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Abstract. The pharmacological profile of a voltage-in- Introduction

dependent Cd-activated potassium channel of interme-

diate conductance (IK(G&) present in bovine aortic Endothelial cells (EC) play an important role in the regu-
endothelial cells (BAEC) was investigated in a series oflation of vascular tone by secreting a variety of vasoac-
inside-out and outside-out patch-clamp experimentstive factors in response to hormonal and/or physical
Channel inhibition was observed in response to externastimuli. These factors include vasorelaxing agents such
application of ChTX with a half inhibition concentration as the endothelium-derived relaxing factor (putatively
of 3.3+ 0.3 m (n = 4). This channel was insensitive to NO) [21] and vasoconstrictors such as endothelin-1 (and
IbTX, but channel block was detected following external perhaps other endothelins), endoperoxides (B)GH
application of MgTX and StK leading to the rank order thromboxane A2 and superoxyde anions. The produc-
toxin potency ChTX > Stk > MgTX >>IbTX. A reduc- tion by the endothelium of vasodilators such as NO has
tion of the channel unitary current amplitude was alsobeen proven to be related to an increase in intracellu-
measured in the presence of external TEA, with halflar C&", resulting, in part, from an inositol 1,4,5 tris-
reduction occurring at2+ 3 mv TEA (n = 3). The phosphate (Insp mediated release of €afrom in-
effect of TEA was voltage insensitive, an indication thatternal stores coupled to an agonist-evoked ‘Gaflux.
TEA may bind to a site located on external side of theThere is now supporting evidence that the’Cimflux
pore region of this channel. Similarly, the addition of in EC is affected by membrane potential, with a hyper-
d-TC to the external medium caused a reduction of thepolarization leading to an augmentation and/or stabili-
channel unitary current amplitude with half reduction atzation of the C&" entry [1,7,33,42,45,55], and it is gen-
4.4 +0.3 M (n = 4). In contrast, application of d-TC erally agreed that this augmentation arises from the in-
to the bathing medium in inside-out experiments led tocreased electrical driving force acting on“Céons un-

the appearance of long silent periods, typical of a slowder these conditions [7,15,16,45,53,55]. Variations in
blocking process. Finally, the IK(G§ in BAEC was membrane potential may originate from several factors,
found to be inhibited by NS1619, an activator of the but a determinant role has been attributed fosélec-
Ca*-activated potassium channel of large conductancéive channels in several studies [2,15,33,45,53]. For
(Maxi K(Ca?")), with a half inhibition value of 11 + 0.8 instance, whole-cell patch recordings and microelec-
puM (n = 4). These results provide evidence for a phar-trode potential measurements on intact endothelium
macological profile distinct from that reported for the preparations have indicated that acetylcholine induces a
Maxi K(Ca®") channel, with some features attributed to biphasic hyperpolarization of the EC with an initial hy-
the voltage-gated 1.2 potassium channel. perpolarization related to the release of?Cérom in-

_ . , ternal stores, followed by a sustained hyperpolariza-
Key words: Ca"-activated K channel — Endothelial ;5 phase which required the presence of external

cells — Charybdotoxin — TEA — Kchannel activator - 2+ 7.9 11,40]. It was argued that the activation of
— d-Tubocurarine Ca*-activated K channels (K(C&)) was respon-
sible for the membrane hyperpolarization in this case.
R These results, together with experiments in which in-
Correspondence toR. Sauve ternal C&" and whole cell K currents were recorded
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simultaneously, further supported the proposal that théMaterials and Methods

hyperpolarization of EC by agonists results from the ac-

tivation of K(C&™") channels [9,33,42,53,54]. Aninves- Cg . CULTURE

tigation of K(C&*) channels in EC is therefore essential

to fully understand the regulation of the {‘Jasignaling The details pf the BAE cell culture procedure and charactt_erization ha\{e
process in this case. been described elsewhere [53]. The cells were tested with endothelial

. cell-labeling reagents or factor VIII antibodies (Daco, Santa Barbara,
At least three different classes of K(éaa'Channels CA) and responded positively [31]. BAE cells were grown in Dulbec-

have so far been identified in EC. Maxi K(€3chan-  co's modified Eagle Medium (Gibco) supplemented with 10% newborn
nels with unitary conductance > 100 pS were found incalf serum, 3.7 g/l NaHCg 100 U/ml penicillin and 10qug/ml strep-
rabbit aorta [52], human umbilical vein EC [45] and in tomycin in humidified air with 5% CQ@ atmosphere at 37°C. Cells
pig coronary artery [4] Channel activity appeared to befrom serial passage 21-26 _were reseeded on microscope coverslips tc
both C&* and voltage dependent with an increased Cl,]anc::lccommodate the superfusion chamber used for patch measurements
nel open probability at depolarizing potentials. Channel

inhibition was observed in this case in EC from rabbit PATCH-CLAMP EXPERIMENTS

aorta eXposed to ChTX (1OQ‘AD" external TEA (0'5_5 Characterization of the IK(C4) channel properties was carried out at
mm) or TBA (0.5-5 nm). This channel corresponds to the single-channel level using the patch-clamp technique in the inside-
the well-documented Maxi K(C4) channel reported in  out or outside-out configuration with a List EPC7 amplifier. For in-
different types of cells and tissues [37]. An apamine-side-out experiments, the patch electrode and cytoplasmic-like solu-
sensitive K(C§+) of small conductance (9 pS) was also tions consisted in a standard 200 KCI medium containing ir):200

KCI, 0.5 MgCl, buffered at pH 7.4 with 25 Hepes and 10 KOH, for a

reported by Marchenco and Sage on EC from intact rabfree C&"* concentration of approximately @m (estimation based on

bit aorta [41]' This particular channel did not appearsy -2 measurements). Unless specified otherwise, the voltage in the
however to participate to the hyperpolarization evokedpipette was +60 mV throughout. The bathing solution for outside-out
by acetylcholine in these cells. Finally, the presence ofxperiments was a standard 200 KCI medium, while the pipette con-
K(Ca®*) channels of intermediate conductance (20-80ained (in nu): 200 KCI, 0.5 MgC}, 25.0 Hepes, 10.0 KOH, 1 EGTA
pS) (IK(C§+)) was also confirmed in several single- and 0.92 CaGlfor a free C&" concentration of 0.um. The voltage in

. the patch pipette was maintained to -60 mV throughout. Patch pipettes
channel studies on vascular EC [14’41’53’54'60] were pulled from Pyrex capillaries (Corning 7040) using a David Kopf

IK(Ca**) channels showed no significant voltage depen-programmable pipette puller (Model 750) and used uncoated. The re-
dence and exhibited inward rectification in symmetrical sistance of the patch electrode ranged from 4 ts@0 Current traces
salt solutions. In addition, single-channel evidence wagvere recorded using a VR-10B digital data recorder (Instrutech, Great
provided in a previous patch-clamp study that stimula-'\_‘ed" NY). For ofﬂin_e analysis, the signal was sampled at_l.O kHz and
tion of BAEC with bradykinin (BK) causes a hyper- filtered at 500 Hz W|th two Iow-pa}ss four-pole Bessgl flltgrs (VVs
o . . 300B, Frequency Devices, Haverhill, MA) connected in series. Base-
pOI_a“Z_at'on of the fe” potential and the Concomlta‘mline drift was corrected through a multiple linear interpolation proce-
activation of IK(C&") channels [53]. These observa- gyre. when required, the open-channel probabifty,was estimated
tions were interpreted as indicating a direct contributionfrom current amplitude histograms on the basis of a binomial distribu-
of the IK(C(:?J') channels to the BK-induced cell hyper- tion as presented elsewhere [44]. Time intervals were measured either
polarization. However, IK(C,%'U channels may not ex- ©°n noise-free curre_nt records_resulting from the application on ;elec_ted
clusively be involved in the C& response of EC to current traces obtained experimentally of the Baum-Welch reestimation

ul . linked h h hoi itid formulae [13], or using the double threshold procedure described in
extracellular agonists linked to the phosphoinositi €Bellemare et al., [5] on original current traces. The stationarity of the

pathway. Recent data suggests that they may also playracorded signal was tested according to the criteria defined in Deni-
role in cell proliferation [34,50]. This may explain the court et al., [17]. The reduction in current jump amplitude caused by

general observation that the presence of IK(T@han-  TEA and d-TC was fitted according to
nels seems related to the cell metabolic state [46]. De;

1
spite these observations, the pharmacological profile of—=—[x] v 1)
IK(Ca2") channels in EC still remains poorly docu- ° 1+me_F

mented.
In this work, we present a single-channel characterwherel and |, are the current jump amplitudes measured with and

ization of the pharmacological properties of |K(?C)a without the blocking agentX] the voltage independent concentration

channels present in BAEC. Our results essentially indifor half reduction,a the fractional electrical distance of the blocker

cated that the IK(ﬁ) in these cells show a toxin sen- binding site,q, the elementary charg& and T the Boltzmann'’s con-
s . . stant and the temperature respectively. All the experiments were per-

sitivity prqflle characterlz_gd by ChTX>StK>MgTX>> ot room temperature.

IbTX, while being sensitive to external TEA (23Mh

and d-TC (4.4 mn) at elevated concentrations only. In T

addition, this IK(C&*) channel could be blocked by in- ' OXINS

ternal appl_ication _Of the Maxi K(C4) channel opener chtx, IbTx, MgTX, and StK toxin were purchased from Alomone
NS1619 with half inhibition value of 11um. Labs (Jerusalem, Israel). TEA and d-TC were obtained from Sigma
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and the Maxi-K(C&*) opener NS1619 was purchased from RBI A CONTROL
(Natick, MA). Each toxin was prepared agus stock solution in 200

mm KCI + 0.5 mv MgCl, + 25 Hepes and kept frozen until used. —
The final concentration of toxin for each experiment was obtained by
diluting the appropriate amount of stock solution into 2 ml of the
bathing medium which was then perfuse into the 20@atch-clamp
chamber. This procedure could normally be carried out within less
than 10 min. NS1619 was prepared in 8. KOH and kept in the dark. ChTX 10 nM
The desired concentrations of NS1619 were achieved by diluting

amounts of NS1619 stock solution directly into the bathing medium. —» ‘
TEA and d-TC were dissolved directly into the experimental solutions. ‘

2pA

ABBREVIATIONS 10s
ChTX: charybdotoxin; d-TC: d-Tubocurarine; EGTA: ethyleneglycol- g
bis-(B-amino-ethylether) N,NTetra-acetic Acid; IbTX: iberiotoxin; 100
MgTX: margatoxin; StK: stichodactyla toxin; TEA: tetraethylammo- |
nium; TBA: tetrabuthylammonium. 801
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ErFFecTs oFK" CHANNEL-SELECTIVE TOXINS 20
oN IK(Ca®") IN BAEC 0;
ChTX constitutes a potent, but not truly specific, high 20 . : 0o
affinity inhibitory agent (0.2—1 m) of the Maxi K(C&™) ChTX (aM)

channels present in skeletal and vascular smooth muscle
cells and in a variety of neuroendocrine tissuesgig 1. Effect of ChTX on the IK(C&") channel in BAEC. ) Outside-
[25,27,43]. Figure A shows representative outside-out out single-channel records measured in symmetrical 200K@l con-
single-channel recordings of a IK(€3 channel in ditions. The free C# concentration in the electrode was @ and
BAEC measured in control conditions and following the pipette potential was —60 mV throughout. The presence of ChTX

bath application of 10 m ChTX. As reported for the resulted in the appearance of long silent periods, typical of a slow block
+ ' rocess. There was no modification of the current jump amplitige. (
K(Ca2 ) channels of Iarge conductance, the presence O?)ose—response curve of the ChTX-induced IK{Qa&hannel inhibition

ChT_X in the_bathlng medium resulted in th_e appearanceds a function of the ChTX concentration. The percentage of inhibition
of silent periods of several seconds duration, occurringyt each chTx concentration was computed from the channel open
between bursts of channel activity. It is now generally probability, P,, measured in control conditions, and following appli-
agreed that these silent periods represent blocked timetion of the toxin. Each data point represents four different outside-out
intervals [43]. There was no detectable change in unitaryxpgrimefnts_. Half inhibition was estimated at 318 indicating‘ a high
conductance, and channel inhibition was fully reversib|eaff|n|ty binding of ChTX to the IK(C&") channel. Arrows indicate
within 2 min following washout of the toxin. The dose-
response curve of the ChTX-induced inhibition is il-
lustrated in Fig. B. Half inhibition was obtained at 100 mv (Fig. 2B) IbTX respectively. IbTX failed sys-
3.3+0.3m (n = 4), avalue comparable to that reported tematically to affect the IK(C&) channel activity at con-
for many of the K(C&") channels of large conductance centrations up to 100my indicating a low binding affin-
identified so far. These results suggest therefore that &y of the toxin to the IK(C&") in BAEC when compared
discrimination between Maxi K(C4) and IK(C&™) to ChTX. Different results were obtained with StK, a
channels in EC cannot be directly established from gpeptide K channel blocker of marine origin, which was
ChTX-evoked variation in membrane potential alone,shown to specifically inhibit the Ca-activated®°Rb*
both channels being equally sensitive to the toxin oveiinflux in red blood cells [6] at a half inhibition concen-
the same concentration range. tration of 24.5 m in normal saline conditions. It was
IbTX has been reported as a highly specific inhibitor proposed that the action of StK was mediated in this case
of Maxi K(Ca®*) channels in vascular smooth muscle by a C&*-activated K channel with conductance and
cells [8]. The effect of IbTX on the IK(CH) channelsin  gating properties similar to IK(G4) in BAEC [14,30,53,
BAEC is shown in Fig. 2. The resulting current traces54,60,63]. Figure & presents typical outside-out single-
were obtained from outside-out patches in control conchannel recordings in which the effect of 108 1$tK
ditions, and following exposure to 15un(Fig. 2A) and  was tested on the IK(G4 of BAEC. The resulting in-

closed state current level.
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Fig. 3. (A) Effect of StK on the IK(C&") channel in BAEC. Repre-

Fig. 2. Effect of IbTX on the IK(C&") channel in BAEC. &) Typical  sentative outside-out current records measured in symmetrical 00 m
outside-out current records measured in symmetrical 200<@l, in KCI in control conditions and following bath application of 1061 n
control conditions, and following the addition of IbTX (1%to the  stK. The pipette potential was equal to —60 mV throughout. The mean

bathing medium. &) Outside-out current records obtained from an percentage of inhibition was estimated at 63 + 5% 4) under these
other cell where 100m IbTX was added to the bathing medium. The ¢onditions. B) Effect of MgTX on the IK(C&*) channel in BAEC.

pipette potential was equal to ~60 mV throughout. Bath application of gxperimental conditions as ifi. At this concentration, MgTX caused

IbTX failed to affect the single-channel activity at concentrations up to 3 47 + 13% = 3). As observed with ChTX and StK, the addition of

100 rv. Arrows indicate the closed state current level. MgTX to the bathing solution resulted in the appearance of long clo-
sures, with no modification of the channel current jump amplitude.
Arrows indicate the closed state current level.

hibition pattern was similar to that observed in the pres-

ence of ChTX ¢eeFig. 1), with the appearance of long o

silent periods interrupted by bursts of channel activity.MdTX (100 nv) are presented in Fig.B3 At a concen-

Reductions of channel activity of 15 + 3% & 4) and  ration of 100 m, MgTX caused a 47 + 13%n(= 3)

63 + 5% f = 4) were obtained at Stk concentrations of inhibition of the IK(C&") channel activity. Thils toxin is
50 v and 100 m respectively. The binding affinity of therefore a less potent IK(€3 channel blocking agent
StK to the IK(C&") channel in BAEC appears therefore than both ChTX and StK, but constitute a better blocker
much lower than that measured for ChTX, but signifi- than 1bTX.

cantly higher than the half inhibition values expected for

IbTX (Fig. 2). MgTX is also an other toxin which shares Errects oFTEA anp d-TC on IK(Ca?") in BAEC

a significant degree of identity with ChTX (44%) and

IbTX (41%). This toxin has been described as a selecSeveral studies have established that internal addition of
tive inhibitor of voltage-gated Kchannels, but appeared the large organic cation TEA induces a slightly voltage
to be inactive against the €aactivated K channel of  dependent fast blockage of the Maxi K&gchannels
intermediate conductance present in human T-lymphowith characteristicK, values ranging from 27—60 v
cytes [26,29]. Representative outside-out current trace25,37]. TEA applied externally caused however a more
recorded in control conditions and in the presence ofpotent fast blocking actiork(; = 0.14 to 0.3 nw) with

Y

E S




S. Cai et al.: K(C&") Channels in BAE Cells 151

A OUTSIDE-OUT ol A
CONTROL 5
084 4 }'\
—» \
' { ] 0.6 ‘IL\\\\ I
s I
0.4
TEA 20 mM 0.2
N
Mﬁwwwﬂwwwmwwwm R S S S T
[TEA] mM
2pA |
1s 1.0~ B
B INSIDE-OUT -
CONTROL

. ] el
A T

TEA 20 mM 0.2
> .
‘ 0.04+— - r T T
| V(mV)
2pA Fig. 5. (A) Dose-response curve of the normalized current jump am-
1s plitude as a function of the external TEA concentration. Results ob-

tained from outside-out experiments performed in symmetrical 200 m
Fig. 4. Effect of TEA on the IK(C&") channel in BAEC. &) Outside- KCI at a constant pipette potential of =60 mV. The continuous curved
out single-channel current records aimed at investigating the action owvas computed from Eq. (1), for a half inhibition concentration value at
TEA when applied externally. Currents measured in symmetrical 200V = 0 mV of 23 + 3 mv (n = 3). (B) Voltage dependency of the effect
mm KCl, at an applied voltage of =60 mV. The external addition of 20 of TEA (20 mv) on the current jump amplitude. Results obtained from
mm TEA resulted in a clear decrease of the channel current jumpoutside-out experiments performed in symmetrical 200 KCI at a
amplitude with no significant changes Ry. (B) In contrast, internal ~ fixed TEA concentration of 20 m. Continuous line computed from
application of TEA failed to affect the unitary current jump amplitude equation (1) with ) = 23 mv anda = 0.045 f = 3). These results
under identical KCI (200 m) and TEA (20 nw) conditions. Inside-out ~ show that effect of external TEA is not significantly voltage dependent
experiments carried out in symmetrical 20mrKCl at a pipette po-  indicating a binding site located at the entrance of the channel external
tential of 60 mV. Arrows indicate the closed state current level. mouth.

a reduced voltage-sensitivity [37]. Figure 4 shows theThe data were fitted to equation (1) wig = 23+ 3 mm
effect of TEA on IK(C&") channels in BAEC, first (Fig. anda = 0.045 + 0.0021§ = 3). On the basis of these
4A) in outside-out experiments where TEA (2Mmijrwas  results, it appears therefore that the IKQachannel in
applied to the membrane external surface, and in insideBAEC is substantially less sensitive to TEA than the
out patch recordings in which TEA was added to theMaxi K(Ca?*) channels identified in smooth muscle
bathing solution (Fig. B). The results in Fig. Aclearly  cells, while displaying, as for the Maxi K(€¥ chan-
indicate that the external application of 20MnTEA  nels, a weak voltage-dependent bloek € 0.1) when
caused a decrease of the unitary current jumps amplitud€EA is applied to the external medium.

without modification of the channel open probability. d-TC has been reported to affect the agonist-induced
Such a reduction was not observed when 20 WEA  hyperpolarization observed in several vascular EC
was added in inside-out patches to the cytosolic-like me{4,41,62]. The current traces in FigA@ndB illustrate
dium (Fig. 8B). The dose-response curve of current am-the differential effect of d-TC on the IK(G4 channel in
plitude reduction measured at -60 mV as a function oBAEC depending on the patch-clamp configuration used.
the external TEA concentration is shown in Fig.5The  In Fig. 6A, the external addition of d-TC at concentra-
voltage dependence of the current ralip, at a fixed tions up to 5 nw caused a clear reduction of the channel
TEA concentration of 20 m is presented in Fig. B current jump amplitude, typical of a fast blocking pro-
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Fig. 6. Effect of d-TC on the IK(C&") channel in
BAEC. (A) Outside-out current records measured
2.5 mM d-TC 5mM d-TC in symmetrical 200 m KCI so_l_utions in control
conditions and following addition of d-TC at 2.5
mm and 5.0 nm respectively. The pipette potential
was —60 mV throughout. The external application
of d-TC resulted in a dose-dependent decrease of
the channel current jump amplitudd)(In

contrast, internal application of d-TC in inside-out
experiments, led to the appearance of long silent
periods with no significant change of the current
unitary amplitude. Experiments performed in
symmetrical 200 m KCI, with a pipette potential
= 60 mV. Arrows indicate the closed state
current level.

cess. This effect was voltage independent. In contrast,
when d-TC was applied internally, the single-channel b T
activity measured over the same concentration range was
characterized by the appearance of silent periods of sev- 08
eral seconds duration, typical of a slow block of the
channel by the drug (Fig.Bj). Figure 7 presents the
dose-response curve of the effect of external d-TC on the

0.6

current amplitude computed from four different record- ~ **]
ings. Half inhibition was obtained at 4.4 + 0.3mnfn =
4) indicating a low affinity of the drug for the IK(G3) %2
channel in BAEC [22,64].
AT SR S S B
EFFECTS OF THEPOTASSIUM CHANNEL ACTIVATOR d-TC (mM)

NS16190N IK(Ca*") IN BAEC

Fig. 7. Dose-response curve of the effect of external d-TC on the

o normalized unitary current amplitude of the IK(€x channel in
The benzimidazolone NS1619 has been proven to COrBagc. Data points obtained from three different outside-out experi-

stitute a potent Maxi K(C&) channel activator in several ments performed in symmetrical 200MnKCl. The pipette potential

cell types including human bronchial smooth musclewas maintained at 60 mV. The continuous curve was generated using
cells, human and bovine coronary artery smooth muscl&a. (1) withX, = 4.4 mv ande = 0.0.

cells, rat pancreatic B-cells, HIT-T15 cells, mouse cor-

tical neurons and cerebellar granule cells [48]. The ef-

fect of NS1619 on the IK(C4) channel in BAEC was surface in outside-out experimentdaa not showh
tested in a series of inside-out experiments in whichThe dose-response curve describing the effect of NS1619
NS1619 was applied at concentrations ranging from 1®n the IK(C&") open probability is illustrated in Fig. 9.

to 100pM. The recordings in Fig. 8 show that there was Half inhibition was observed at 11 + Oi8v (n = 4), a

a clear decrease in single-channel activity following theconcentration value at which activation of Maxi K&
addition of NS1619 to the bath, with a near completechannel was reported [48]. The detailed analysis of the
inhibition at 100um (P, = 0.06). The action of NS1619 channel dwell time distributions shown in Fig. 10 reveals
was poorly reversible and involves both an increase ofn addition that under control conditions, the IK&n

the channel mean closed time, coupled to a decrease ehannel kinetic behavior can be accounted for by a single
the channel open time. In addition, NS1619 at a con-open state coupled to two dominant closed states. The
centration of 10Qum failed to affect the IK(C&") chan-  addition of NS1619 resulted in the appearance of a third
nel activity when applied to the membrane externalclosed state characterized by a slow time constant of 0.1
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CONTROL

10 pM NS1619

30 pnM NS1619

Fig. 8. Effect of the Maxi K(C&*) channel
activator NS1619 on the IK(G4 channel in
BAEC. Inside-out single channel recordings
obtained in symmetrical 200 mKCI. The pipette

100 pM NS1619 ’ 2 pA

2 potential was 60 mV throughout. Near complete
é 100 inhibition of channel activity was observed at a
H NS1619 concentration of 100m. There was no
significant changes in the channel unitary
0 amplitude.
58 3 a2 P

pA

sec at 1Qum NS1619 (lata not showpand 0.6 sec at 30 conductance (20 pS to 80 pS). IKEhchannels have
pM (Fig. 10) respectively. The appearance of this newrecently been cloned from human T lymphocytes
state led to a significant increase of the channel meafhKCa4) [38], human pancreas (hlK1) [35] and HelLa
closed time with values of 7 msec, 13 msec, 77 msec andells (this laboratoryunpublished resul}s The resulting
140 msec at 0, 10, 30 and 1™ NS1619 respectively. protein comprises 427 amino acids with six transmem-
There was also a reduction of the channel mean opehrane segments S1-S6, and a pore motif between S5 ant
time from 18 msec in control conditions to 9 msec and 6S6. The amino acid sequence of the IKQachannels
msec in 30 and 10Gwm NS1619 respectively. These identified so far appeared 42—-45% identical and 50-55%
combined effects account for the decreasejobserved conserved compared to the K& channels of small
at increasing NS1619 concentration values. conductance (SK). These structural informations pro-
vide therefore strong evidence that IK&grchannels are
_ . more closely related to SK than Maxi K(€3 channels.
Discussion The present work provides new single-channel results on
the IK(C&") channels in BAEC for which a detailed
K(Ca®") have been divided into three main classes on thgpharmacological profile was unknown to this date. Evi-
basis of their single-channel conductance [10,25,37]dence was herein presented indicating that despite a
large conductance (100-250 pS) KfOachannels that —similar sensitivity to ChTX, Maxi K(C&") and IK(C&™)
are inhibitable by nanomolar concentrations of IbTX andchannels differ markedly in their pharmacological speci-
ChTX [8,43], apamine sensitive small conductanceficity. For instance, the IK(C&) channel was insensi-
K(Ca?*) characterized by an unitary conductance of lesdive to IbTX and responded to TEA at concentrations 100
than 20 pS [36] and K(CG4) channels of intermediate times higher than that used for Maxi K(€&inhibition.
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Fig. 9. Dose-response curve of the inhibitory effect of internal NS1619 84
on the K(C&") channel activity. Data points obtained from three dif- 64
ferent inside-out experiments performed in symmetrical 200KCI. g S &
The pipette potential was maintained equal to 60 mV throughout. The2™, 41 24l
percentage of inhibition was calculated according to 100®,(X)/ “ N z
P,(0)) whereP(X) is the channel open probability measured at a given H
concentrationX of NS1619, andP,(0), the channel open probability 04 o ~
measured in the absence of NS1619. The continuous line was obtain-

1E-3 0.01 01 1E3 001 01 1 10

ed by curve fitting the data to 18@(X + X,) with X, = 11 + 0.8um Dwell Time (5) Dwell Time (s)

(n = 3).
Fig. 10. Effect of NS1619 on the IK(Cd) channel dwell time distri-
butions. Examples of dwell time distributions where time intervals

More remarkable is the observation that the Maxiwere bined according to a logarithmic scale. The open time distribution

K(Ca2+) channel activator NS1619 caused a decreas¥as fitted_ to a single exponentigl function w_hile a minimum_ of two

rather than an increase of the IK@&achannel activity. ~ &XPonentials and three exponentials respectively were required to ac-

. . . . . count for the closed time interval distribution in control conditions and

In ader't'O”' MgTX, a toxin Wh'C,h fa"e‘?' to blOCk.MaX' following the addition of NS1619. The mean open time was equal to 18

K(Ca’*) channels, and the marine toxin StK which ap- msec in the absence of NS1619, and to 8 msec ipMINS1619. The

peared as a potent inhibitor of voltage-gatetl ¢han-  characteristic times for the closed state distribution corresponded to 2.5

nels, were both effective in reducing the IK(%)ichan- and 26 msec in control conditions and to 3.5 msec, 28 msec and 0.6 sec

nel open probability. Finally, our results showed a dif- in the presence_of3ﬁ)M NS1619. N represents the number of intervals
ferential inhibitory action of d-TC whether the drug was cellected per bin.

applied to the internal or external surface of the mem-

brane.

ChTX was regarded originally as a specific inhibitor endothelium confirm therefore that the Talependent

of Maxi K(C&a?") channels. More recent works have in- K* permeability of EC can be affected by ChTX, but a

dicated however that the voltage-gategli? and K,1.3 ~ ChTX related depolarization of the cell potential in this

channels are also very sensitive to the peptide [28,57]case can not be used to discriminate Maxi K{G&han-

The presence of ChTX-sensitive IK(ER has also been nels from IK(C&™).

reported in a variety of cell preparations. For instance,  One of the main findings of this work is the absence

dissociation constants of 5.4urand 3—4 m have been of IbTX inhibition despite a 68% sequence identity with

measured in human red cells [6] and human T-ChTX [8]. The results in Fig. 2 support the findings
lymphocytes [29] respectively. These values are inreported on human red cells where IbTX appeared inef-

agreement with the data presented in Figg.vihere half  fective at inhibiting the influx of°Rb" activated by C&

inhibition of the IK(C&") channel in BAEC was ob- [6]. Because IK(C&") channels are IbTX insensitive,

served at 3.3 m. ChTX was less effective however in the observation of IbTX-related effects on EC is likely
blocking IK(C&") channels present in HL-60 cells [61], therefore to reflect the contribution of Maxi K(€3

in ras-transformed fibroblasts [34] or in the endothelium channels to the electrophysiological response of EC. In

of intact rat aorta [41]. In the latter case 50% inhibition contrast, the marine toxin StK caused a significant inhi-

was achieved at 137wnChTX only. In addition, ChTX  bition of the IK(C&*) channel in BAEC (Fig. 8). This
failed to cause at concentrations up tpuid a significant  toxin has been reported to block rat braifi Ehannels
reduction of the IK(C&") channel activity in the epithe- which are primarily of the k1.2 type and the human
lial cell line Tg, [58]. The results in Fig. 1 and the ob- Jurkat T-lymphocyte K1.3 channel [51]. Interestingly,
servations of Marchenko and Sage, [41] on intact aortidhe single-channel recordings in FigB 3how that the
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IK(Ca?") channel in BAEC was also inhibitable by tion of the unitary current jump amplitude typical of a
MgTX, a specific blocker of K1.3 channel. However, fast blocking process whereas, addition of d-TC in in-
the ID5, value measured in the present case is 100Gide-out recordings resulted in a slow blocking action.
higher than that reported for\J.3 inhibition. MgTX  These observations suggest a stronger binding of d-TC to
was also shown to affect the €aactivated®®Rb" influx the channel inner than external pore region. Block of
in human red cells, but the toxin was clearly less potenMaxi K(Ca?") channels by d-TC on the cytoplasmic side
than ChTX and StK, in agreement with the patch-clamphas been reported by Egan et al., [20] in rat olfactory
results in this work [6]. bulb neurons and by Baron et al., [4] in pig coronary
The results in Figs. 4 and 5 provide evidence for aartery endothelial cells. However, near complete chan-
low binding affinity of external TEA to IK(C&") chan-  nel inhibition was measured in these cases at d-TC con-
nels compared to Maxi K(C4). The half inhibition  centrations <100um. Similarly, results obtained on
concentration derived from the data in Figh B within ~ small-conductance K(G&) channels have provided evi-
the reported range of values obtained for the SK1 chanedence for an external d-TC block at concentrations rang-
nel [59] and for the IK(C&") channels identified in hu- ing from 5 um for the SK2 channel to 30Qm for the
man T-lymphocytes [29]ras-transformed fibroblasts SK1 channel [36,49]. Interestingly, the double muta-
[34], HelLa cells [18], T, epithelial cells [58]. Among tions E330D plus H357N of the SK1 channel shifted the
the voltage-gated Kchannels, K1.1 channels show a sensitivity to that of SK2 [59]. The finding that the
high affinity to TEA with an IG, value of 0.3 nw, IK(Ca?*) channel in BAEC is insensitive to external d-
whereas the closely related,,K.2 channels appeared TC at concentrations where total block of the d-TC sen-
weakly blocked (IG, = 150 mm) [39]. In the latter sitive SK1 or SK2 channels was measured (<@)m
case, site directed mutagenesis experiments have shovangues for different structures in the external pore region
that mutation of Vai®* to Tyr, leads to a TEA affinity between these two types of €eactivated channels.
equivalent to that of K1.1 [32]. Similarly, substituting This conclusion is further supported by the recent pub-
in the C&"-activated SK1 channel a Val at position 355 lication of the amino acid sequence for the IK{Qa
by a Tyr increased sensitivity to external TEA from 14.6 channels hKCa4 [38] and hIK1 [35] where a &yand
mm to 0.3 mv [59]. Maxi K(Ca") channels which are an Asrf3? are now substituting for the His/Asn at posi-
characterized by a high affinity to external TEA, also tion 357 and the Glu/Asp at position 330 in SK1/SK2
contain a Tyr residue at the C-terminal portion of therespectively [35]. These differences may partly explain
pore region [3]. Our results on the effects of TEA, the low affinity of the IK(C&") in BAEC to d-TC com-
ChTX and IbTX on the IK(C&") channel in BAEC pro- pared to for both SK1 and SK2 channels. The results in
vide therefore indirect evidence that the overall architec+ig. 7 agree however with the low sensitivity to external
ture of the other vestibule of the IK(€3 channel in  d-TC reported for an IK(CH) channel measured in in-
BAEC can be better accounted for by a SK type than aact rat aorta [41]. Both channels share several key phar-
Maxi K(Ca?") type channel structure. Interestingly, the macological features such as poor d-TC sensitivity and
amino acid sequence obtained for the IK{Qachannels  lack of apamine-related inhibition, while displaying dif-
cloned from human T lymphocytes (hKCa4) [38] and ferent affinities to ChTX. The absence of an apamine
human pancreas (hlK1) [35] show a Val at position 257block in both cases supports the close correlation estab-
in the C-terminal portion of the pore region. This finding lished in SK1 and SK2 channels between apamine and
is compatible with the present observation of a low TEAd-TC sensitivity [59]. The d-TC results suggest there-
sensitivity for the IK(C&") channel in BAEC. fore that the IK(C&") channel in intact rat aorta corre-
d-TC has been reported to reduce the hyperpolarizasponds to the IK(C#) channel in BAEC or to a closely
tion evoked by a CH ionophore or bradykinin in cul- related structure.
tured guinea-pig [11] and pig coronary artery endothelial A major observation of the present work is the in-
cells [62]. d-TC has also been found to reduce the curhibitory action of the Maxi K(C&") activator NS1619.
rent jump amplitude of a IK(CH) present in the endo- NS1619 is known to activate a variety of Maxi K(€a
thelium of intact rat aorta [41]. This latter effect was channels including the cloned dSlo, mSlo and h&lo
observed at concentrations >Mirin agreement with the subunits [47]. There are indications however that this
results presented in Figs. 6 and 7 of this work. In addi-compound can block L-type G4 currents as well as
tion, because the reduction in unitary current amplitudeK o1 and delayed rectifier currents in freshly isolated rat
illustrated in Fig. 7 appeared voltage-insensitive, theportal vein smooth muscle cells [19]. A 40% inhibition
binding site of d-TC to IK(C&") is likely to be located on  of K., currents was also observed in HIT-T15 at 1@
the external side of the pore region. The single-channeNS1619 [47]. In hypothalamus neurons, NS1619 caused
recordings in Fig. 6 also indicate that d-TC caused ahe activation of a Maxi K(C&) channel, but failed to
differential effect depending on the patch-clamp configu-affect the K;p channels present in the same neurons
ration used. D-TC applied externally induced a reduc-[56]. Our results clearly indicate a reduction in single-
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channel activity in inside-out recordings where NS1619Research Council of Canada (MT 7769) and from the Quebec Heart
was applied into the bathing medium (Fig. 8). Half in- and Stroke Foundation.

hibition was observed at Jjim (Fig. 9) and there was no
significant change in the current unitary amplitude. An
analysis carried out using an algorithm based on the
Baum-Welch re-estimation formulae [13] confirmed that 1.
NS1619 caused a marked increase in the channel mean
closed time, coupled to a less important reduction of the
channel mean open time. For instance, the channel meas-
closed time and mean open time changed from 7 and 18
msec in control conditions to 13 and 12 msec atuhD
NS1619 and to 77 and 8 msec at3Q NS1619 respec- 3
tively. The analysis presented in Fig. 10 confirmed in
addition that the presence of NS1619 resulted in the ap-
pearance of an additional closed state characterized by a
slow time constant. The fact that the time constant of the #
channel open state decreased at increasing NS1619 con-
centrations suggests that NS1619 binds to the channel
while being in the open state. But, the observation that s
the time constant of the additional closed state varied as
a function of the NS1619 concentration, argues against
an action of NS1619 that can be modeled in terms of &.
a simple block of the open channel by NS1619.
Because benzimidazolones are highly lipophilic com-
pounds, the fact that no significant effect of NS1619 was
observed over a 2-min period in outside-out experiments
is unexpected. Our results do not therefore support an
inhibitory action that would be mediated by an unspe- 8.
cific effect on the membrane structure, but rather suggest
that NS1619 may interact with an hydrophobic domain
located on the cytoplasmic moiety of the IK@&pachan-
nel. Such an interaction may in turn lead to modifica-
tions of the channel kinetic properties as shown in Fig.

10, and which can not be accounted for by a simple blocko.

of the channel pore region.

11.

Conclusions

This work provides evidence at the single-channel IevefL2
for a pharmacological profile for the IK(G§ channels
in BAEC that is distinct from Maxi and small-con-

ductance K(C#). IK(Ca®") channels have been in- 13.

volved in a variety of cellular processes including cell
proliferation [34,50], electrical response to mechanical
stimulation [23,24], cell volume regulation [6,12], salt
secretion [58] and internal &4 signaling [29,53]. A
specific pharmacological profile for the IK(€9 may

provide not only additional tools to further evaluate the1s.

contribution of these particular channels to the electro-
physiological response of EC to €amobilizing ago-

nists, but also structural informations to better character®-

ize the unique properties of these channels.

The authors would like to thank Dr. L. Parent for her critical reading of 17.

the manuscript. This work was supported by a grant from the Medical
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