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Sheng J-Z, Braun AP. Small- and intermediate-conductance
Ca®*-activated K™ channels directly control agonist-evoked nitric
oxide synthesis in human vascular endothelial cells. Am J Physiol Cell
Physiol 293: C458-C467, 2007. First published April 25, 2007,
doi:10.1152/ajpcell.00036.2007.—The contribution of small-conduc-
tance (SKca) and intermediate-conductance Ca®*-activated K™
(IKca) channels to the generation of nitric oxide (NO) by Ca®*-
mobilizing stimuli was investigated in human umbilical vein endo-
thelial cells (HUVECs) by combining single-cell microfluorimetry
with perforated patch-clamp recordings to monitor agonist-evoked
NO synthesis, cytosolic Ca®>™" transients, and membrane hyperpolar-
ization in real time. ATP or histamine evoked reproducible elevations
in NO synthesis and cytosolic Ca®", as judged by 4-amino-5-meth-
ylamino-2',7'-difluorofluorescein (DAF-FM) and fluo-3 fluorescence,
respectively, that were tightly associated with membrane hyperpolar-
izations. Whereas evoked NO synthesis was unaffected by either
tetraethylammonium (10 mmol/lI) or BaCl, (50 pmol/l) + ouabain
(100 wmol/l), depleting intracellular Ca®™" stores by thapsigargin or
removing external Ca?" inhibited NO production, as did exposure to
high (80 mmol/l) external KCI. Importantly, apamin and charybdo-
toxin (ChTx)/ triarylmethane (TRAM)-34, selective blockers SKca
and IKc. channels, respectively, abolished both stimulated NO syn-
thesis and membrane hyperpolarization and decreased evoked Ca*™
transients. Apamin and TRAM-34 also inhibited an agonist-induced
outwardly rectifying current characteristic of SKc, and IK¢, channels.
Under voltage-clamp control, we further observed that the magnitude
of agonist-induced NO production varied directly with the degree of
membrane hyperpolarization. Mechanistically, our data indicate that
SKca and IKc, channel-mediated hyperpolarization represents a crit-
ical early event in agonist-evoked NO production by regulating the
influx of Ca?* responsible for endothelial NO synthase activation.
Moreover, it appears that the primary role of agonist-induced release
of intracellular Ca®>* stores is to trigger the opening of both Kc,
channels along with Ca®* entry channels at the plasma membrane.
Finally, the observed inhibition of stimulated NO synthesis by apamin
and ChTx/TRAM-34 demonstrates that SK¢, and IK¢, channels are
essential for NO-mediated vasorelaxation.

calcium; endothelium; hyperpolarization; small-conductance calcium-
activated potassium channel; intermediate-conductance calcium-acti-
vated potassium channel channel

THE VASCULAR ENDOTHELIUM exerts precise control over the
contractile state of the vessel wall through the stimulated
synthesis and release of both constrictor and dilatory sub-
stances. Stimulus-induced vasodilation appears to occur prin-
cipally via cellular mechanisms that involve the synthesis and
release of nitric oxide (NO) or EDRF (20) and prostacyclin
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along with a non-NO, non-prostanoid EDHF, whose identity
remains a matter of debate. As recently discussed (5, 40),
potential candidates for EDHF include K", cytochrome P-450
metabolites of arachidonic acid, hydrogen peroxide, and C-
type naturetic peptide as well as electrical coupling between
cells via myoendothelial gap junctions. As the EDHF-type
response appears to display differing pharmacological sensi-
tivity in a variety of vascular preparations and species, it is
possible that more than one cellular mechanism may contribute
to this phenomenon.

In endothelial cells (ECs), a number of vasodilatory ago-
nists, such as acetylcholine, bradykinin, and ATP, elevate
cytosolic free Ca®>" as a result of intracellular release and
external entry and further evoke a hyperpolarization of mem-
brane potential (45). Several studies (14, 36, 37) have further
demonstrated that these events were closely associated with the
release of EDRF from isolated ECs. Collectively, such key
observations led to the hypothesis that membrane hyperpolar-
ization contributed to the agonist-induced production of EDRF
by increasing the electrical driving force for Ca’" influx.
Observations of agonist-evoked changes in cytosolic free Ca**
and membrane hyperpolarization in ECs from a number of
vascular beds and species have indicated that these events are
widespread (45) and are thus likely to be of physiological
importance in endothelial function.

Through the use of electrophysiological recordings, pharma-
cological agents, and the detection of mRNA species, it is now
evident that ECs isolated from various sources express Ca’"-
activated K* (Kc,) channels, which are capable of producing
membrane hyperpolarization in response to elevations of cy-
tosolic [Ca®>*]. The channel types commonly observed are
small-conductance (SKc,) and intermediate-conductance Kc,
(IKc,) channels, whereas the expression of the large-conduc-
tance K¢, (BKc,) channel appears to be more variable (1, 45).
In isolated ECs, pharmacological inhibitors of SK¢, channels
[such as apamin (59)] and IKc, channels [i.e., charybdotoxin
(ChTx) (59) and triarylmethane-34 (TRAM-34) (61)] have
been shown to block agonist-induced K™ currents (4, 8, 30, 39,
49), and, in intact arteries, such blockers have been further
reported to inhibit selectively non-NO/non-prostanoid or
EDHF-induced relaxations (5, 12, 15, 17, 25).

Although a number of reports have highlighted a role for
SKca and IK¢, channels in the phenomenon of EDHF-medi-
ated vasorelaxation (for reviews, see Refs. 5 and 40), few
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studies have specifically examined the direct contribution of
these same channels in agonist-evoked NO production. This
has been largely due to the difficulty of simultaneously mon-
itoring NO synthesis and functional responses (e.g., vasodila-
tion, membrane hyperpolarization, and cytosolic Ca®" tran-
sients) in a single preparation. Most recently, however,
Stankevicius et al. (56) showed that blockade of SKc, and IKc,
channels by apamin and ChTx, respectively, interfered with
acetylcholine-induced NO production and vasorelaxation in rat
mesenteric arteries, thereby establishing a functional role for
SKc, and IKc, channels in NO-mediated vasodilation. In the
present study, we sought to define mechanistically the func-
tional role(s) of SK¢, and IKc, channels in agonist-induced
NO production. To do so, we utilized highly selective SKc,
and IKc, channel inhibitors in combination with single-cell
microfluorimetry and patch-clamp electrophysiology to exam-
ine directly agonist-induced NO synthesis, changes in cytosolic
free [Ca?*], and membrane hyperpolarizations in single human
vascular ECs. Using this strategy, we acquired well-resolved
temporal and spatial data that reveal novel insights into the
cellular mechanism underlying stimulated NO synthesis by
Ca”-mobilizing agonists and define the critical role of SKc¢,
and IKc, channels in this process.

MATERIALS AND METHODS

Cell culture and fluorescence measurements. The EC line
EA.hy926 (16), derived from the human umbilical vein [human
umbilical vein ECs (HUVECs)], was cultured and loaded with the
membrane-permeable forms of the fluorescent dyes 4-amino-5-meth-
ylamino-2',7'-difluorofluorescein (DAF-FM) or fluo-3, as recently
described (54). In our isolated EC preparations, agonist-stimulated
increases in DAF-FM fluorescence were abolished in the presence of
the NO synthase (NOS) inhibitor N-nitro-L-arginine methyl ester (0.1
mmol/l), consistent with the reported specificity of this fluorescent
reporter (31). Fluorescence measurements were performed in a
~0.3-ml bath chamber mounted on the stage of a Nikon TE300
inverted microscope equipped with a 75-W xenon arc lamp and
SFX-1 microfluorimeter. Both DAF-FM and fluo-3 fluorescence sig-
nals were measured using excitation and emission band-pass filters
centered on 488 and 520 nm, respectively; data were acquired using
AxoScope software and analyzed with pCLAMP 7 and SigmaPlot
software suites. As the fluorescent intensity of the triazole- or NO-
bound form of DAF-FM originating from a single cell was typically
quite modest, the strong excitation light needed to observe reliable
fluorescent signals often resulted in some photobleaching of the
NO-modified form of DAF-FM during continuous cell illumination.
Exposure of the cell to intermittent illumination through the use of a
timer-driven, optic shutter reduced but did not completely eliminate
the photobleaching of NO-modified DAF-FM. A manually controlled
diaphragm was used to restrict the region of light collection to the cell
of interest.

Electrophysiology. Voltage- and current-clamp measurements were
performed using perforated patch-clamp methodology in combination
with an Axopatch 200B amplifier, Digidata 1200B analog-to-digital
interface, and Clampex 7 software. Electrical signals recorded under
current clamp and voltage clamp were typically sampled at 1 Hz and
5 KHz, respectively. Borosilicate glass micropipettes (2—4 M() tip
resistance) were first briefly dipped into standard filling solution [final
concentration (in mmol/l) 100 K-aspartate, 30 KCI, 1 MgCl,, 2
Na,-ATP, and 10 HEPES (pH 7.2) with 1 mol/l KOH] and then back
filled with the same filling solution containing nystatin (50 mg/1 final
concentration). The bath solution for both fluorescence and electro-
physiological recordings contained (in mmol/l) 135 NaCl, 5 KCI,
1 MgCl,, 1.5 CaCl,, and 10 HEPES (pH 7.4) with 1 mol/l NaOH. The
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high-KCl bath solution was prepared by an equimolar substitution of
NaCl with KCI; for the Ca®>"-free solution, CaCl, was omitted and
replaced by 2 mM EGTA. Cells in the bath chamber were constantly
superfused at ~1 ml/min, and solution changes were performed by
gravity flow from a series of elevated solution reservoirs using
manually controlled solenoid valves. All fluorescence and electro-
physiological recordings were performed at 35°C.

Reagents. Chemicals were purchased from Sigma-Aldrich (St.
Louis, MO) and were of ACS grade or higher. DAF-FM diacetate and
Fluo-3 AM were obtained from Molecular Probes (Eugene, OR).
TRAM-34 was kindly provided by Dr. Heike Wulff (UC Davis).

RESULTS

In HUVECS loaded with the NO-sensitive fluorescent dye
DAF-FM diacetate (31), histamine, or the purinergic agonist
ATP evoked reproducible increases in cellular fluorescence
under control conditions (Fig. 14); however, agonist-evoked
increases in fluorescence were inhibited in the presence of
apamin and ChTx, blockers of SK¢, and IKc, channels (59),
respectively (Fig. 1, B and C). Brief exposure of dye-loaded
cells to the direct NO donor sodium nitroprusside (SNP) at the
end of each experiment demonstrated that apamin and ChTx
did not interfere with DAF-FM activation and fluorescence in
loaded cells. Exposure of cells to either apamin or ChTx alone
produced only partial (20-40%) inhibition of agonist-evoked
increases in DAF-FM fluorescence (data not shown). These
observations thus demonstrate that both apamin and ChTx act
directly on the endothelium to block agonist-evoked NO pro-
duction. In contrast to the observed inhibitory effects of
apamin + ChTx, agonist-induced NO production was unaf-
fected by a bath application of tetraethylammonium (TEA; 10
mmol/l), which would be expected to block BK¢, channels
along with some types of voltage-gated K™ channels (i.e., Kv1)
(Fig. 2A) (23, 44). We also observed only a very modest
(~10%) inhibition by TEA of agonist-evoked Ca*>* transients
in single fluo-3-loaded HUVECs (see Supplemental Fig. 1).!
Collectively, these data are consistent with the rather low-
affinity block by external TEA of both native and recombinant
IK ¢, channels (ICsp value: 8—10 mmol/l) (2, 27, 35) along with
the SK¢,2 and SK¢,3 channel isoforms detected in the vascular
endothelium (ICsg values: ~3 and ~9 mmol/l, respectively) (4,
43). Similar to TEA, we also observed that evoked NO pro-
duction was unaltered in the presence of 50 pmol/l BaCl, and
100 wmol/l ouabain, which block inwardly rectifying K* (Kir)
channels (23) and Na*-K"-ATPase (29), respectively (Fig.
2B). Taken together, these data suggest that BK¢,, Kvl, and
Kir channels, along with Na™-K*-ATPase, do not functionally
contribute to agonist-induced NO production in single
HUVECs:.

To characterize the Ca>* dependence of agonist-evoked NO
production, intracellular endoplasmic reticulum (ER) Ca?*
stores were disrupted by exposure to the sarco(endo)plasmic
reticulum Ca?"-ATPase (SERCA) pump inhibitor thapsigargin
(TG). Following initial NO responses to ATP and histamine,
rapid application of 0.5 wM TG abolished further increases in
NO upon reexposure to either agonist (Fig. 3, A and C).
However, brief application of SNP to TG-treated cells still
produced large fluorescence signals, indicating that TG did not

! Supplemental material for this article is available online at the American
Journal of Physiology-Cell Physiology website.

« JULY 2007 - www.ajpcell.org

LT0Z ‘6T Jaquerdss uo L+2'2E 022 0T Aq /610 ABojoisAyd-|j@adle//:dny wouy papeojumod



http://ajpcell.physiology.org/

C460

A
2.00
[}
Q9 . . . .
E 5 ~ ATP Histamine ATP Histamine
! Q b — — — —
R 20 min
o N
A 2 100 W
0.80 - 'T‘
1 min SNP
B Apamin + ChTx
2.00
[
=g ATP Histamine ATP Histamine
E 8 &O — — — —
o
255
=}
= 1.00 /
0.80 —_
1 min ,T
C I 10 ymolL ATP
10 pmolL Histamine
= 03 -
¥
E 1st Ex_posur_._e 2nd Exposure
Q
o
c
& 02 T
vy
o
=]
3
o
Z o1
[
<
=]
0.0 -m -
Control Incubation Apa+ChTx
only

Fig. 1. Agonist-stimulated nitric oxide (NO) production is inhibited by apamin
(Apa) and charybdotoxin (ChTx). A: fluorescence tracing recorded from a
single human umbilical vein endothelial cell (HUVEC) loaded with 4-amino-
5-methylamino-2',7'-difluorofluorescein (DAF-FM) dye. Exposure of the cell
to either ATP (10 pmol/l) or histamine (10 wmol/l) is indicated by the
horizontal bars above the tracing. The break in the recording indicates the
~20-min control incubation period prior to reapplication of ATP and hista-
mine. In B, a single HUVEC was exposed to 1 pmol/l Apa and 0.1 wmol/l
ChTx for ~20 min prior to a second application of ATP and histamine. The
addition of sodium nitroprusside (SNP; 10 wmol/l) at the end of each exper-
iment is denoted by the arrow beneath the fluorescence tracings. Changes in
cellular DAF-FM fluorescence (AF/Fo) in response to the first (control) and
second agonist applications, in either the absence (incubation only) or presence
of Apa and ChTx, are shown in C. Data are presented as means * SE of
fluorescence tracings recorded from 4-6 individual cells for each agonist
under each condition.

compromise the NO sensitivity of DAF-FM in the intact cell.
As cells were typically exposed to TG immediately following
agonist washout, intracellular Ca®>* stores may not have been
sufficiently full to support a TG-evoked NO response. In
separate experiments, however, we observed that an applica-
tion of 0.5 wM TG alone produced a significant increase in
DAF-FM fluorescence (data not shown), as recently reported
(13). The contribution of external Ca>* to agonist-evoked NO
production was examined in DAF-FM-loaded cells by brief
exposure to a bath solution containing 0 Ca®>*-2 mM EGTA.
Rapid removal of external Ca?" abolished ATP- and hista-
mine-induced NO production’ however, reintroduction of the
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external solution containing 1.5 mmol/l Ca®>* completely re-
stored agonist-evoked NO synthesis (Fig. 3, B and C). This
latter finding is thus consistent with previous results showing
that stimulated EDRF/NO production is inhibited in the ab-
sence of external Ca?* (13, 26, 32-34, 37).

While the above data indicate that intra- and extracellular
Ca?™, along with SK¢, and IK¢, channels, play critical roles in
agonist-stimulated NO synthesis, exactly how these compo-
nents are interrelated temporally and mechanistically is un-
clear. To establish such relations, we carried out dual record-
ings of membrane potential and either cytosolic free Ca>* or
NO production using microfluorimetry in single patch-clamped
HUVEGs. In fluo-3-loaded cells, ATP and histamine evoked
rapid elevations in cytosolic free Ca?>* and membrane hyper-
polarizations that reversed upon agonist washout (Fig. 4).
Following exposure of the same cell to apamin and the highly
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Fig. 2. Exposure to either tetraethylammonium (TEA) or BaCl, and ouabain
does not prevent agonist-induced NO production. Stimulation of single DAF-
FM-loaded HUVECs by either ATP (10 uM) or histamine (10 wM) produced
characteristic increases in cellular fluorescence. Following the addition of
either 10 mM TEA (A) or 50 uM BaCl, and 100 M ouabain (B), the same cell
was reexposed to first ATP and then histamine, as indicated by the horizontal
bars. The histogram in C quantifies the agonist-induced DAF-FM fluorescence
signals (AF/Fo) for both ATP and histamine in the absence and presence of
either TEA or BaCl, and ouabain. Data are presented as means * SE of
fluorescence tracings from 4 individual cells for each agonist under each
condition.
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Fig. 3. Interfering with intracellular Ca>* release or preventing external Ca>*
entry blocks agonist-induced NO production. A: fluorescence tracing recorded
from a single DAF-FM-loaded HUVEC exposed to either 10 wmol/1 ATP or 10
pmol/l histamine, as indicated by the horizontal bars above the tracing.
Continuous application of 0.5 wmol/l thapsigargin (TG) is shown by the long
horizontal bar. The arrow at the end of the tracing indicates the addition of the
NO donor SNP (10 wmol/l). B: changes in DAF-FM fluorescence in a single
dye-loaded HUVEC in response to either ATP or histamine. Exposure of the
cell to an external saline solution containing 2 mmol/l EGTA and no added
Ca?" is indicated by the horizontal bar. Following washout of the EGTA-
containing solution and return to physiological saline solution, the same cell
was reexposed to both ATP and histamine. The effects of TG exposure or
external Ca?* removal on agonist-evoked DAF-FM fluorescence signals (AF/Fo)
are quantified in the histogram shown in C. Data are presented as means *= SE
for each agonist; control responses to either agonist were recorded from 8-9
individual cells, whereas agonist-evoked responses in the presence of either
TG or EGTA were taken from 4-5 cells under each condition.

selective IK ¢, channel blocker TRAM-34 (61), agonist-evoked
membrane hyperpolarizations were abolished and changes in
fluo-3 fluorescence were significantly reduced, as shown in
Fig. 4B. This latter finding is thus consistent with earlier
studies demonstrating that agonist-evoked Ca?™ transients in
isolated vascular ECs are decreased with membrane depolar-
ization (9, 33, 51). In parallel experiments, ATP- and hista-
mine-evoked increases in DAF-FM fluorescence were also
found to be closely associated with membrane hyperpolariza-
tions (Fig. 5). The addition of apamin and TRAM-34 to the
same DAF-FM-loaded cell inhibited both of these responses
upon reexposure to ATP and histamine. Interestingly, tran-
sient membrane depolarizations were typically observed
upon agonist withdrawal (Figs. 44 and 5A), which may be
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due to Ca®"-dependent C1~ channel activity, as previously
reported (48).

A major benefit of carrying out such dual recordings of
agonist-evoked membrane hyperpolarizations together with
either Ca>™ or NO signals is that we were able to determine the
precise temporal pattern among these three cellular events,
which has not been previously described. In response to either
ATP or histamine, increases in DAF-FM fluorescence lagged
behind the onset of membrane hyperpolarization by 8§-12 s
(see Fig. 6A); in the case of TG-induced NO production, this
delay was typically only 2-3 s (Table 1). In contrast, agonist-
evoked increases in fluo-3 fluorescence typically preceded
membrane hyperpolarization by 2-5 s (Fig. 6B). In agreement
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Fig. 4. Blockers of small-conductance (SKca) and intermediate-conductance
Ca®*-activated K™ (IKca) channels interfere with agonist-stimulated increases
in cytosolic free Ca?* and transient membrane hyperpolarizations. Single
HUVECsS loaded with the Ca>*-sensitive dye fluo-3 were held under current
clamp using a nystatin-permeabilized patch-clamp method. A: simultaneous
and continuous recordings of fluo-3 fluorescence (fop trace) and membrane
potential (Vi bottom trace) from a single cell. Brief exposure of the cell to
either 10 wmol/l ATP or 10 pmol/l histamine is indicated by the bars above the
fluorescence tracing. Continuous exposure of the cell to 1 pmol/l Apa and 1
pmol/l triarylmethane (TRAM)-34 is shown by the long horizontal bar.
Agonist-stimulated changes in both fluo-3 fluorescence (AF/Fo) and Vi (AVrm)
in the absence and presence of Apa and TRAM-34 are quantified by the top
and bottom axes, respectively, of the histogram shown in B. Data are presented
as means = SE of simultaneous recordings from 5 individual cells for each
agonist.
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Fig. 5. Blockade of SKc. and IKc. channels prevents agonist-stimulated
increases in NO production and transient membrane hyperpolarizations. Single
HUVECs loaded with DAF-FM dye were held under current clamp using a
nystatin-permeabilized patch clamp method. A: simultaneous and continuous
recordings of DAF-FM fluorescence (top trace) and Vi, (bottom trace) from a
single cell. Brief exposure of the cell to either ATP (10 wmol/l) or histamine
(10 wmol/l) is indicated by the bars above the upper tracing. Continuous
exposure of the cell to 1 wmol/L Apa and 1 pwmol/l TRAM-34 is shown by the
long horizontal bar. Exposure of the cell to the NO donor SNP (10 wmol/l) at
the end of the experiment is shown by the arrow beneath the Vi, trace.
Agonist-stimulated changes in both cellular DAF-FM fluorescence (AF/Fo)
and AV, in the absence and presence of Apa and TRAM-34 are quantified in
top and bottom axes, respectively, of the histogram shown in B. Data are
presented as means * SE of recordings taken from 5 individual cells for each
agonist.

with our observations, Li et al. (62) have shown using simul-
taneous fura-2 and DAF-2 fluorescence measurements that the
onset of agonist-evoked increases in cytosolic Ca*>* preceded
NO production in the coronary artery endothelium. These data
sets thus define a distinct temporal pattern in which an agonist-
evoked increase in cytosolic [Ca®*] is followed by membrane
hyperpolarization, which is then followed by NO synthesis.
To confirm that apamin and TRAM-34 were indeed acting to
block endothelial K¢, channels, whole cell membrane currents
were recorded from single HUVECsS stimulated by ATP in the
absence and presence of apamin and TRAM-34. Under basal
conditions, single HUVECs displayed a modest outwardly
rectifying macroscopic current that typically reversed near
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—40 mV (Fig. 7). ATP increased the magnitude of the outward
current and shifted the reversal potential to values near —70
mV, consistent with the activation of membrane K™ channels.
This ATP-stimulated outward current was largely inhibited in
the presence of apamin and TRAM-34 (Fig. 7, inset).

As the above data pointed to a critical role for membrane
hyperpolarization in agonist-stimulated NO production, we
exposed single DAF-FM-loaded HUVECs to a high KCI-
containing bath solution to “clamp” the membrane voltage near
0 mV and prevent agonist-induced hyperpolarization. As ex-
pected, brief exposure to 80 mmol/l external K™ depolarized
the endothelial membrane potential and abolished agonist-
stimulated NO synthesis (Fig. 8). Upon washout and return to
5 mmol/l external K, membrane potential recovered to the
control level, and both ATP and histamine induced typical
membrane hyperpolarizations that were associated with in-
creases in DAF-FM fluorescence. If we further hypothesize
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Fig. 6. Kinetic relations between agonist-stimulated changes in Vy, and cyto-
solic free Ca*>* and NO production. Simultaneous recordings of Vi, and either
DAF-FM or fluo-3 fluorescence from a single HUVEC are shown in A and B,
respectively. Temporal differences between the onsets of agonist-evoked
hyperpolarization (denoted by the vertical dashed line marked t;) and stimu-
lated increases in either the DAF-FM or fluo-3 fluorescence signals (denoted
by the vertical dashed line marked t) were quantified and are shown in
Table 1.
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Table 1. Temporal relations between the onset of stimulus-
driven membrane hyperpolarization and increases in either
DAF-FM or fluo-3 cellular fluorescence induced by ATP,
histamine, or thapsigargin

Stimulus n T — T2, s

DAF-FM fluorescence

ATP 8 —12.5+6.2%

Histamine 9 —8.5*14.6%

Thapsigargin 3 —2.3*+0.3*
Fluo-3 fluorescence

ATP 5 2.1+3.6

Histamine 5 4.5+3.3%

Calculated differences are expressed as means = SE; n, numbers of cells
used under each condition. T1, onset of stimulus-driven membrane hyper-
polarization; T2, onset of increases in either 4-amino-5-methylamino-2',7'-
difluorofluorescein (DAF-FM) or fluo-3 cellular fluorescence induced by ATP
(10 pmol/l), histamine (10 pwmol/l), or thapsigargin (0.5 pmol/l). Time differ-
ences between the starts of the hyperpolarizing event and the fluorescence
signal were calculated as T1 — T2 (refer to Fig. 6) and are expressed in
seconds. Negative values indicate that the hyperpolarizing response preceded
the associated fluorescence signal, whereas a positive value indicates mem-
brane hyperpolarization followed the fluorescence increase. *The observed
difference was statistically different than zero using a paired Student’s 7-test
(P < 0.05).

that NO production evoked by Ca’*-mobilizing agonists is
absolutely dependent on membrane hyperpolarization, it
should then be possible to regulate agonist-evoked NO pro-
duction in real time by directly controlling endothelial mem-
brane potential. To test this possibility, single DAF-FM-loaded
HUVECs were voltage clamped at potentials ranging from 0 to
—80 mV, and ATP was then briefly applied at each potential.
In agreement with the above hypothesis, the magnitude of
agonist-evoked NO production was observed to increase at
increasingly negative membrane potentials, reaching a maxi-
mum between —60 and —80 mV (Fig. 9). These data thus
provide the first direct real-time demonstration that evoked
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Fig. 7. Sensitivity of ATP-activated membrane currents (/) to Apa and
TRAM-34. Whole cell currents were recorded from single voltage-clamped
HUVECsS in response to a 50-ms voltage ramp (—100 to +50 mV) using a
nystatin-perforated patch-clamp technique. Membrane currents were first re-
corded under basal conditions and then in response to 10 puM ATP, followed
by 10 pM ATP + 1 uM TRAM-34 and 1 uM Apa. The mean percentage
increases (*£SE) in current magnitude above baseline evoked by ATP in the
absence and presence of Apa and TRAM-34 are shown in the inset. Current
tracings represent the averages of 3—4 single sweeps under each condition and
are representative of 5 similar experiments.
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Fig. 8. Elevation of extracellular KCI prevents agonist-induced NO produc-
tion. Single HUVECsS loaded with DAF-FM dye were held under current clamp
as described in Fig. 7. A: simultaneous and continuous recordings of DAF-FM
fluorescence (top trace) and Vi, (bottom trace) from a single cell. ATP or
histamine was briefly applied to the cell, as indicated by the horizontal bars, in
either the presence or absence of 80 mmol/l external KCl. Agonist-induced
elevations in DAF-FM fluorescence (AF/Fy) under both normal and elevated
KCI conditions are quantified in B. Mean data (£SE) represent recordings
from 4 individual cells for each agonist.

membrane hyperpolarization acts as a critical, rate-limiting
factor for stimulated NO production by Ca®*-mobilizing ago-
nists in single vascular ECs.

DISCUSSION

The release of NO from vascular ECs in response to vasore-
laxant hormones, such as acetylcholine and histamine, is
known to be affected by changes in intracellular and external
Ca®" levels along with membrane potential. To date, however,
the precise mechanistic and temporal patterns linking these
three cellular parameters have not been rigorously established
by means of direct experimental measurements. In the present
study, we utilized nystatin-perforated patch-clamp recordings
in combination with single-cell microfluorimetry to monitor
directly, in real time, agonist-stimulated membrane hyperpo-
larization, NO synthesis, and cytosolic Ca?™ transients in
single HUVECs. In addition, we specifically addressed the
contributions of endothelial SKc, and IKc, channels to these
events by using the selective inhibitors apamin and ChTx/
TRAM-34, respectively (59, 61). In doing so, this study pro-
vides novel experimental insights that define the mechanistic
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Fig. 9. The magnitude of agonist-induced NO synthesis is directly dependent
on Vp,. Single HUVECs loaded with DAF-FM dye were voltage clamped via
a nystatin-perforated patch and held at Vs ranging from 0 to —80 mV, as
denoted by the step-wise series of horizontal bars (A). At each test potential,
the voltage-clamped cell was briefly exposed to 10 wmol/l ATP as indicated
by the horizontal bars. The data tracing beneath the stimulation protocol
represent the continuous DAF-FM fluorescence signal simultaneously re-
corded from the single voltage-clamped cell at each Vi, and in response to each
application of ATP. B: quantification of the ATP-induced elevation in
DAF-FM fluorescence (AF/Fy) observed at each V. Results are expressed as
means = SE of fluorescence signals recorded from 5 voltage-clamped cells.

role of K¢, channels in hormone-stimulated NO production at
the level of a single EC.

Our fundamental observation that acute, agonist-evoked NO
production is blocked by a combination of apamin and either
ChTx or TRAM-34 in DAF-FM-loaded HUVECs (Figs. 1 and
5) reveals two novel and important insights. First, it implicates
a critical role for endothelial SK¢, and IKc, channels in evoked
NO synthesis, which is consistent with functional data showing
that apamin + ChTx interferes with agonist-stimulated, endo-
thelium-dependent vasorelaxation (11, 56). Second, it strongly
suggests that manipulations designed to decrease NO produc-
tion by disrupting intracellular Ca>* levels will interfere di-
rectly with the activation of SK¢, and IK¢, channels, which
would be expected to mimic the toxin-induced inhibition of
NO production shown in Fig. 1. In line with this latter point,
we observed that prior depletion of ER stores by TG inhibited
agonist-evoked NO production, whereas transient removal of
external Ca®* produced a similar effect (Fig. 2), as reported
earlier by investigators using indirect measurements of EDRF
release (33, 37). Although endothelial NOS (eNOS) itself may
be sensitive to manipulations of intracellular free Ca>*, these
observations are also consistent with earlier data showing that
both intracellular release and external Ca’>* entry strongly
influence the magnitude and/or duration of evoked Ca** tran-
sients (45) along with the duration of membrane hyperpolar-
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ization (3, 10) in stimulated ECs. In an elegant study using
fluorescent probes to report simultaneous changes in cytosolic
free Ca®™ and NO production, Isshiki et al. (26) demonstrated
that agonist-evoked NO synthesis is strongly dependent on
external Ca®* entry and largely insensitive to Ca®" released
from intracellular stores in bovine aortic ECs. Taken together,
these data highlight and contrast the functional roles of both
intracellular Ca®>" release and Ca?* entry for NO production
evoked by Ca®*-mobilizing agonists.

While the above findings imply critical roles for intra- and
extracellular Ca?" and SK¢, and IK¢, channels in stimulated
NO synthesis, they do not establish a precise temporal relation
among these three parameters. To define such a pattern, we
performed simultaneous recordings of membrane potential and
either fluo-3 or DAF-FM fluorescence in single HUVECs
(Figs. 4 and 5). The results of this approach demonstrated that
agonist-evoked increases in both cytosolic Ca*>* levels and NO
synthesis were tightly associated with transient membrane
hyperpolarizations, such that membrane hyperpolarization
closely followed cytosolic Ca?* elevations but preceded in-
creases in agonist-evoked NO production (Fig. 6 and Table 1).
This temporal pattern thus establishes membrane hyperpolar-
ization as an essential intermediate step in stimulated NO
production. Importantly, apamin and the highly selective IKc,
blocker TRAM-34 (61) abolished both agonist-evoked mem-
brane hyperpolarization and increases in NO synthesis and
significantly reduced elevations in cytosolic free Ca®>*. The
modest Ca®* transient remaining in the presence of apamin and
TRAM-34 likely reflects the combination of Ca®* release from
intracellular stores and the residual entry of external Ca®*. Our
observation that apamin and TRAM-34 inhibited an agonist-
evoked, outwardly rectifying current in single HUVECs (Fig.
7) is further consistent with the activation of SK¢, and IKc,
channels in ECs and agrees with the reported presence of these
channels in the vascular endothelium (4, 8, 22, 39, 45, 49, 50).

If agonist-evoked membrane hyperpolarization is truly an
essential upstream event regulating NO synthesis, then pre-
venting hyperpolarization by means other than blockade of
SKca and IK¢, channels would also be expected to interfere
with NO synthesis. As shown in Fig. 8, “clamping” membrane
potential to ~0 mV by a brief exposure to high external KCI
blocked both agonist-induced membrane hyperpolarization and
NO synthesis. This finding is thus consistent with the above
prediction and provides a direct link between membrane po-
tential and NO synthesis in a single EC. High external KCl has
been reported previously to reduce EDRF release from popu-
lations of agonist-stimulated ECs (36), whereas Stankevicius
et al. (56) recently demonstrated a similar inhibition of stim-
ulated NO production by 80 mmol/l KCI in the rat mesenteric
artery. Based on such data, we hypothesized that endothelial
membrane hyperpolarization represents a critical, rate-limiting
process regulating NO synthesis by Ca?>*-mobilizing stimuli.
By using voltage clamp to accurately control endothelial mem-
brane potential in DAF-FM-loaded HUVECs, we observed that
the magnitude of agonist-stimulated NO synthesis increased in
a linear manner with the degree of membrane hyperpolariza-
tion between 0 and —80 mV (Fig. 9). This singular result thus
establishes a direct quantitative relation between membrane
potential and stimulated NO synthesis at the level of a single
EC. In related experiments, it has already been reported that the
amplitudes of agonist-evoked Ca’™ transients in isolated ECs
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are lower at more depolarized membrane potentials (6, 9, 33,
51, 60) and that such changes in Ca>" transients appear to be
linearly related to membrane voltage over the range of —80 to
+40 mV (28, 53).

Mechanistically, our data suggest that NO synthesis evoked
by Ca®*-mobilizing stimuli can be described by a pathway of
discrete cellular events that feed forward in a positive manner
(Fig. 10). While such a model incorporates many of the key
findings reported in previous studies, it makes two important
distinctions critical to stimulated NO production. First, agonist-
mediated release of intracellular Ca™ stores triggers not only
the Ca”—dependent activation of SK¢, and IK¢, channels (38,
52) but also initiates the entry of external Ca>*, which is
primarily responsible for eNOS activation. Second, stimulus-
evoked membrane hyperpolarization, mainly via SK¢, and
IKc, channels and possibly BK¢, channels (45), is absolutely
required for stimulated NO synthesis, likely due to its influence
on external Ca?™ entry. It is noteworthy, however, that in intact
arterial preparations, agonist-evoked elevations in EC cytosolic
Ca®" are reported to be unaltered in the presence of apamin
and ChTx/TRAM-34 (21, 41, 56). Although the reason(s)
behind such observations is unclear at present, it is possible
that there may be unrecognized differences in the dynamics
and/or detection of intracellular Ca®* transients in isolated ECs
versus cells present in an intact endothelial layer. As shown by
our data (Fig. 3) and earlier results (26, 32, 37), stimulated
Ca>* entry, rather than agonist-induced Ca®>* release from ER
stores, appears to be principally responsible for eNOS activa-
tion and further influences the duration of agonist-induced
membrane hyperpolarization (3, 42). Our model thus distin-
guishes ER store Ca®" release as the “trigger” that initiates
both the opening of K¢, channels and the opening of store-
operated Ca>* entry channels [i.e., transient receptor potential
(TRP) channels] in the plasma membrane. The ensuing mem-
brane hyperpolarization acts to support Ca®>* entry, which
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Fig. 10. Model summarizing the relations between agonist-induced changes in
cytosolic free Ca®*, Vi, and NO production in a single HUVEC. Hormonal
activation of a G protein-coupled receptor causes the generation of inositol
(1,4,5)-trisphosphate and the release of intracellular Ca®>* stores [endoplasmic
reticulum (ER)] (step I). Store release elevates cytosolic [Ca>*] (step 2) and
further triggers store-operated channel (SOC)-mediated Ca®* influx. Increased
cytosolic [Ca>*] results in the activation of SKca and IKca channels (step 3),
and the ensuing membrane hyperpolarization increases Ca>* influx via SOCs
(step 4). Enhanced Ca>* influx is critical for stimulating adequate NO
production by membrane-associated endothelial NO synthase (eNOS) (step 5)
and further promotes Kca channel activity. Blockade of SKca and IKca
channel-mediated membrane hyperpolarization by Apa and ChTx/TRAM-34,
respectively, reduces store-operated Ca?* influx, thereby preventing eNOS
activation. CaM, calmodulin.
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would be influenced by external [Ca>*] and the magnitude of
the hyperpolarizing event. Based on the above observations,
we can further suggest that these two sources of mobilized
Ca?" carry out distinct and largely noninterchangeable roles in
the multistep process of agonist-evoked NO synthesis. Differ-
ences in the spatial distribution of Ca®*-sensitive molecules
may further contribute to the greater efficiency of eNOS
activation by Ca>* entry compared with release from intracel-
lular stores; for example, both eNOS and TRP channels are
reported to be colocalized in membrane caveolae (19, 46).

Finally, can we rationalize why membrane potential has
such a dominant influence on Ca?*-dependent eNOS activa-
tion? Although membrane hyperpolarization would increase
the electrical driving force for agonist-induced Ca>* entry (6,
7,9, 24, 36, 51), the degree of change in driving force (i.e.,
+160 mV under rest to +180 mV; see Fig. 4) based on
Nernst-type calculations would be modest. More recently,
however, the possibility that Ca®*-permeable TRP channels
themselves may display voltage-dependent gating has been
discussed (47). For the inwardly rectifying, Ca®"-permeable
TRP channels in the endothelium (46), such voltage sensitivity
would mean that TRP channel open probability and Ca>* entry
would be exponentially related to changes in membrane volt-
age. Current-voltage relations observed for agonist-evoked
inward current through some Ca®"-permeable TRP channels
(57) and native endothelial store-operated Ca>" channels (18)
appear consistent with such a possibility. As a result of such an
exponential relationship, a modest hyperpolarization of —20
mV could produce a significantly larger increase in Ca™" influx
compared with a strictly linear relation predicted by a modest
increase in the electrical driving force for external Ca>™" alone.
Furthermore, the position along the voltage axis of the recti-
fying current-voltage relation for stimulated Ca>" entry rela-
tive to the cell’s resting potential may also influence the
magnitude of hyperpolarization-induced Ca** influx.

In summary, our data indicate that the activation of SKc,
and IKc, channels, leading to membrane hyperpolarization,
represents an essential early event in the cellular pathway
underlying agonist-stimulated NO production. Consistent with
this conclusion, genetic knockout of either the endothelial
SKca3 or IK¢, channels in mice gives rise to systemic hyper-
tension and reduces hormone-induced, endothelium-dependent
vasorelaxation (55, 58). Very recent observations demonstrat-
ing that apamin- and ChTx-sensitive K¢, channels regulate
acetylcholine-evoked NO production in the intact rat superior
mesenteric artery (56) are further consistent with our data and
strongly suggest that the mechanistic insights described in our
study are relevant to the native vascular endothelium. Finally,
the inhibition of agonist-evoked NO synthesis by apamin and
ChTx/TRAM-34 observed in this study and by Stankevicius
et al. (56) demonstrate a critical functional role for SKc, and
IKc, channels in the cellular mechanisms underlying hormone-
induced, NO-dependent vasorelaxation.

ACKNOWLEDGMENTS

The authors thank Drs. Bill Cole, Rodger Loutzenhiser, and Pierre-Yves
von der Weid (University of Calgary) and Drs. Michael Davis and Michael Hill
(University of Missouri) for the insightful comments on this manuscript.

GRANTS

This work was supported by an operating grant from the Canadian Institutes
of Health Research (to A. P. Braun). A senior research scholarship from the

« JULY 2007 - www.ajpcell.org

LT0Z ‘6T Jaquerdss uo L+2'2E 022 0T Aq /610 ABojoisAyd-|j@adle//:dny wouy papeojumod



http://ajpcell.physiology.org/

C466

Alberta Heritage Foundation for Medical Research (to A. P. Braun) is grate-
fully acknowledged.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Adams DJ, Hill MA. Potassium channels and membrane potential in the
modulation of intracellular calcium in vascular endothelial cells. J Car-
diovasc Electrophysiol 15: 598—-610, 2004.

. Ahn SC, Seol GH, Kim JA, Suh SH. Characteristics and a functional

implication of Ca?*-activated K" current in mouse aortic endothelial
cells. Pfliigers Arch 447: 426-435, 2004.

. Baron A, Frieden M, Chabaud F, Beny JL. Ca’?"-dependent non-

selective cation and potassium channels activated by bradykinin in pig
coronary artery endothelial cells. J Physiol 493: 691-706, 1996.

. Burnham MP, Bychkov R, Félétou M, Richards GR, Vanhoutte PM,

Weston AH, Edwards G. Characterization of an apamin-sensitive small-
conductance Ca?*-activated K™ channel in porcine coronary artery endo-
thelium: relevance to EDHF. Br J Pharmacol 135: 1133-1143, 2002.

. Busse R, Edwards G, Félétou M, Fleming I, Vanhoutte PM, Weston

AH. EDHF: bringing the concepts together. Trends Pharmacol Sci 23:
374-380, 2002.

. Busse R, Fichtner H, Liickhoff A, Kohlhardt M. Hyperpolarization and

increased free calcium in acetylcholine-stimulated endothelial cells. Am J
Physiol Heart Circ Physiol 255: H965-H969, 1988.

. Busse R, Fleming I, Hecker M. Signal transduction in endothelium-

dependent vasodilatation. Eur Heart J 14, Suppl 1: 2-9, 1993.

. Bychkov R, Burnham MP, Richards GR, Edwards G, Weston AH,

Félétou M, Vanhoutte PM. Characterization of a charybdotoxin-sensitive
intermediate conductance Ca?*-activated K* channel in porcine coronary
endothelium: relevance to EDHF. Br J Pharmacol 137: 1346-1354, 2002.

. Cannell MB, Sage SO. Bradykinin-evoked changes in cytosolic calcium

and membrane currents in cultured bovine pulmonary artery endothelial
cells. J Physiol 419: 555-568, 1989.

Chen G, Cheung DW. Characterization of acetylcholine-induced mem-
brane hyperpolarization in endothelial cells. Circ Res 70: 257-263, 1992.
Chen G, Cheung DW. Effect of K™ channel blockers on ACh-induced
hyperpolarization and relaxation in mesenteric arteries. Am J Physiol
Heart Circ Physiol 272: H2306-H2312, 1997.

Crane GJ, Gallagher N, Dora KA, Garland CJ. Small- and intermedi-
ate-conductance calcium-activated K™ channels provide different facets of
endothelium-dependent hyperpolarization in rat mesenteric artery.
J Physiol 553: 183-189, 2003.

Dedkova EN, Blatter LA. Nitric oxide inhibits capacitative Ca>* entry
and enhances endoplasmic reticulum Ca®>* uptake in bovine vascular
endothelium cells. J Physiol 539: 77-91, 2002.

Demirel E, Rusko J, Laskey RE, Adams DJ, Van Breeman C. TEA
inhibits ACh-induced EDRF release: endothelial Ca®*-dependent K*
channels contribute to vascular tone. Am J Physiol Heart Circ Physiol 267:
HI1135-H1141, 1994.

Doughty JM, Plane F, Langton PD. Charybdotoxin and apamin block
EDHF in rat mesenteric artery if selectively applied to endothelium. Am J
Physiol Heart Circ Physiol 276: H1107-H1112, 1999.

Edgell CJ, McDonald CC, Graham JB. Permanent cell line expressing
human factor VIII-related antigen established by hybridization. Proc Natl
Acad Sci USA 80: 3734-3737, 1983.

Eichler I, Wibawa J, Grgic I, Knorr A, Brakemeier S, Pries AR,
Hoyer J, Kohler R. Selective blockade of endothelial Ca®*-activated
small- and intermediate-conductance K* channels suppresses EDHF-
mediated vasodilation. Br J Pharmacol 138: 594—601, 2003.

Freichel M, Suh SH, Pfeifer A, Schweig U, Trost C, Wei3gerber P,
Biel M, Philipp S, Freise D, Droogmans G, Hofmann F, Flockerzi V,
Nilius B. Lack of an endothelial store-operated Ca>* current impairs
agonist-dependent vasorelaxation in TRP4~/~ mice. Nat Cell Biol 3:
121-127, 2001.

Fulton D, Gratton JP, Sessa WC. Post-translational control of endothe-
lial nitric oxide synthase: why isn’t calcium/calmodulin enough? J Phar-
macol Exp Ther 299: 818—-824, 2001.

Furchgott RF, Zawadzki JV. The obligatory role of endothelial cells in
the relaxation of arterial smooth muscle by acetylcholine. Nature 288:
373-376, 1980.

Ghisdal P, Morel N. Cellular target of voltage and calcium-dependent K*
channel blockers involved in EDHF-mediated responses in rat superior
mesenteric artery. Br J Pharmacol 134: 1021-1028, 2001.

Groschner K, Graier WF, Kukovetz WR. Activation of a small-
conductance Ca®"-dependent K* channel contributes to bradykinin-

AJP-Cell Physiol » VOL 293

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kca CHANNELS CONTROL NO SYNTHESIS IN ENDOTHELIAL CELLS

induced stimulation of nitric oxide synthesis in pig aortic endothelial cells.
Biochim Biophys Acta 1137: 162-170, 1992.

Hille B. lonic Channels of Excitable Membranes. Sunderland, MA:
Sinauer Associates, 2001.

Himmel HM, Whorton AR, Strauss HC. Intracellular calcium, currents
and stimulus-response coupling in endothelial cells. Hypertension 21:
112-127, 1993.

Hinton JM, Langton PD. Inhibition of EDHF by two new combinations
of K* channel inhibitors in rat isolated mesenteric arteries. Br J Pharma-
col 138: 1031-1035, 2003.

Isshiki M, Ying YS, Fujita T, Anderson RGW. A molecular sensor
detects signal transduction from caveolae in living cells. J Biol Chem 277:
43389-43398, 2002.

Joiner WJ, Wang LY, Tang MD, Kaczmarek LK. hSK4, a member of
a novel subfamily of calcium-activated potassium channels. Proc Natl
Acad Sci USA 94: 11013-11018, 1997.

Kamouchi M, Droogmans G, Nilius B. Membrane potential as a mod-
ulator of the free intracellular Ca®>* concentration in agonist-activated
endothelial cells. Gen Physiol Biophys 18: 199-208, 1999.

Kaplan JH. Biochemistry of Na,K-ATPase. Annu Rev Biochem 71:
511-535, 2002.

Kohler R, Degenhardt C, Kithn M, Runkel N, Paul M, Hoyer J.
Expression and function of endothelial Ca®"-activated K* channels in
human mesenteric artery. A single-cell reverse transcriptase-polymerase
chain reaction and electrophysiological study in situ. Circ Res 87: 496—
503, 2000.

Kojima H, Urano Y, Kikuchi K, Higuchi T, Hirata Y, Nagano T.
Fluorescent indicators for imaging nitric oxide production. Angew Chem
Int Engl 38: 3209-3212, 1999.

Lantoine F, Iouzalen L, Devynck MA, Millanvoye-Van Brussel E,
David-Dufilho M. Nitric oxide production in human endothelial cells
stimulated by histamine requires Ca>* influx. Biochem J 330: 695-699,
1998.

Laskey RE, Adams DJ, Johns A, Rubanyi GM, Van Breeman C.
Membrane potential and Na*-K* pump activity modulate resting and
bradykinin-stimulated changes in cytosolic free calcium in cultured endo-
thelial cells from bovine aorta. J Biol Chem 265: 2613-2619, 1990.

Lin S, Fagan KA, Li KX, Shaul PW, Cooper DMF, Rodman DM.
Sustained endothelial nitric-oxide synthase activation requires capacitative
calcium entry. J Biol Chem 275: 17979-17985, 2000.

Logsdon NJ, Kang J, Togo JA, Christian EP, Aiyar J. A novel gene,
hKCa4, encodes the calcium-activated potassium channel in human T
lymphocytes. J Biol Chem 272: 32723-32726, 1997.

Liickhoff A, Busse R. Calcium influx into endothelial cells and formation
of endothelium-derived relaxing factor is controlled by the membrane
potential. Pfliigers Arch 416: 305-311, 1990.

Liickhoff A, Pohl U, Miilsch A, Busse R. Differential role of extra- and
intracellular calcium in the release of EDRF and prostacyclin from
cultured endothelial cells. Br J Pharmacol 95: 189-196, 1988.
Marchenko SM, Sage SO. Mechanism of acetylcholine action on mem-
brane potential of endothelium of intact rat aorta. Am J Physiol Heart Circ
Physiol 266: H2388-H2395, 1994.

Marchenko SM, Sage SO. Calcium-activated potassium channels in the
endothelium of intact rat aorta. J Physiol 492: 53—60, 1996.

McGuire JJ, Ding H, Triggle CR. Endothelium-derived relaxing factors:
a focus on endothelium-derived hyperpolarizing factor(s). Can J Physiol
Pharmacol 79: 443—-470, 2001.

McSherry IN, Spitaler MM, Takano H, Dora KA. Endothelial cell
Ca?" increases are independent of membrane potential in pressurized rat
mesenteric arteries. Cell Calcium 38: 23-33, 2005.

Mehrke G, Pohl U, Daut J. Effects of vasoactive peptides on the
membrane potential of cultured bovine aortic and guinea-pig coronary
endothelium. J Physiol 439: 277-299, 1991.

Monaghan AS, Benton DC, Bahia PK, Hosseini R, Shah YA, Haylett
DG, Moss GW. The SK3 subunit of small conductance Ca>"-activated
K* channels interacts with both SK1 and SK2 subunits in a heterologous
expression system. J Biol Chem 279: 1003-1009, 2004.

Nelson MT, Quayle JM. Physiological roles and properties of potassium
channels in arterial smooth muscle. Am J Physiol Cell Physiol 268:
C799-C822, 1995.

Nilius B, Droogmans G. Ion channels and their functional role in vascular
endothelium. Physiol Rev 81: 1415-1459, 2001.

« JULY 2007 - www.ajpcell.org

LT0Z ‘6T Jaquerdss uo L+2'2E 022 0T Aq /610 ABojoisAyd-|j@adle//:dny wouy papeojumod



http://ajpcell.physiology.org/

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kca CHANNELS CONTROL NO SYNTHESIS IN ENDOTHELIAL CELLS

Nilius B, Droogmans G, Wondergem R. Transient receptor potential
channels in endothelium: solving the calcium entry puzzle? Endothelium
10: 5-15, 2003.

Nilius B, Talavera K, Owsianik G, Prenen J, Droogmans G, Voets T.
Permeation properties of a non-selective cation channel in human vascular
endothelial cells. J Physiol 567: 35—44, 2005.

Ohaski M, Satoh K, Itoh T. Acetylcholine-induced membrane potential
changes in endothelial cells of rabbit aortic valve. Br J Pharmacol 126:
19-26, 1999.

Rusko J, Tanzi F, Van Breeman C, Adams DJ. Calcium-activated
potassium channels in native endothelial cells from rabbit aorta: conduc-
tance, Ca®* sensitivity and block. J Physiol 455: 601-621, 1992.

Sauvé R, Parent L, Simoneau C, Roy G. External ATP triggers a
biphasic activation process of a calcium-dependent K™ channel in cultured
bovine aortic endothelial cells. Pfliigers Arch 412: 469—-481, 1988.
Schilling WP. Effect of membrane potential on cytosolic calcium of
bovine aortic endothelial cells. Am J Physiol Heart Circ Physiol 257:
H778-H784, 1989.

Sharma NR, Davis MJ. Mechanism of substance P-induced hyperpolar-
ization of porcine coronary artery endothelial cells. Am J Physiol Heart
Circ Physiol 266: HI56-H164, 1994.

Sharma NR, Davis MJ. Substance P-induced calcium entry in endothelial
cells is secondary to depletion of intracellular stores. Am J Physiol Heart
Circ Physiol 268: H962-H973, 1995.

Sheng JZ, Wang D, Braun AP. DAF-FM (4-amino-5-methylamino-
2',7'-difluorofluorescein) diacetate detects impairment of agonist-stimu-
lated nitric oxide synthesis by elevated glucose in human vascular endo-
thelial cells: reversal by vitamin C and L-sepiapterin. J Pharmacol Exp
Ther 315: 931-940, 2005.

55.

56.

57.

58.

59.

60.

61.

62.

C467

Si H, Heyken WT, Wolfle SE, Tysiac M, Schubert R, Grgic I,
Vilianovich L, Giebing G, Maier T, Gross V, Bader M, de Wit C,
Hoyer J, Kohler R. Impaired endothelium-derived hyperpolarizing fac-
tor-mediated dilations and increased blood pressure in mice deficient of
the intermediate-conductance Ca>*-activated K* channel. Circ Res 99:
537-544, 2006.

Stankevicius E, Lopez-Valverde V, Rivera L, Hughes AD, Mulvany
MJ, Simonsen U. Combination of Ca?"-activated K™ channel blockers
inhibits acetylcholine-evoked nitric oxide release in rat superior mesen-
teric artery. Br J Pharmacol 149: 560-572, 2006.

Striibing C, Krapivinsky GB, Krapivinsky LD, Clapham D. TRPC1
and TRPCS form a novel cation channel in mammalian brain. Neuron 29:
645-655, 2001.

Taylor MS, Bonev AD, Gross TP, Eckman DM, Brayden JE, Bond
CT, Adelman JP, Nelson MT. Altered expression of small-conductance
Ca?"-activated K™ (SK3) channels modulates arterial tone and blood
pressure. Circ Res 93: 124-131, 2003.

Vergara C, Latorre R, Marrion NV, Adelman JP. Calcium-activated
potassium channels. Curr Opin Neurobiol 8: 321-329, 1998.

Wang X, Van Breeman C. Depolarization-mediated inhibition of Ca?*
entry in endothelial cells. Am J Physiol Heart Circ Physiol 277: H1498—
H1504, 1999.

Waulff H, Miller MJ, Hénsel W, Grissmer S, Cahalan MD, Chandy
KG. Design of a potent and selective inhibitor of the intermediate-
conductance Ca**-activated K™ channel, IKCal: a potential immunosup-
pressant. Proc Natl Acad Sci USA 97: 8151-8156, 2000.

Yi FX, Zhang AY, Campbell WB, Zou AP, Van Breeman C, Li PL.
Simultaneous in situ monitoring of intracellular Ca>* and NO in endo-
thelium of coronary arteries. Am J Physiol Heart Circ Physiol 283:
H2725-H2732, 2002.

AJP-Cell Physiol « VOL 293 « JULY 2007 « www.ajpcell.org

LT0Z ‘6T Jaquerdss uo L+2'2E 022 0T Aq /610 ABojoisAyd-|j@adle//:dny wouy papeojumod



http://ajpcell.physiology.org/

