatment of arachidonic acid could not prevent the
stretch-induced increase of maxi K~ channel. Also
the pretreatment of albumin, which bounds with free
fatty acid and decreases the concentration of fatty
acids” had no effect on stretch induced increase of
maxi K* channel activity (Fig. 3C). Therefore, it is
unlikely that fatty acids act as second messengers in
stretch-induced increase of maxi K channel activity
in rabbit coronary smooth muscle cells.

In summary, both hypotonic stimulation and
stretch increased the activity of maxi K* channel of
coronary vascular smooth muscle cells regardless of
the presence of Ca’". These same phenomena were
also observed in cell attached and cell free excised
inside-out patch without the involvement of any
intracellular metabolites, such as GTP, ATP, divalent
cation, arachidonic acid. The stretch can thus directly
increase the maxi K channel activity "in rabbit
coronary smooth muscle cells.
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