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Abstract. The effect of the chloride channel blocker Introduction
4-acetamido-4-isothiocyanatostilbene-2,2-disulfonic
acid (SITS) on the gating and amplitude of an endothelial ) ) ) o
chloride channel was explored using the outside-out cond he gating behavior observed in most of the ionic chan-
figuration of the patch-clamp technique. nels studied thus far involves a binary switch between

Under control conditions the channel displayed twotwo states: open and shut. However, some channels de-
main gating modes: shut and fully open. Transitions toviate from this pattern showing complex transitions to
equally spaced subconductance states were rarely olonducting states that are smaller than the fully open
served (less than 10 events/minute). state (subconductance states).

At low concentrations (<4ﬁM), SITS increased the Subconductance states are defined as the transitions
number of transitions to the three subconductance staté¥ a single channel to amplitudes different from the fully
in a concentration-dependent manner, while reducing th@pen state. The mechanisms by which ionic channels
number of transitions to the fully open state. This effectcan display subconductance states remain unsolved
was maintained after removing SITS from the bath so{Fox, 1987; Laver & Gage, 1997). However, in some
lution, suggesting that the modifications in the channelchannels the subconductance states can be induced by
induced by SITS were irreversible. All four conducting several experimental maneuvers such as changes in pH
states had similar current-voltage relationships. (Zhenget al., 1993), voltage (Kazachenko & Geletyuk,

At higher concentrations (>4faMm), SITS reduced 1984) or the use of channel blockers (SCh”d, Ravindran

the amplitude of all conducting states (three subconduc& Moczydlowski, 1991).

tances and fully open). This effect was fully reversible The fact that subconductance states can be induced
upon SITS removal from the bath solution. A half- by these experimental maneuvers brings the opportunity
inhibitory concentration (IG,) of 55.6 + 2.7um (+60  Of studying the mechanisms and possible modifications
mV) and 66.7 + 2.2 (-60 mV) was obtained from the that the single channel may undergo in order to display
fitting to a Langmuir function. several conducting states.

All these results are compatible with the existence of ~ In the present study, the chloride channel blocker
two SITS binding sites in the chloride channel: one of SITS was utilized to affect the gating and amplitude of a
high affinity responsible for the increment in the numberchloride channel, resulting in the appearance of four,
of transitions to subconductance states, and one low afqually spaced subconductance states that were rarely

finity binding site involved in the reduction of the am- observed in the channel not exposed to SITS.
plitude of all conducting states. The results presented here indicate that SITS favors

the appearance of subconductance states by interacting
with a high affinity site in the channel. This interaction
Key words: SITS — Chloride channel — Subconduc- is poorly reversible suggesting that SITS, like other di-
tance states — Endothelial cells sulfonic stilbene derivatives, may be interacting with
amino groups in the channel sequence. Higher SITS
concentrations reduced the amplitude of all conducting
I states in a concentration-dependent manner. The reduc-
Correspondence td-. Vaca tion in the amplitude of all conducting states was fitted
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Fig. 1. A large conductance chloride channel from
vascular endothelium. (Pand) Representative
single channel recordings obtained at the voltages
of +60, —60, +20 and —20 mV. Horizontal arrows
point to the shut state (zero current level). Channel
activity filtered at 3 kHz for illustrative purposes.
The scale shows 5 seconds and 4 pA. (P&)el
Current-voltage relationship obtained from 7
independent single channel experiments. Symbols
represent the mean * SD.

by a Langmuir function from which an apparent half- 20 mv N-[2-hydroxuethyl]-piperazine-N[2-ethanelsulfonic acid]
inhibitory concentration was obtained. (HEPES, Sigma Chemical). The pH was adjusted to 7.2 with HCI.

This interaction was fully reversible after removing
SITS from the bath solution. The effect obtained with cg | cuLTure
higher SITS concentrations suggests the presence of a
low affinity site, which affects single channel perme- Bovine aortic endothelial cells (BAEC) were purchased from the

ation, probably by interacting with amino acids near theAmerican Type Culture Collection (ATCC) and maintained in culture
pore, at 37°C in a humidity controlled incubator with 5% GOThe media

used is Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum, 10Qg/ml streptomycin. When monolayers

. reached confluency the cells were mechanically dispersed with a plastic
Materials and Methods pipette. Cells were then placed on 35 mm Petri dishes and mounted on
the stage of an inverted microscope (NIKON). Only passages 5-15

were used for the experiments to be described.
REAGENTS AND SOLUTIONS

All salts used in this study and 4-acetamido-4-isothiocyanatostilbeneSingLE CHANNEL RECORDING

2,2-disulfonic acid (SITS) were purchased from Sigma Chemical (St.

Louis, MO). The Bath (extracellular) and pipette (intracellular) solu- The outside-out configuration of the patch-clamp technique (Haill
tions contained 100 m N-methyl-o-Glucamine, 50 m mannitol and al., 1981) was utilized to study single chloride channels obtained from
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+60mV

Fig. 2. The chloride channel displays spontaneous
subconductance states. Representative examples of
single channel activity obtained at +60 and -60
mV showing the scarce, spontaneous transitions to
subconductance states. The data were filtered at 5
kHz and digitized at 10 kHz. Channel activity
filtered at 3 kHz for illustrative purposes. Dotted
lines indicate the different amplitudes and are also
numbered accordingly. At +60 mV upward
deflections indicate channel openings, the opposite
for =60 mV. The scale shows 500 msec and 4 pA.

single of bovine aortic endothelial cells (BAEC). Patch pipettes werewere discarded from the analysis. The presence of a single channel was
made of 7052 or 8161 glass (Garner Glass), pulled and fire polished teerified in control conditions before the addition of SITS. Under these
obtain pipette resistances in the range of 648 The reference elec- conditions the channel displayed only two gating modes: fully open and
trode was an Ag-AgCl plug connected to the bath solution via a 150shut, subconductance states were rarely observed (less than 10 events/
mm KCI agar bridge. The amplifier was the Axopatch 200A (Axon min). Under these conditions it was possible to determine if more
Instruments, Foster City, CA) connected to the Digidata 1200 analogthan one channel was present in the membrane patch.

digital interface (Axon Instruments). Single channel recordings were SigmaPlot (Jandel) was utilized to fit the channel amplitudes at
initially stored on tape using a VCR (Vetter Instruments, CA). different SITS concentrations to a Langmuir function of the type:
Selected traces of single channel data were digitized on a pentium

computer for analysis. Data were filtered at 5 kHz with an 8-pole Y = YmaX(1 + IC5/[SITS])

Bessel filter (Frequency Devices) and digitized at 10 kHz. A Pico-

spritzer Il (General Valve) was utilized to deliver SITS to the patch WhereY = channel subconductance state amplitddeax= asymp-
pipette. In all the experiments to be descrileés number of experi-  totic value of the curve, [SITS} the SITS concentration tested for
ments performed for each condition. each experiment and Ig = half-inhibitory concentration.

DATA ANALYSIS Results

Single channel recordings were analyzed using E.P. Professional soft-

ware developed by B. Steiner and L. Vaca (Department of MolecularA L ARGE CONDUCTANCE CHLORIDE CHANNEL WITH TwoO

Physiology and Biophysics, Baylor College of Medicine). The algo- GATING MODES FuLLY OPEN AND SHUT

rithm first performs total point amplitude histograms from which the

s o st ampltude vl The aliud o each e bW have previously reported the presence o a large

grams. Transitions to and from any given amplitude level follow the C,OndUCtance’ voItage-gated chloride (_:hannel from bo-

half amplitude criterion. vine aortic endothelial cells (BAEC_) which is modulated
Channel analysis was obtained from 2—3 min of continuous singlePy the CAMP-dependent protein kinase (Vaca & Kunze,

channel recordings. Patches of membrane with more than one chann&993). The channel is blocked by micromolar concen-
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Fig. 3. Effect of SITS on the subconductance
states at +60 mV. (Upper panel) Total points
amplitude histograms from 50-60 sec of
continuous channel activity imAj control

conditions and B) 15 pm, (C) 30 um, (D) 45 um,

(E) 60 pm and E) 75 um SITS. The binwidth is
0.1 pA. (Lower panel) Representative records with
single channel activity unde”j control

conditions, C) 30 um and E) 60 um SITS.

Channel activity filtered at 3 kHz for illustrative
purposes. The vertical arrows point to the shut
state (zero current level). Dotted lines indicate the
different amplitudes. The scale shows 500 msec
and 8 pA. The holding potential was +60 mV.

trations of SITS (Vaca & Kunze, 1993). The presenttime of appearance of the subconductance states (range
study characterizes the effects of SITS on channel gatingested -80 to +80 mV), however this was difficult to
and amplitude, utilizing the outside-out configuration of evaluate due to the low occurrence of such events.

the patch-clamp technique.
Figure 1 illustrates the gating of a single chloride
channel under control conditions (in the absence ofl HE FREQUENCY OF SUBCONDUCTANCE STATES IS
SITS). Figure B shows representative recordings ob- INCREASED BYSITS

tained at four different voltages. Figur& fllustrates the
current-voltage relationships obtained from 7 indepen-Exposing the channel to several concentrations of SITS

dent experiments like those shown in Figh.1

occurred in bursts separated by several minutes of chamot showi).
nel activity with transitions between the fully open and

the shut state.

significantly increased the number of transitions to sub-
Under these conditions the channel displayed oneonductance states (Fig. 3). When explored at +60 mV,
main conducting mode: the fully open state. However,the appearance of subconductance states was observed
spontaneous transitions to subconductance states wendth SITS concentrations of 1am and higher (Fig. B—
rarely observed. Figure 2 illustrates selective recording$). This effect was observed between 20-30 sec after
obtained at two voltages in which transitions to subcon-applying SITS to the outside surface of the channel.
ductance states were present. Transitions to four equallgoncentrations of less than 10v had no measurable
spaced amplitudes were rarely observed (Fig. 2). Theseffect on the channel, at least, for the duration of the
transitions were infrequent (less than 10 events/min) anéxperiments (2—3 minutes of continuous recorditata

From the number of subconductance events ob-

served in the total points amplitude histograms, it ap-
Voltage did not appear to influence the frequency orpears that increasing the SITS concentration fronp.t5
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Fig. 4. Effect of SITS on the subconductance
states at -60 mV. (Upper panel) Total points
amplitude histograms from 50-60 sec of

N ! ﬂl‘ ki continuous channel activity inAj control, 8) 30

- ;i‘, i) f hu : pM and €) 60 uM. The binwidth is 0.1 pA.

i - H 1 ‘ (Lower panel) Examples of channel activity
obtained under the conditions indicated by the

ST ""WW’” e
R mmwf
e R

ﬁm purposes except foid) where channel activity
""" "m' m U a’)n‘ , W‘m ‘memm W"‘ was filtered at 1 kHz. The vertical arrows point to

the shut state (zero current level). Dotted lines

—_—

I 6 pA indicate the different amplitudes. The scale shows
500 msec and 6 pA. The holding potential was
500 ms -60 mV.

(Fig. 3B) to 30 um (Fig. 3C) increased also the number tration-dependent manner the number of transitions to

of transitions to three subconductance states while redughe three subconductance states while reducing the tran-

ing the number of transitions to the fully open state.  sitions to the fully open state. This effect was evident at
Increasing the concentration of SITS above 3@  both negative (-60) and positive (+60) potentials.

resulted in the gradual reduction of the amplitude of all These results strongly suggest the presence of two

conducting states (Fig.[B-F). With 75 um SITS the sites of action for SITS, one of high affinity responsible

amplitude of all conducting states was reduced by 50 #for the appearance of the subconductance states, and one

5% (Fig. ) as compared to the amplitudes obtained atof low affinity involved in the reduction of the amplitude

15 um SITS (Fig. B). At SITS concentrations of 6@m of all conducting states. Therefore, these results are

or higher, the number of transitions to the shut state wasompatible with two types of blockade: one slow (induc-

significantly increased (compare FigzandF, zero cur-  tion of subconductance states) and one fast (fast flicker-

rent level). ing block responsible for the reduction of the subcon-
SITS induced 4 equally spaced subconductanceluctance states amplitudes).

states at both positive and negative potentials. Figure 4  All conducting states obtained at two different SITS

illustrates the effect of two SITS concentrations on theconcentrations showed linear current-voltage relation-

total points amplitude histograms of a single chlorideships (Fig. &—B) similar to the current-voltage relation-

channel obtained at -60 mV. Comparing the number ofship obtained with the channel under control conditions

events obtained with 3pm SITS (Fig. 8) with those  (not exposed to SITS, Fig B).

obtained with 60pm SITS (Fig. &) indicates that in-

creasing the SITS concentration augmented the nUMb&frrecT oF SITS ON THE AMPLITUDE OF THE

of transitions to subconductance states. At negative pos gconDUCTANCE STATES

tentials, increasing SITS above 3 also reduced the

amplitude of all conducting states (compare Fid® 4 High SITS concentrations resulted in the reduction of the

andC). amplitude of all conducting states as illustrated in the
As illustrated in Fig. 5, SITS increased in a concen-total points amplitude histograms of Figs. 3 and 4.
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Fig. 5. SITS increases the number of transitions to subconductance
states. Representative experiment showing the amplitudes of the three
subconductance states and the fully open state as a function of the SITS 4
concentration obtained at +60 mV (Upper panel) and =60 mV (Lower

panel) for the fully open (filled circles), the third (open circles), second -8 -

(filled squares) and first (open squares) subconductance amplitudes.

The subconductance states amplitudes are ordered in decreasing ordEig. 6. Current-voltage relationships obtained from the subconduc-

Amplitudes obtained after fitting to Gaussian functions the total pointstance states. Representative current-voltage relationships for the 4 con-

amplitude histograms like those shown in Figs. 3 and 4. Histogramglucting states (fully open and three subconductance states) obtained

obtained from 40 sec of continuous single channel activity. with 15 um SITS (Upper panel) and 3@m SITS (Lower panel). The
data points were obtained after fitting the total points amplitude histo-
grams like those shown on Figs. 3 and 4 to Gaussian functions. Each

The reduction in the amplitude of all Conducting data point is the me_an value for each Gaussian. Filled circles represent
the fully open amplitude. The lines are used only to connect the data

states was well fitted by a Langmuir function yielding points.

half-inhibitory concentrations of 55.6 + 2.7 and 66.7 *

2.2 um for +60 and —60 mV, respectively (Fig. 7). These

results indicate that the effect of high SITS concentrawith 15 um SITS. Replacing the bath solution with

tions on the amplitude of all conducting states is slightly SITS-free media resulted in the increment in the ampli-
voltage dependent. tude of all conducting states. However, removing SITS

from the bath solution did not restore the channel to the
control condition (only one conducting state, the fully
REVERSIBILITY AND |IRREVERSIBILITY OF THE EFFECTS OF open State)_ The four subconductance states remained
SITS oN CHANNEL AMPLITUDE AND GATING even after replacing the bath solution with 10 times its
original volume, suggesting that the modification on the
To determine if the effects of SITS on amplitude andchannel induced by SITS was poorly reversible.
gating are reversible, experiments were performed in  These results indicate that the effect of SITS on the
which several SITS concentrations were tested on theamplitude of the subconductance states is fully reversible
channel and later removed from the bath solution. Fig-upon removal of this substance from the bath solution,
ure 8 illustrates one of such experiments. A concentrahowever, the modifications produced by SITS resulting
tion of 60m SITS induced a typical response consistingin the appearance of the subconductance states cannot be
in appearance of 4 equally spaced subconductance statesverted.
with amplitudes of about half of what can be obtained All these results strongly suggest the presence of a
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+ 60 mV conductance endothelial chloride channel. Previous
studies have shown that this channel is activated upon
B-adrenergic stimulation of this endothelium, which re-
sults in phosphorylation of the channel and a change in
its voltage dependence (Vaca & Kunze, 1993).

SITS Rrobuceb ComMPLEX CHANGES IN CHANNEL
GATING AND AMPLITUDE

Amplitude (pA)
S~ (=)

In the absence of SITS, transitions to subconductance
states were rarely observed at all the voltages explored
(less than 10 events/minute). Under this condition, the
channel displayed two main states: shut and fully open at
- 60 mV both depolarizing and hyperpolarizing potentials. The
scarce spontaneous transitions to subconductance states
observed under these circumstances suggest that the
channel is capable of going into these subconductance
modes, but they might not be favorable or stable. The
addition of SITS may stabilize these subconductance
modes increasing the probability of occurrence, favoring
in this way its detection and analysis.

In fact, SITS increased in a concentration-dependent
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0 — - manner, the amplitude of the subconductance states in
1o 3 50 70 the total points amplitude histograms (Figs. 3-5). SITS
[SITS]»M reduced the number of transitions to the fully open am-

_ ) _ plitude (Fig. 5).
Fig. 7. Effect of SITS on the amplitude qf all condut;tlng st_ates. Mean SITS affected the channel amplitude in two ways: at
+ SD of the subconductance states amplitudes obtained with 15, 30, 4

60 and 75.m SITS at a holding potential of +60 mV (Upper panel) and Tow concentrations (<4%M) SITS induced the appear-
-60 mV (Lower panel). All values were obtained after fitting the total 8NC€ of 3 equally spaced amplitudes in addition to the
points amplitude histograms to Gaussian functions. Each data pointully open amplitude. SITS concentrations of G0 and
represents 7 independent observations. The solid lines represent thigher reduced the amplitude of all conducting states
best fit to a Langmuir function (Materials and Methods). TheolC  (fully open and subconductance states) to a point where,
obtaineq at +60 mV are 56.39 (filled circles), 58.99 (open circles), 5t S|TS concentrations of 70m or higher, it was diffi-
54.39 (filled squares) and 52.71 (open squares) mean +=Sb5.6 + cult to identify all the different amplitudes.

2_.7. The Igoobtgined at —60 mV are 64.42 (filled circles), 66.46 (open These results are compatible with two sites of action

circles), 69.81 (filled squares), 66.30 (open squares) mean = $B.7 ” e | . .

+22 for SITS: a high affinity site (in the lowwm range) is
responsible for increasing the number of transitions to
subconductance states, a low affinity site (in the high

high affinity site for SITS responsible for inducing mul- range) is involved in the reduction of the amplitude of all

tiple subconductance states on this chloride channekonducting states. SITS appears to bind irreversibly to

these channel modifications appear to be irreversiblethe high affinity site, while the binding to the low affinity

A second, low affinity site for SITS may be responsible site appears to be reversible, based on the washout ex-

for the reduction in the amplitude of all conducting periments performed (Fig. 8).

states; this effect is fully reversible after removing SITS

from the bath solution.

Disulfonic stilbene derivatives (such as SITS) are | HE BLOCKADE OF SOME CHANNELS INDUCES

amino reagents, thus, one possible explanation for these/BCONDUCTANCE STATES

results is that SITS may be interacting with amino groups_l_

in the channel which results in modifications that favor

the appearance of the subconductance states.

he present report is not the first case in the literature of
a channel blocker that favors the appearance of subcon-
ductance states. Previously published studies have shown
that in cardiac sodium channels, zinc blockade induces a
Discussion subconductance state at both negative and positive po-
tentials (Schildet al.,1991). In this study, a linear rela-
The results obtained in the present study illustrate thdionship between reciprocal fully open state lifetime and
effect of SITS on the amplitude and gating of a largezinc concentration was observed. In the study presented
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Fig. 8. Reversibility of the effect of SITS on
channel amplitude. (Pand) Representative
examples of channel activity obtained under
B control conditions, after applying 6@m SITS and
3 min after perfusing continuously the patch of
membrane with SITS-free solution (wash). The
data were filtered at 5 kHz and digitized at 10

= 7000 7000 7000 kHz, except_ f_or the S!TS panel where single
= channel activity was filtered at 3 kHz and
2 5000 5000 5000 digitized at 6 kHz. The scale shows 100 msec and
ﬁ 3000 3000 3000 8 pA. (PanelB) Total points amplitude histograms
LE obtained from the single channel activity

1000 1 1000 - 1000 illustrated in PaneA. The binwidth is 0.1 pA.
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here, low concentrations of SITS increased the numbeing path in the channel, which may undergo different
of openings to subconductance states. conformational transitions, each one responsible for one
Other experimental maneuvers can induce the apsubconductance amplitude. On the other hand, the par-

pearance of subconductance states in a wide variety dllel model postulates a multi-barreled channel where
channels. For instance, cytoplasmic acidosis inducesach barrel is responsible for a subconductance level.
multiple subconductance states in ATP-sensitive potas- Coupling of pores has been invoked in particular to
sium channels (Zhenet al.,1993). In this study, pH of explain equally spaced subconductance states in a wide
5 or less induced two subconductance states, in additiomariety of cation and anion channels (Miller, 1982; Ka-
to the fully open state. In a different study, cCAMP in- zachenko & Geletyuk, 1984; Krouse, Schneider & Gage,
duces a subconductance state in a dopamine-modulatd®86; Hunter & Giebisch, 1987; Vaca & Kunze, 1992).
potassium channel from striatal neurons (Grief, Lin & The best-characterized chloride channel formed of
Freedman, 1995). The mechanisms by which these exnultiple pores is the CLC-0 from th€orpedoelectric
perimental maneuvers can induce subconductance statesgan (Miller, 1982). In a recent study, the indepen-
are not fully understood yet and have been extensivelglence of the fast gating mode of the doubled-barreled
discussed elsewhere (Laver & Gage, 1997). CLC-0 channel was investigated (Ludevéagal., 1997).

A correlation analysis indicates that the gating mecha-

nism operates independently on each pore. This type of
A MULTI-BARRELED CHLORIDE CHANNEL? analysis was possible thanks to the use of mutant chan-

nels with smaller conductances. By mixing mutants and
Two main models have been extensively used to explainvild-type channels to form doubled-barreled chimeras it
the existence of subconductance states in ionic channelgas possible to identify each pore by its conductance.
(Berry & Edmonds, 1993; Laver & Gage, 1997). The Unfortunately such analysis could not be performed on
series model postulates the presence of a single conduahe endothelial chloride channel, since this channel has
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not been cloned thus far; therefore, identifying each subGrief, G.J., Lin, Y.J., Freedman, J.E. 1995. Role of cyclic AMP in
conductance state is not possible at the present time. dopamine modulation of potassium channels on rat striatal neurons.
In the present study, all the subconductance states SYNaps€l:275-277 _
induced by SITS showed similar voltage-dependencd @™ O-P- Mary, A., Neher, E., Sakman, B., Sigworth, F.J. 1981,
y - . 9 P . Improved patch-clamp techniques for high-resolution current re-
f"md current-voltage relayonshlps. Furthermore, mcre_as— cording from cells and cell-free membrane patcldiiegers Arch.
ing the SITS concentrations affected all the conducting 391:85-100
states in a similar way while preserving their voltage-Hunter, M., Giebisch, G. 1987. Multi-barrelled K channels in renal
dependence and gating properties. tubules.Nature 327:522-524 _
Although these results are not sufficient to clearly Kazachenko, V.N., Geletyiuk, V.l. 1984. The potential-dependeht K
distinguish between a series and a parallel model. the channel in molluscan neurons is organized in a cluster of elemen-

accumulation of experimental evidence in combination, & channelsBiochem. Biophys. Actd.73132-142
p Krouse, M.E., Schneider, G.T., Gage, P.W. 1986. A large anion selec-

With molecular biology tec_hniques ma_y help to elucidate tive channel has seven subconductance leWsdsure 319:58-60
in the future, the mechanisms by which some channelgaver, D.R., Gage, P.W. 1997. Interpretation of substates in ion chan-

display subconducting states. nels: unipores or multipores?rog. Biophys. Molec. Biol67:99—
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