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Jackson, William F., and Kevin L. Blair. Characteriza-
tion and function of Ca21-activated K1 channels in arteriolar
muscle cells. Am. J. Physiol. 274 (Heart Circ. Physiol. 43):
H27–H34, 1998.—We examined the functional role of large-
conductance Ca21-activated K1 (KCa) channels in the hamster
cremasteric microcirculation by intravital videomicroscopy
and characterized the single-channel properties of these
channels in inside-out patches of membrane from enzymati-
cally isolated cremasteric arteriolar muscle cells. In second-
order (39 6 1 µm, n 5 8) and third-order (19 6 2 µm, n 5 8)
cremasteric arterioles with substantial resting tone, superfu-
sion with the KCa channel antagonists tetraethylammonium
(TEA, 1 mM) or iberiotoxin (IBTX, 100 nM) had no significant
effect on resting diameters (P . 0.05). However, TEA potenti-
ated O2-induced arteriolar constriction in vivo, and IBTX
enhanced norepinephrine-induced contraction of cremasteric
arteriolar muscle cells in vitro. Patch-clamp studies revealed
unitary K1-selective and IBTX-sensitive currents with a
single-channel conductance of 240 6 2 pS between 260 and
60 mV (n 5 7 patches) in a symmetrical 140 mM K1 gradient.
The free Ca21 concentration ([Ca21]) for half-maximal chan-
nel activation was 44 6 3, 20 6 1, 6 6 0.4, and 3 6 0.5 µM at
membrane potentials of 260, 230, 130, and 160 mV, respec-
tively (n 5 5), with a Hill coefficient of 1.9 6 0.2. Channel
activity increased e-fold for a 16 6 1 mV (n 5 6) depolariza-
tion. The plot of log[Ca21] vs. voltage for half-maximal
activation (V‰) was linear (r2 5 0.9843, n 5 6); the change in
V‰ for a 10-fold change in [Ca21] was 84 6 5 mV, and the
[Ca21] for half-maximal activation at 0 mV (Ca0; the Ca21 set
point) was 9 µM. Thus, in vivo, KCa channels are silent in
cremasteric arterioles at rest but can be recruited during
vasoconstriction. We propose that the high Ca0 is responsible
for the apparent lack of activity of these channels in resting
cremasteric arterioles, and we suggest that this may result
from expression of unique KCa channels in the microcircula-
tion.

microcirculation; vasoconstriction; iberiotoxin; tetraethylam-
monium; skeletal muscle; vascular smooth muscle; calcium
ions; oxygen; patch clamp; norepinephrine; hamster; cremas-
ter muscle

CALCIUM-ACTIVATED potassium (KCa) channels are one of
the dominant ion channels found in the plasma mem-
brane of vascular smooth muscle (25). These K1 chan-
nels are activated both by elevated concentrations of
intracellular Ca21 ([Ca21]i) and by membrane depolar-
ization (25). Recent studies have provided evidence
that large-conductance KCa channels regulate mem-
brane potential and resting diameter of small arteries
that develop myogenic tone (4, 22–25). Furthermore,
recent studies by Nelson and colleagues have suggested
that Ca21 sparks, representing focal, subsarcolemmal
Ca21 transients with peak amplitudes of ,300 nM, are
sufficient to activate KCa channels at physiological

membrane potentials in muscle cells isolated from
small cerebral arteries (23). The Ca21 sensitivity of KCa
channels implied from this study, suggesting activation
of the channels when [Ca21]i 5 100–300 nM, is consis-
tent with the Ca21 sensitivity for KCa channels in
mesenteric arteries reported by Benham et al. (3).
However, other studies have found that KCa channels
require micromolar concentrations of Ca21 to be active
at physiological membrane potentials (29; see also 6).
Thus there may be regional or species-dependent differ-
ences in the properties of KCa channels that may affect
their contribution to the regulation of vascular function
in different vascular beds. Furthermore, the single-
channel properties and functional role played by KCa
channels in muscle cells in the walls of arterioles in the
microcirculation are not known. Therefore, we exam-
ined the contribution of KCa channels to the regulation
of resting vascular tone of arterioles in hamster cremas-
teric muscles in vivo and then characterized the single-
channel properties of KCa channels in inside-out patches
of membrane from vascular smooth muscle cells iso-
lated from the same arterioles. Our studies indicate
that KCa channels do not appear to regulate the resting
diameter of cremasteric arterioles in vivo, although
they may limit vasoconstriction. This functional profile
may reflect a relatively high Ca21 set point displayed by
KCa channels in the microcirculation, suggesting that a
distinct KCa channel subtype may be expressed in
cremasteric arteriolar muscle cells.

METHODS

Preparation of cremaster muscles for intravital microscopy.
All experiments involving animal use were approved by the
Western Michigan University Institutional Animal Care and
Use Committee and conform with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and
the Animal Welfare Act. Male golden Syrian hamsters (100–
170 g) were anesthetized with pentobarbital sodium (75
mg/kg ip). Cremaster muscles (2) were prepared for intravital
video microscopy by standard methods as described previ-
ously (10–12). The muscles were exteriorized and pinned out
over a Sylgard pedestal and superfused at 5–10 ml/min with
a warm, pH 7.4, bicarbonate-buffered physiological salt solu-
tion [PSS; composition (in mM): 132 NaCl, 4.7 KCl, 2 CaCl2,
1.2 MgSO4, 0.03 EDTA, and 20 NaHCO3] that was equili-
brated with a gas mixture containing 5% CO2-95% N2. The
superfusion system allowed the superfusate to be rapidly
changed without affecting pH, gas composition, or tempera-
ture (34°C) of the superfusion solution. Preparations were
viewed with a Leitz Laborlux 12 FS microscope equipped with
a 253 long-working distance objective (Zeiss UD 40, NA 0.65).
The microscope was coupled to a Sony color video camera, and
arterioles in the preparation were observed at a final magnifi-
cation of 3800 measured at the face of a Sony color video
monitor. Continuous records of arteriolar internal diameters
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were measured with a video caliper system that was accurate
to 61 µm (15).

Protocol for in vivo experiments. Only the central regions of
preparations were observed in order to obviate cut-edge
effects (27). Arterioles were selected for observation on the
basis of their visibility and the presence of resting tone, and
only one arteriole was studied per animal. Resting tone was
evaluated by observing the dilation of vessels to topical
application of 3–10 µl of 1 mM acetyl-b-methylcholine chlo-
ride (methacholine). All vessels reported in this study were
either on the surface of the muscle or only one skeletal muscle
cell layer below the surface of the cremaster. In a typical
experiment, arteriolar diameter was measured and the re-
sponse to methacholine was determined in normal PSS. After
recovery from the methacholine, the superfusate was rapidly
switched to one containing either iberiotoxin (100 nM) or
tetraethylammonium chloride (TEA; 1 mM), which have been
shown to selectively inhibit KCa channels in other vascular
muscle cells (25). The diameter of the arteriole was then
measured continuously for up to 30 min after exposure to a
blocker.

In some experiments, oxygen-induced arteriolar constric-
tion was assessed before and during exposure to 1 mM TEA
by equilibrating the superfusate with 21% O2-5% CO2-74% N2
as described previously (10–12).

Preparation of single arteriolar muscle cells. Single arterio-
lar muscle cells were enzymatically isolated from second- or
third-order cremasteric arterioles as described previously
(14) with only minor modifications. Hamsters were eutha-
nized with pentobarbital sodium (.150 mg/kg), and cremas-
ter muscles were removed and placed in 3-(N-morpholino)pro-
panesulfonic acid (MOPS)-buffered PSS (4°C) containing 100
µM Ca21, 10 µM sodium nitroprusside, and 1 mg/ml bovine
serum albumin (BSA, see Solutions). Single microvessels
were then hand-dissected from these tissues and transferred
to 1–2 ml of dissociation solution (see Solutions) containing
10 µM sodium nitroprusside for 10 min at room temperature.
This solution was then replaced by 1 ml of fresh room
temperature solution containing 1.5 mg/ml papain and 1
mg/ml dithioerythritol. The solution was warmed to 37°C and
incubated for 35 min with occasional agitation. The papain-
containing solution was then replaced with 1 ml of 37°C
solution containing 1.5 mg/ml collagenase, 1 mg/ml elastase,
and 1 mg/ml soybean trypsin inhibitor. This solution was
incubated at 37°C for 12–15 min, after which time the
enzyme-containing solution was replaced by 2 ml of room
temperature dissociation solution. The vessel fragments were
allowed to settle to the bottom of the tube, and most of this
wash solution was removed. For single-channel studies, 1–3
ml of room temperature Kraftbrühe (KB) solution (17) was
then rapidly added to the tube to dissociate the vessel. If
further dissociation was required, the solution in the tube
was gently triturated using a 1-ml Eppendorf-style pipette.
The cell-containing solution was then placed in six 35-mm
plastic culture dishes along with sufficient additional KB
solution to make 2 ml and was stored at 4°C for up to 4 h. For
contraction studies, cells were isolated as described previ-
ously (14).

Single-channel studies. Culture dishes containing arterio-
lar muscle cells were placed on the stage of a Leitz DMIL
inverted microscope equipped with contrast enhancement
optics and allowed to warm to room temperature for 10 min.
They were then superfused with 20–30 ml of 100 µM Ca21

MOPS-buffered PSS, followed by 10–20 ml of 2 mM Ca21

MOPS-buffered PSS. The cells were then allowed to settle
and attach to the bottom of the dishes for 10–20 min.
Solutions were delivered by gravity at 1–1.5 ml/min and

siphoned through a U-shaped capillary tube positioned to
maintain bath volume between 1.5 and 2 ml.

Single-channel experiments were carried out in the inside-
out configuration (8). Pipettes were pulled from borosilicate
glass tubes (no. 6175, A-M Systems, Everett, WA) and fire
polished and showed tip resistances of 4–7 MV when filled
with pipette solution (see Solutions). Seals of 5–20 GV were
established by application of light suction (8), and inside-out
patches were formed by rapidly withdrawing the pipette from
the cell.

All experiments were conducted at room temperature
(20°C). Currents were acquired using an Axopatch 200A
amplifier controlled by a Digidata 1200 data-acquisition
system that was interfaced to a 80486 DX-2 66 personal
computer running pCLAMP version 6 software (all from Axon
Instruments, Foster City, CA). Currents were filtered at 1
kHz with the Axopatch 200 internal four-pole bessel low-pass
filter and digitized at 5 kHz. Single-channel records were
collected for 15–60 s or until 1,500–2,000 events were
recorded per channel in the patch. At Ca21 concentrations #3
µM, currents were recorded for 5 min. Only data from patches
with three or fewer channels were analyzed and reported.

Single-cell contraction studies. Contraction of single cells
was assessed as described previously (14). Cells were placed
in a 1-ml chamber mounted on the stage of an inverted
microscope and allowed to settle, and the chamber was
perfused with bath solution (see Solutions). After a 10-min
equilibration period, a superfusion pipette (10- to 50-µm tip
ID) filled with a norepinephrine-containing solution (1 µM)
was positioned adjacent to a cell with a micromanipulator,
and fluid was ejected from the pipette onto the cells by
pressurizing the back of the pipette with a water manometer.
The response of the cell was then monitored through the
eyepiece of the microscope at 3100 magnification (310, NA
0.2 objective). A positive response was defined as a .30%
shortening of a cell within 15 s of continuous exposure to
norepinephrine as described previously (14). At least 30 cells
from several different fields were tested in each aliquot, and
the final response was calculated as the percentage of cells
responding (14). Three such trials were performed for each
isolate of cells: two controls in normal bath solution and one
in the presence of 100 nM iberiotoxin. The order of treatment
was randomized and the results from the two control trials
were pooled for final display of the data.

Solutions. MOPS-buffered PSS contained (in mM) 148
NaCl, 4.7 KCl, 1.2 MgSO4, 0.1 or 2 CaCl2, 0.03 EDTA, 2
MOPS, 5 glucose, and 2 Na pyruvate (pH 5 7.4 with
NaOH/HCl) at room temperature. Dissociation solution con-
tained (in mM) 137 NaCl, 5.6 KCl, 1 MgCl2, 0.42 Na2HPO4,
0.44 NaH2PO4, 10 N-2-hydroxyethylpiperazine-N8-2-ethane-
sulfonic acid (HEPES), 4.17 NaHCO3, and 0.1 CaCl2 (pH 7.4).
KB solution contained (in mM) 85 KCl, 30 KH2PO4, 5 MgSO4,
2 Na2ATP, 0.2 ethylene glycol-bis(b-aminoethyl ether)-
N,N,N8,N8-tetraacetic acid (EGTA), 5 Na pyruvate, 5 succi-
nate, 5 creatine, 20 glucose, and 20 taurine (pH 5 7.2) and 10
mg/ml BSA. Bath solution for inside-out patch-clamp studies
contained (in mM) 140 KCl, 1 MgSO4, 0.03 Na2EDTA, 10
NaMOPS, 1 EGTA, 1 N-hydroxyethylethylenediaminetriacetic
acid, and 1 nitrilotriacetic acid (pH 5 7.2 with NaOH). In
some experiments 135 mM KCl in this solution was replaced
by 135 mM NaCl. CaCl2 was then added from a 1 M stock to
yield the appropriate free Ca21 concentrations. This was
monitored with a Ca21-selective macroelectrode (Orion 93200
electrode, Fisher Acumet pH meter) that was calibrated
between 10 nM and 1 mM with solutions of known free Ca21

concentrations (32). All Ca21 concentrations reported in the
text refer to the concentration of free Ca21. The pipette
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solution for inside-out patch-clamp studies contained (in mM)
100 K gluconate, 40 KCl, 1 MgCl2, 2 MOPS, 1 EGTA, and 0.1
CaCl2 (pH 5 7.2 with NaOH). Bath solution for single-cell
contraction studies consisted of (in mM) 135 NaCl, 4 KCl, 1
MgCl2, 2 CaCl2, 10 HEPES, and 10 glucose (pH 5 7.4 with
NaOH).

Drugs and chemicals. Iberiotoxin was purchased from
Research Biochemicals and BSA from U.S. Biochemicals. All
other compounds were purchased from Sigma. Iberiotoxin
was dissolved in water to yield a concentration of 100 µM.
Aliquots of this solution were then stored at 220°C until
used. On the day of an experiment an appropriate amount of
this solution was thawed and diluted in the appropriate PSS
or pipette solution to yield a final concentration of 100 nM.
Solutions of TEA (1 M) were stored frozen and then diluted in
the appropriate solution on the day of an experiment. All
other solutions were made fresh each day.

Data analysis and statistics. Data are presented as means 6
SE or means 6 95% confidence intervals. Curve fitting was
performed with SigmaPlot for Windows (Jandel Scientific,
San Rafael, CA). All statistical comparisons were performed
at the 95% confidence level.

RESULTS

Effects of KCa channel blockers on resting tone of
cremasteric arterioles in vivo. Arterioles in the present
study had substantial resting tone (Fig. 1). Topical
application of methacholine (3–10 µl of 1 mM solution)
caused second-order arterioles to dilate 106 6 12%
from a resting diameter of 39 6 1 µm (n 5 8) and
third-order arterioles to increase their diameters by
107 6 21% from a resting diameter of 19 6 2 µm (n 5 8)
(Fig. 1).

Superfusion of cremaster muscles with TEA (1 mM)
had no effect on arteriolar diameters in the steady state
(Fig. 1). Resting diameters of second-order arterioles
were 39 6 1 µm before exposure to TEA and were 40 6 2
µm after 6 min of superfusion with this blocker (n 5 5,
P , 0.05) and remained at this level for at least 30 min
after exposure to TEA. In third-order arterioles TEA (1
mM) elicited a brief transient constriction in three of

the five arterioles studied, such that the mean diameter
decreased from 17 6 2 to 13 6 2 µm (n 5 5, P , 0.05)
immediately after exposure to TEA. However, within 2
min, diameters returned to control diameters (17 6 2
µm, P . 0.05) and stayed at this level for at least 30 min
of exposure to this quaternary ammonium KCa channel
blocker.

Superfusion of cremaster muscles with iberiotoxin
(100 nM) also had no effect on diameters of either class
of arterioles (Fig. 1). Second-order vessels had diam-
eters of 38 6 0.3 µm before exposure to this peptide KCa
channel blocker and remained at this diameter (38 6
1.5 µm) during a 30-min exposure to iberiotoxin (n 5 3,
P . 0.05). Similarly, third-order arterioles had diam-
eters of 24 6 3 µm before exposure to this peptide and
remained at this diameter (24 6 3 µm) during 30 min of
superfusion with the blocker (n 5 3, P . 0.05).

Effects of KCa channel blockers on arteriolar muscle
cell contraction. To test whether KCa channels might be
involved in the negative feedback regulation of arterio-
lar muscle cell tone in the presence of a vasoconstrictor,
we assessed the effects of 1 mM TEA on oxygen-induced
constriction of arterioles in vivo. We found that TEA
significantly potentiated the effects of oxygen on these
microvessels (Fig. 2A). Because of the expense of using
iberiotoxin in vivo, we were precluded from assessing
its effects on oxygen reactivity. However, we did assess
the effects of this peptide KCa channel blocker on
norepinephrine-induced contraction of single arteriolar
muscle cells in vitro (Fig. 2B). As was observed for TEA
and oxygen in vivo, iberiotoxin significantly increased
the percentage of single arteriolar muscle cells that
contracted when exposed to 1 µM norepinephrine
(Fig. 2B).

Characterization of KCa channels in inside-out patches
of arteriolar muscle cell membrane. Large-conductance
unitary currents were observed in inside-out patches of
membrane from hamster cremasteric arteriolar muscle
cells that were both Ca21 and voltage dependent (see

Fig. 1. Lack of effect of tetraethylammonium (TEA) and
iberiotoxin (IBTX) on arteriolar diameter in vivo. A:
digitized diameter record for representative 3rd-order
arteriole with resting diameter of 18 µm, demonstrating
resting arteriolar tone. At the arrow, a 10-nmol bolus of
methacholine (MCH) was added to superfusate, causing
arteriole to dilate to 47 µm (161% increase in diameter).
The vessel then recovered to near its original diameter.
B and C: data are diameters (6SE) relative to resting
state; n 5 10 for TEA (A) and 6 for IBTX (B). Because
responses were similar, those for second- and third-
order vessels have been pooled together for display
purposes. Dilated, maximum diameter observed with
application of 3–10 nmol of MCH. *Significantly greater
than resting diameter (P , 0.05).
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Figs. 3 and 5). The channels underlying these events
appeared to be potassium selective (Fig. 3B) and had a
single-channel conductance, measured as the slope of
the current-voltage relationship between 260 and 160
mV in symmetrical 140 mM K1, of 240 6 2 pS (n 5 7
patches, Fig. 3B). These channels were observed in
essentially every patch excised from these cells with $2
channels present in every patch.

As a further test of the hypothesis that these large-
conductance channels represent KCa channels de-
scribed in the other system, we assessed the effects of
iberiotoxin, a selective antagonist for KCa channels (25),
on single-channel currents (Fig. 4). To accomplish this
we filled the tips of patch pipettes with iberiotoxin-free
solution and then back-filled the pipettes with solution
containing 100 nM iberiotoxin. This allowed us to
initially record channel activity that would then decay
with time as iberiotoxin diffused into the tip and
interacted with channels in the patch. Inclusion of 100
nM iberiotoxin in the pipette solution completely blocked
channel activity after 5 min of recording (Fig. 4).
Inhibition of channel activity was also observed when 1
mM TEA was placed in the pipette after a similar
protocol (data not shown). No significant run down in
channel activity was observed over this time period in

control experiments in which these blockers were not
added to the pipette solution: channel activity was 96 6
11% (n 5 6) of initial activity after 5 min in experiments
in which iberiotoxin was excluded from the pipette
solution (Fig. 4).

Ca21 and voltage sensitivity of arteriolar muscle KCa
channels. Figure 5 summarizes the effects of Ca21 and
voltage on the activity of KCa channels in inside-out
patches of arteriolar muscle membrane. At negative
membrane potentials that spanned the physiological
range (260 to 230 mV), no channel activity was
observed during 5-min recordings until the Ca21 concen-
tration bathing the cytosolic side of inside-out patches
was increased from 1 to $3 µM; at #1 µM, no events
were detected in 5-min recordings at 260 or 230 in five
separate patches. At membrane potentials of 260, 230,
130, and 160 mV, the Ca21 concentrations required for
50% activation (i.e., NPo/NPomax 5 0.5, where N is the
number of channels in the patch, Po is the individual
channel open probability, NPo is the channel activity,
and NPomax is the maximum NPo) were 44 6 3, 20 6 1,
6 6 0.4, and 3 6 0.5 µM, respectively. Hill coefficients
were not significantly different among the four mem-
brane potentials examined (P . 0.05) and averaged

Fig. 3. Voltage- and Ca21-sensitive K1 channels in cremasteric arteriolar muscle cell membranes. A: digitized
current traces of unitary currents from a single membrane patch studied at 2 different membrane potentials (Vm)
and 2 different Ca21 concentrations as indicated. Two channels were present in patch. Dashed lines represent state
of channels (C, closed; O1, 1 channel open; O2, 2 channels open). B: K1 selectivity of KCa channels. Data are mean
unitary current amplitudes 6 SE (n 5 4–7; SEs are smaller than symbols) for pipette/bath K1 gradients [pipette K1

(Ko) 5 140 mM; bath K1 (Ki) as indicated]. The calculated K1 equilibrium potentials for K1 gradients (Ko/Ki) were 0
mV for 140/140 mM K1, 3.6 mV for 140/133 mM K1, and 84 mV for 140/4.7 mM K1. The measured currents in these
gradients reversed near their theoretical values. Slope conductances under the 3 conditions were 240 6 2 pS
between 260 and 60 mV for the 140/140 mM K1 gradient, 202 6 2 pS between 260 and 60 mV for the 140/133 mM
K1 gradient, and 166 6 2 pS between 260 and 220 mV for the 140/4.7 mM K1 gradient.

Fig. 2. Ca21-activated K1 (KCa) channels limit vasocon-
striction in vivo and in vitro. Data are means 6 SE (n 5
5) for oxygen-induced constrictions of arterioles in super-
fused cremaster muscles in vivo (A) and for norepineph-
rine (NE)-induced contraction of single cremasteric
arteriolar muscle cells in vitro (B). A: resting diameters
were 19 6 1 and 19 6 2 µm for control and TEA-treated
vessels, respectively. B: cells were isolated from second-
and third-order arterioles with diameters ranging from
15 to 50 µm. *Significantly greater than control re-
sponse (P , 0.05).
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1.9 6 0.2 (n 5 4), suggesting parallel shifts of the Ca21

response curves induced by changes in voltage.
The data in Fig. 5A were fit to the Boltzmann

equation, NPo/NPomax 5 1/51 1 exp [(V‰ 2 Vm)/K]6,
where Vm is the membrane potential, V‰is the voltage
for half-maximal activation, and K is the logarithmic
voltage sensitivity (DV required for e-fold increase in
activity) (5); the resulting V‰values were then plotted
against log[Ca21] as suggested by Carl et al. (5) (Fig.
5B), where [Ca21] is free Ca21 concentration. The
voltage sensitivities estimated from the curve fits were
similar for all concentrations of Ca21 tested and indi-
cated that channel activity increased e-fold (,2.72
times) for a 16 6 1 mV (n 5 6) depolarization. As can be
seen in Fig. 5B, the semilog plot of Ca21 vs. V‰yielded a
linear relationship 5slope 5 284 6 5 mV/log[Ca21] (in
M), intercept 5 2423 6 26 mV, r2 5 0.9843, P , 0.056.
From the equation for the line fit through these data we
estimated that DV‰, the change in V‰ for a 10-fold
change in Ca21, was 84 6 5 mV and that the Ca21-axis
intercept [Ca0; the Ca21 set point (5)] was ,9 µM.

DISCUSSION

KCa channels have been proposed to play a substan-
tial role in the regulation of membrane potential and
hence tone of vascular smooth muscle cells in arteries
that display myogenic tone (4, 23, 25). Our studies

suggest that, under resting conditions, this may not be
the case in the microcirculation of skeletal muscle. We
found that two blockers of KCa channels, TEA and
iberiotoxin, at concentrations that inhibited the activ-
ity of these channels in patch-clamp experiments in
cells from cremasteric arterioles as well as other types
of vascular muscle (4, 23, 25), had either no effect
(iberiotoxin) or only a transient effect (TEA) on the
resting diameters of arterioles in cremaster muscles in
vivo. These data suggest that KCa channels are not very
active under native conditions in the cremasteric micro-
circulation, despite the fact that these arterioles dis-
play substantial resting tone. Similar results have been
reported in the cerebral (26) and cremasteric (18)
microcirculations of rats. These observations are in
direct contrast to findings in small, myogenically active
arteries studied in vitro, where inhibition of KCa chan-
nels by either TEA or iberiotoxin depolarized and
constricted these vessels (4, 23, 25). Our patch-clamp
studies provide an initial explanation for these observa-
tions. We propose that the KCa channels found in
cremasteric arteriolar muscle cells have a high Ca21 set
point under resting conditions such that they are not
active at normal resting membrane potentials.

In inside-out patches of cremasteric arteriolar muscle
membrane, we found that internal Ca21 concentrations
$3 µM were required to observe unitary KCa channel

Fig. 4. IBTX inhibits KCa channels in cremasteric arte-
riolar muscle cell membranes. A: schematic (top) of
experimental design (see text for more information) and
a digitized record from a typical experiment (bottom)
showing 4 consecutive 1-min sweeps from a patch with 3
channels (C 5 closed state) held at 130 mV are shown.
As IBTX diffused into tip of pipette, channel activity
decreased and was abolished by 4 min. B: mean data
from several patches. Channel activity (NPo, where N is
the number of channels in the patch and Po is the
individual channel open probability) is expressed rela-
tive to activity recorded during 1st minute after excision
of patch from membrane (initial). Inclusion of 100 nM
IBTX in pipette abolished channel activity (*Not signifi-
cantly different from 0, P , 0.05, n 5 5). When IBTX
was not placed in pipette, no run down of channel
activity was observed.

Fig. 5. Voltage and Ca21 sensitivity of KCa channels in
cremasteric arteriolar muscle cell membranes. A: volt-
age activation curves for indicated intracellular Ca21

concentrations ([Ca21]i). Data are means 6 SE of chan-
nel activities (NPo; n 5 5–10) expressed relative to max-
imum channel activity (NPomax) observed. Solid lines,
best fit curves to Boltzmann equation, NPo/NPomax 5
1/51 1 exp[(V‰2 Vm)/K]6, where V‰is the Vm required for
half-maximal activation of the channels and K is the
logarithmic voltage sensitivity (DV required for e-fold
increase in activity). B: estimation of change in V‰for a
10-fold change in [Ca21] (DV‰) and estimation of Ca21

axis-intercept (Ca0; Ca21 set point) for cremasteric
arteriolar muscle KCa channels. V‰ values were esti-
mated from data in A. Analysis of variance indicated a
significant regression (P , 0.05). From regression analy-
sis, we then estimated DV‰(equal to absolute value of
slope of the line), logCa0, and their 95% confidence
intervals as shown. See text for more information.
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current between 260 and 230 mV, voltages that span
the normal range of membrane potential observed in
cremasteric arteriolar muscle cells in vivo (30, 31) and
in vitro (14). Consistent with these findings, we previ-
ously observed that iberiotoxin had no effect on macro-
scopic K1 currents elicited between 290 and 0 mV in
cremasteric arteriolar muscle cells studied using the
whole cell perforated-patch technique (14) or using
conventional whole cell methods with cells dialyzed
with pipette solutions containing Ca21 concentrations
as high as 300 nM (13).

The lack of activity of KCa channels in arteriolar
smooth muscle cells at negative membrane potentials
could be caused by a low voltage sensitivity, a low Ca21

sensitivity, or a high Ca21 set point (5). We found that a
16-mV depolarization was required to produce an e-fold
increase in channel activity in cremasteric arteriolar
muscle cells. This voltage sensitivity is well within the
range of values estimated in other smooth muscle cells
[e-fold increase per 10–20 mV (5, 25)]. Thus arteriolar
muscle cells do not appear to display a low voltage
sensitivity.

We assessed the Ca21 sensitivity of KCa channels in
inside-out patches of cremasteric arteriolar muscle cell
membranes by estimating DV‰, as suggested by Carl et
al. (5). We obtained a value of 84 6 5 mV from our
analysis. This value is also similar to DV‰ values
observed in other smooth muscles (5) and suggests that
the Ca21 sensitivity of these channels is not low. The
average Hill coefficient that we measured (1.9 6 0.2)
also was similar to values reported in earlier studies of
other smooth muscles (1, 3, 5, 9, 20), further supporting
this conclusion.

On the other hand, the Ca0 value [the Ca21 set point
(5)] was found to be 9 µM. Previous studies of KCa
channels in myocytes isolated from guinea pig mesen-
teric arteries, rat pulmonary arteries, and rabbit portal
veins have found Ca0 to be 0.5 µM (3), 1.5 µM (1), and 1
µM (9), respectively, values consistent with the Ca0
estimated in a variety of smooth muscles (5, 20). Our
estimate of the Ca21 set point is 6- to 18-fold higher
than that observed in myocytes from larger vessels
supplying other tissues. This implies that subsarcolem-
mal Ca21 concentrations must be 6- to 18-fold greater in
arteriolar muscle cells to initiate channel activity com-
pared with muscle cells in larger vessels, which is
consistent with our observations that channel activity
is not observed at physiological membrane potentials
for Ca21 concentrations , 3 µM and that blockade of
KCa channels in vivo has little effect on resting arterio-
lar diameter.

The mechanisms responsible for the high Ca21 set
point that we observed remain to be established. We do
not think that our method for isolation of the cells,
which included the use of sodium nitroprusside, some-
how elevated the Ca0 in these cells. We have observed
similar behavior in hamster cells isolated using diltia-
zem instead of sodium nitroprusside (Jackson, unpub-
lished observations) and in rat cremasteric arteriolar
muscle cells isolated in the absence of any dilator (W. F.
Jackson and N. J. Rusch, unpublished observations).

Thus it is unlikely that our data can be explained by
simple methodological differences.

We think that it is more likely that cremasteric
arteriolar muscle cells express KCa channels that inher-
ently have an elevated Ca0. Recent molecular studies
suggest that variations in expression of both the a- and
b-subunits, which are thought to make up these chan-
nels, can influence the response of the channels to
changes in Ca21 (19). For example, expression of the
b-subunit along with the a-subunit for the human
vascular smooth muscle KCa channels reduces the Ca0
value for unitary currents from 30 µM (a-subunit
alone) to 5 µM (a- 1 b-subunits) (estimated from data
in Ref. 19). Tissue-specific expression of spliced vari-
ants of these two subunits could explain the differences
in Ca0 values that have been reported. It is also possible
that the high Ca0 results from stable covalent modifica-
tion of the channel proteins (i.e., stable phosphoryla-
tion). This should prove to be fertile ground for future
investigations.

We propose that this high Ca21 set point is respon-
sible for the apparent lack of activity of KCa channels
that we observed in resting arterioles. [Ca21]i in rat
cremasteric arteriolar muscle cells in vitro measured in
cannulated pressurized vessels with substantial myo-
genic tone has been estimated to be ,100 nM (21),
although this value may underestimate the near-
membrane Ca21 concentration to which the channels
are exposed (7, 23). Focal release of Ca21 from the
sarcoplasmic reticulum (Ca21 ‘‘sparks’’) have been sug-
gested to elevate local Ca21 concentrations to ,300 nM
(23). Even if the peak concentration of Ca21 sparks has
been underestimated (7), it seems unlikely that concen-
trations substantially greater than 1 µM would be
routinely observed near the membrane of the arteriolar
muscle cells except during conditions when Ca21 re-
lease from the sarcoplasmic reticulum is increased or
influx of Ca21 through Ca21 channels is augmented.
However, a final conclusion will require the simulta-
neous measurement of membrane potential, near-
membrane Ca21 concentrations, and channel activity in
the living microcirculation.

We did observe transient effects of TEA on third-
order arterioles in vivo. This may be interpreted as
evidence in support of the hypothesis that there is some
KCa channel activity in the microcirculation that contrib-
utes to resting arteriolar tone in this tissue. However,
the lack of effect of iberiotoxin argues against this
conclusion. Instead, we suggest that the diameter
responses observed in the presence of TEA may have
resulted from some other effect, such as nonselective
blockade of another K1 channel type. In support of this
hypothesis, Kleppisch and Nelson (16) have shown that
1 mM TEA is not selective for KCa channels but may
also inhibit ATP-sensitive K1 channels in some arterial
muscle cells. Thus TEA may not be a completely
selective blocker of KCa channels, which may explain its
transient effects observed in vivo.

The apparent lack of activity of KCa channels in vivo
and whole cell experiments in vitro (13, 14) does not
mean that these channels do not play a role in the
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regulation of arteriolar tone in the microcirculation. On
the contrary, we found that iberiotoxin (100 nM) in
vitro and TEA (1 mM) in vivo significantly potentiated
norepinephrine-induced contraction of single muscle
cells and oxygen-induced arteriolar constriction, respec-
tively. Therefore KCa channels may participate in the
negative feedback regulation of arteriolar muscle cell
contraction during activation by vasoconstrictors. This
most likely occurs because of an increase in Ca21 influx
and release and membrane depolarization produced
during vasoconstriction. In addition, recent studies
have provided evidence that these channels may be
activated by vasodilators that act through the adeno-
sine 38,58-cyclic monophosphate or guanosine 38,58-
cyclic monophosphate second messenger systems (26,
28). Thus, although not active under resting conditions,
KCa channels may be recruited and participate in the
regulation of arteriolar tone during vasoconstriction
and may be activated to induce vasodilation. Hence,
these channels may still play a role in the local, neural,
and hormonal regulation of blood flow in the microcircu-
lation.

In summary, we propose that the KCa channels
expressed in cremasteric arteriolar muscle cells have a
high Ca21 set point that renders them silent under
resting conditions even in arterioles with substantial
resting tone. Our observations are in conflict with a
number of in vitro experiments on cannulated arteries
that display myogenic tone (see Ref. 25), and this points
to the necessity of examining the physiological function
and characteristics of ion channels in the microcircula-
tion. Future studies should be directed toward examin-
ing the molecular expression of KCa channels in arteri-
oles to determine if the high Ca21 set point that we
observed reflects expression of unique channel sub-
units or some other modification of the channels.
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