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Abstract. The question of whether a single molecule Introduction
can account for every observed swelling-activated ClI
current deserves to be addressed and biophysical descriphe role of anion channels in cell volume regulation has
tion seems to be an adequate criterion to C|assify thes@?CEiVEd particular attention. Cells maintain their vol-
channels. We studied the biophysical properties ofume within a narrow range even when exposed to osmo-
swelling-activated CI currents in 9HTEo-cells using larity variations. The cell swelling caused by extracel-
whole-cell and outside-out patch C|amp recordings_ Hy-|U|ar osmolarity decrease is followed by activation of
potonic shock activated outwardly rectifying currents independent Cland K™ pathways (Hoffmann, Simonsen
that inactivated at potentials higher than 20 mV. The& Lambert, 1984). The resulting KCI efflux with obli-
decay phase of the current was well fitted by two expo-gated water restores the initial cell volume. Osmotic loss
nential functions and both time constants were voltageof water is driven not only by these ions but also by the
dependent. Two voltage-dependent time constants wer@fflux of small organic osmolytes which leave the cell
also necessary to describe reactivation. The midpoint ofirough a volume-sensitive Tlchannel (Jackson &
current inactivation was 54 mV. The voltage depen-Strange, 1993; Ballatori et al., 1995; Boese, Wehner &
dence of kinetics did not significantly change by modi- Kinne, 1996; Galietta et al., 1997). The ionic current
fying the extracellular NaCl concentration while the in- flowing through these channels is characterized by out-
activation midpoint slightly shifted. In conclusion, our ward rectification of the current-voltage relationship, by
results indicate that the voltage-dependent properties ¢ Permeability sequence of+ Br~ > CI” and by current
the swelling-activated Clcurrents in 9HTEo- cells are inactivation at very positive membrane potentials (Ack-
largely independent from the extracellular ionic strength€rman et al., 1994; Basavappa et al., 1995; Gosling,
and the extracellular Clconcentration. Smith & Poyner 1995; Jackson & Strange, 1835
Excised patches from cells exposed to hypotonicLevitan & Garber, 1995; Meyer & Korbmacher, 1996).
shock showed single channel currents that inactivated ddowever, other studies pointed to swelling-activated Cl
positive membrane potentials and displayed chord conchannels exhibiting characteristics different from those
ductance of B0 pS at 100 mV and df20 pS at -80 mV. previously mentioned. For example, swelling-activated
The permeability sequence for the single channel wa&!™ currents that do not inactivate have been reported
I~ > Br~ > CI” > gluconate and currents were blocked by (Doroshenko & Neher, 1992; Lewis, Ross & Cahalan,
Reactive blue 2. These properties indicate that intermel993; Arreola, Melvin & Begenisich, 1995; Best,
diate conductance outwardly rectifying channels are reSheader & Brown, 1996; Ses et al., 1996) and dif-

sponsible for the macroscopic swelling-activated currentferent permeability sequences have been described (Bes
et al., 1996; Winpenny et al., 1996). The literature also

provides contradictory data at the single channel level.
Probably because of the difficulties of recording single
channel events, the properties of the channel underlying
swelling-activated Cl currents are still not clearly iden-
tified. Indeed, channels of low (Doroshenko & Neher,
I 1992; Ho, Duszyk & French, 1994; Lewis et al., 1993;
Correspondence tdD. Zegarra-Moran Nilius et al., 1994) and intermediatesde for review
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Hoffmann & Dunham, 1995; Strange & Jackson, 1995)and 100ug/ml streptomycin, at 37°C in 5% CO Cells were seeded at

conductance have been described. Furthermore, thedensity of 25,000 cells/dish and used in the first to third day after

transduction mechanism Ieading from cell Volumeplating, when cells were smaller and isolated, to allow good voltage
T . . ontrol. Cells had a capacitance of 21.6 + 0.6 pF (meagr; n =

change to channel activation is as yet undetermmedg0

Second messengers may be involved in the activation

and regulation of the swelling-activated "Cthannel.

Nevertheless, the role of intermediates seems to varffLECTROPHYSIOLOGY

from one preparation to another. Contradictory data on, : . .

L . . acroscopic and single channel currents were recorded in the whole-
the SenSItIV_Ity to intracellular ce_1IC|um (Basavappa et aI"ceII and outside-out configurations of the patch-clamp technique, re-
1995; Gosling et al., 1995; Galietta, et al., 1997), on thespectively. Borosilicate glass pipettes were pulled and fire polished to
role of the cytoskeleton (Foskett & Spring, 1985; Oike etobtain resistances in the range 148, as measured in the working
al., 1994: Schwiebert, Mills & Stanton, 1994; Levitan et solution. For single channel experiments the pipettes were coated with
al., 1995; Nilius, Eggermont & Voets, 1996) and on the Sylgard (Dow Corning, Wiesbaden, Germany). Cells were used only
requirement of intracellular ATP to maintain the €bn- w_hen access resistance was less thamﬁ Current_s were measured
ductance (Lewis et al., 1993; Ballatori, Simmons & With @ standard patch-clamp amplifier (EPC-7, List, Darmstadt, Ger-

. ] . many). Stimulation and data acquisition were carried out with a 16-bit
Boyer, 1994, RaSOIa. et al., 1994; Jackson, Morrison &AD/DA converter (ITC-16, Instrutech, New York) controlled by a per-
Strange, 1994; Gosling et al., 1995; Verdon et al., 199550nal computer (Atari, Mega/STE, CA). For whole-cell the signal was
Best et al., 1996; Meyer & Korbmacher, 1996;" 82wt  low-pass filtered with a 4-pole Bessel filter (4302, Ithaca, New York)
al., 199@&) have been reported. All this variability sug- set at a cutoff frequency of 1 kHz and sampled at 2 kHz. For single
gests the existence of different types of Swe”ing_channe| the signal was fi'Itt'are'd at. a quof‘f fl"equency (.)f 2.5 kHz and
activated CI channels and of cell type specific regula- Zi?ep';‘icat‘roz :'\jé;%ﬂgggé%‘?ﬁf éi?ﬁtiﬁfoﬁgﬁegfgé tf*i‘liéefer'
tory.pathways. N.evertheless’ the Vanablhty could be.agar bridge. Junction potentials (about zero with halides and 4 mV
ascribed, at I_e_aSt 'n_ part, _'[O several Var!ables (?f EXPErlyitn gluconate) were measured and used to correct for the reversal
mental conditions, including the osmotic gradient, thepotential of membrane currents. Solutions were changed by a gravity-
ionic strength or the permeant anion concentra-based perfusion system with the tip of the inflow pipette near the
tion. Therefore, detailed descriptions of the biophysicalpatched cell. To ensure that other mechanosensitive currents were nof
properties of these channels and accurate control of e)@_ctiv_ated during p_erfusion open_ing, all experiments were done under
perimental conditions would probably help to clarify the continuous perflismn. All experiments were performed at room tem-
problem. perature (21-24°C).
Human tracheal 9HTEo- cells respond to hypotonic

challenge by activating a Ckurrent,ICl,,, (Rasola, et  STATISTICS
al., 1992; Rasola et al., 1994; Galietta et al., 1997), which o
has a permeability sequence oM Br > CI” and itis also Group data are presented as meaﬂzw and significances were evalu-
permeable to the small amino acid taurine (Galietta et al 2164 Py Studenttest for unpaired data.
1997). Here, we present the kinetic parameters of mac-
roscopiclCl,,, and the single channel conductance andSoLuTions
selectivity. We found that the properties of voltage-
dependent inactivation and reactivation are Iargely indePipettes were filled with the following solution (inm: 6(_) CsCl, 45
pendent from the extracellular ionic strength and CI $%50 1 MCL, 0.5 EGTA, 10 Hepes-CSOH, 45 Mannitol, at pH 7.3

. . . (277 mosm/kg). The extracellular solution contained (im)m130
concentration of the extracellular solution. Single chan-NaCl’ 2 CaCl, 2 MgCl, 10 Hepes-NaOH, 10 Glucose, 30 Mannitol, at
nel recordings suggest that an outwardly rectifying Cl ph 7.3 (298 mosm/kg). Standard hypotonic extracellular solution con-
channel of intermediate conductandes@ pS at 100 tained (in nmu): 117 NaCl, 2 CaGl} 2 MgCl, 10 Hepes-NaOH, 10
mV), with a permeability sequence of+ Br~ > ClI" and  Glucose, 13 Mannitol, at pH 7.3 (265 mosm/kg).

blocked by Reactive blue 2 is responsible for the mac-  The hypotonic solution described above was obtained by a re-

; duction of mannitol and of NaCl concentration with respect to the
roscopiclCl o
Vvol).

isotonic solution. To study the effect of the ionic strength on voltage-
dependent parameters we used two hypotonic solutions with different
. ionic strength. A high-ionic-strength hypotonic solution was prepared
Materials and Methods as the standard isotonic solution but omitting mannitol (pH 7.3, 263
mosm/kg). A low-ionic-strength hypotonic solution was prepared by
reducing the NaCl concentration while increasing mannitol to maintain
CeLL CULTURE the osmolality. This solution contained (invijn 50 NaCl, 2 CaCJ, 2
MgCl,, 10 Hepes-NaOH, 10 Glucose and 135 Mannitol (pH 7.3, 266
9HTEo- cells were obtained from human tracheal epithelium by trans-mosm/kg).
formation with the SV40 large T antigen (Gruenert et al., 1988). Cells To study the relative permeability of single channels we used the
were grown in 35 mm plastic Petri dishes in Dulbecco’s modified high-ionic-strength hypotonic solution, where 130 NaCl was equimo-
Eagle’s medium and Ham’s F12 (Hyclone, Utah) 1:1 with 10% serumlarly replaced by Nal, NaBr or Na-gluconate. All chemicals were pur-
(Fetal Clone II, Hyclone), 2 m L-glutamine, 100 units/ml penicillin  chased from Sigma (St. Louis, MO).
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CURRENT-VOLTAGE RELATIONSHIP EE—

The reduction of bath osmolality from 295 to 265 mosm/
kg by replacing the isotonic with the standard hypotonic
solution activated currentsl(;flw) that reached a stable
value in about 10 min. The holding potential was kept at
-5 mV. Membrane currents were recorded in response
to 2-sec pulses to voltages in the range —100 to 120 mV.
Pulses were preceded by a 2-sec pulse to —100 mV to
allow full recovery of the channels from voltage-
dependent inactivation. The currents peaked instanta
neously and, at membrane potentials higher than 20 mVg
inactivated to a non-zero steady-state level (Fi§).1 &
The current-voltage relationship of the peak curregt ( _
and of the current measured at the end of the 2-sec long 500 ms
pulse (9 is depicted in Fig. B. Thel-voltage relation-

ship was outwardly rectifying. The reversal potential B 300 —
-10.9 + 0.4 mV ( = 21) approximates the theoretical
value of =13 mV, estimated considering the relative sul-
fate permeability.Pso/Pc = 0.12 (Rasola et al., 1992).

250 —
200 —

150 -
STEADY-STATE INACTIVATION

t (pA/pF)

100
The amplitude of the currents decreased when positive&CJ
prepulses were used. The voltage dependence of thg 50+
steady-state inactivation was estimated from measure= 4 _|
ments ofl, in response to a 2-sec long test pulse to 120
mV following conditioning prepulses\f,;) of 2 sec to -50
potentials between —100 and 120 mV (FigA 2nd B). :
As the duration of the test pulse is about 12 times longer | | i | l
than the slowest inactivation time constant at 120 mV 100 50 0 50 100
(seenext section), it can be considered that the current vm (mV)
reached steady state. Thus, the current measured at the N
. S ig. 1. Current-to-voltage relationshipA) Current traces from one
end of the pU|Se|'S’ represents the non-lpactlyatlng cur- representative experiment before (upper trace) and after (lower trace)
rent. At 120 mV, where steady-state inactivation Wase reduction of bath osmolality from 295 to 265 mosm/kg. Holding
evaluated|swas constant and represents 10.4 + 0.6% Ofotential was kept at =5 mV. Currents were recorded in response to
lomax The inactivable fraction of the curreity,, defined  2-sec voltage pulses in the range ~100 to 120 mV. Test pulses were

as the difference between the peak and steady-state cureceded by a 2-sec prepulse to ~100 mV to allow recovery from

_ - inn- Inactivation. The dotted line indicates the zero-current le\&).Gur-
rent,l;, = I, - I was fitted to a Boltzmann function: tted li _ B
rent to voltage relationship dCl,,. Each point represents the mean

lin 1 of 10 experiments and vertical bars are standard errors of the mean
= (1) (SEM). I, (closed symbols) ants (open symbols) were measured at 7
(Iin)max 1+ Vpp_ Vhi and 1995 msec of the voltage pulse respectively and corrected by
exp membrane capacitance.

where (i,)max IS the maximum value of,,, V,, is the

half-inactivation potential and is the steepness of the mV. The decay phase of the current was well fitted with
voltage-dependence of inactivation. The steady-state ina double exponential functiorséeFig. 3A):

activation parameters in 16 different experiments were

V., = 54.2 + 1.4 mV, anch = 8.9 + 0.4 mV. 1) = Dias€TV™ + 10TV + 1 )

INACTIVATION KINETICS OF THECURRENTS wherel, and |, are respectively the current contri-
bution that inactivated with the fast and slow time con-

The inactivation kinetics oiCl,, was evaluated on stants, 7, and T, respectively, and, is the non-
pulses of 2.5 sec at test potentials equal or higher than 4ibactivating current at a given potential. In FigB are
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Fig. 3. Inactivation kinetics ofICl,. (A) Inactivation kinetics of
06 - IClqy current evoked from a holding potential of =100 mV at test
’ pulses of 100 and 60 mV. The decay phase is well fitted by two
exponentials.B) Voltage dependence of the fast (circles) and the slow
0.4 — (triangles) time constantsCJ Contribution of fast (circles), slow (tri-
angles) and non-inactivating (diamonds) current fractions to total cur-
0.2 rent at different membrane potentials. Each point represents mean and
' ; sem of 8 to 10 different cells. The dashed line represent the fit of
non-inactivating current fraction to a Boltzmann function.

Normalized current

0.0 -

[ | [ [ [

-100 -50 0 50 100 from zero at 40 mV to 0.7 at 120 mV. The slow com-
Vm (mV) ponent increased from zero at 30 mV, reached a top

value of about 0.5 between 60 and 70 mV and then
Fig. 2. Steady-state inactivation. Steady-state inactivation was evaludecreased as the membrane potential further increasec
ated with a double pulse protocol. Instantaneous currents were meaFhe non-inactivating component decreased steeply
sured at 120 mV following prepulses of 2 sec to various membraneghoye 30 mV reaching a minimal value of 0.1 that re-
potentials from —100 to 120 mVA] Traces showing the instantaneous mained constant from 70 to 120 mV. As expected, the

current at 120 mV.E) The normalized peak curren/l ,,,.at 120 mV It d d f . tivati fracti L
was plottedvs.the potential of the conditioning prepulses and fitted to voliage-dependence or non-inactivating trac I_On m_|m|_cs
Eq. 1. This experiment yieldg,, = 52.9 mV and the slope parameter th€ Voltage-dependence of the steady-state inactivation.

a = 7.3 mV. The fraction of non-inactivating current is 0.1. Indeed, the fit of the non-inactivating component with a
Boltzmann function yielded &,; = 49.8 mV, anda =
6.9 mV.

represented the fast and slow time constants measured in

8 different experiments, as a function of the membrane

potential. Both time constants were voltage-dependenfRECOVERY FROM INACTIVATION

and decreased with increasing potentials. The time con-

stant of the fast component,s, changed from 30 msec To study the reactivation kinetics o€l currents we

at 120 mV to 120 msec at 50 mV and that of the slowused a double pulse protocol. Channels were inactivated
componentyg,» between 200 msec at 120 mV to 1200 with a prepulse of 1 sec to 100 mV. The prepulse was
msec at 50 mV. The contribution of each componentfollowed by test pulses of 2.5 sec to different voltages
changed with the membrane potential. Figur€ 3 between —-100 and —20 mV. Membrane potential hyper-
presents the fractions of the total current that inactivategbolarization resulted in reactivation t€l,,,. The time
with fast and slow time constants and the non-course of current reactivation was fitted with a double
inactivating current fraction as a function of the test po-exponential function. The voltage-dependence of recov-
tential. The fast component increased monotonicallyery from inactivation is shown in Fig. 4. Both time con-
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Fig. 4. Recovery from inactivation ofCl,.
Channels were inactivated with a 1-sec prepulse to
100 mV. The prepulse was followed by test pulses
of 2.5 sec to different voltages between -100 and
—-30 mV. In (A) two representative traces, at -60
and -90 mV, with the corresponding fits are
shown. Reactivation is well described by the sum
of two exponential functionsB) Family of
reactivating currents of the same experime@. (
Mean andsem of reactivation fast (circles) and
slow (diamonds) time constants of 12 different
experiments is shown as a function of membrane
potential.

T I T —[ 1
-80 -40
Vm (mV)

stants increased with increasing potentials. The fastained in experiments done using solutions with different
componentr,.; changed from near 20 msec at —100 mV ionic strength. The voltage dependence of kinetic pa-
to about 100 msec at —-30 mV, and,,, between 100 rameters was not substantially modified by the compo-
msec at —100 mV to 800 msec at -30 mV. sition of the extracellular solution. Figure 5 also shows
the fast C), slow (D) and non-inactivatingE) current
fractions as a function of the test potential. Increasing
the ionic strength and the Tlconcentration slightly
shifted all the curves to the right. The fit of the non-
inactivating fraction to a Boltzmann function (FigEp
We repeated t_he stuo_ly of vqltage-dependent paramete{ge|ded half inactivation potential values similar to those
using hypotonic solutions with the same osmolarity butst gieady-state inactivation. Indeed, with 58 and 138 m
with different ionic strength dee Materials and Meth-  oyiracellular CI V,,was 47 mV and 56 mV, respectively.

ods). The steady-state inactivation parameters in 8 €xtpe non-inactivating current fraction andemained un-
periments using the high-ionic-strength hypotonic solu-yqdified.

tion ([Cl], = 138 mv) wereV,; = 58.2+2.1mV,a =

8.5 + 1.2 mV and the non-inactivating current was 11.3

+ 0.78% of I, As expected for an anion-permeable SNGLE-CHANNEL PROPERTIES

channel, reducing the extracellular-@oncentration by

using the low-ionic-strength hypotonic solution ([CH For single channel studies, th€l,, current was acti-

58 mm) resulted in a reduction of the outward current andvated with a hypotonic shock in whole-cell configuration

a rightward shift of the reversal potential. With this so- and then the membrane was excised obtaining a mem-

lution V,; was 49.8 + 3.5 mVawas 8.2 + 0.9 mV and the brane patch in the outside-out configuration. Patches ex-

non-inactivating current was 10.9 + 0.8%Igf,,(n = cised in this way always contained many channels=(

8). While the steepness factaiand the fraction of non- 28). Conversely, patches excised from cells that were

inactivating current remained unmodified with the dif- not previously exposed to hypotonic shock did not show

ferent solutions, current measured in low-strength/low-any channel activityr( = 7). Single channel currents

CI” solution tended to inactivate at less depolarizing po-were studied in response to test pulses to various poten-

tential. However, the differences were not statisticallytials from a holding potential of =5 or =100 mV. The

significant @ > 0.05). number of open channels slowly diminished with time
Figure 5 shows the time constants of inactivationand usually after 10-15 min channel activity completely

(Fig. 5A) and recovery from inactivation (Fig.By ob-  disappeared. Interestingly, single channels inactivated at

SENSITIVITY OF VOLTAGE-DEPENDENT PARAMETERS TO
EXTRACELLULAR |ONIC STRENGTH



260 O. Zegarra-Moran and L.J.V. Galietta: Swelling-Activated Channels

C A C
£ A.U. AU.
2 £ 087 +120 mV 0 200 0 100

g'—r -100 mV ’ T
— ]

:‘E-WW ;

i

Time constants (ms) 3>
— S
o (o]
o [}
N
;
Current fra
© o o o
o N i [e)}
Lol
|
;%
10.pA

L L B 100 ms 100 ms
40 80 120
50 100 s 0 200 0 100
Vm (mV) L0.8 +100 mV -120 mV
Q

2
OM
urrent fra
o O O O
S N S~ O
| | | I
10 pA
gl ¢~
3 f
177
P‘*
10 pA
- P
sl
3
w
_i,,’

Time constants (ms) W
N
S
o
[oe]
<
~
(o)

~ )
=) S
N B
>
S
<
3
3,
=3
urrent fraction M
o O O O -
N b e O
I N N B
<
4 3
. 3
=
m
Current (pA)
A o » o
Lo
A

| ! ! |
40 80 120 -100 0 100
Vm (mV) vm (mV)

Fig. 5. Sensitivity of voltage-dependent parameters to extracellularFig. 6. Single channel current-to-voltage relationship. Single channel
ionic strength/Cl concentration. InactivationAj and reactivationg) events from one representative experiment at different membrane po-
time constants ofCl,,, elicited with hyposmotic solutions of different  tentials @,B,C and D). Currents were recorded from an outside-out
ionic strength. Time constants obtained using solutions with high{[CI] patch pulled from a cell previously stimulated by a hypotonic shock.

= 138 mm, open circlesp = 8) and with low ionic strength ([Cl] = Each of these traces was recorded in response to a 600-msec voltage
58 mwm, open trianglesn = 7) are compared with time constants pulse to the indicated potentials from a holding potential of =5 or —100
obtained using the standard hypotonic solution ([C§ 125 mwm, mV. Upward deflections represent outward current. Straight lines over

closed circles) that are replotted from Figs. 3 and 4. Contribution of fastthe traces indicate the part of the current over which the amplitude
(C), slow (D) and non-inactivatingg) current fractions to total current  histogram was done. On the right of each trace the histogram is given
at different membrane potentials and in the presence of different ionidn arbitrary units (A.U.)vs. iin pA. Histograms were fitted with Gaus-
strength. The non-inactivating current fractions were fitted to Boltz- sian functions and the value ofvas obtained from the difference of
mann functions and the values gf; were 46.6, 49 and 55.9 mV for mean values and was 9, 8.3, -3.5 and -3.7 pA at 120, 100, —100 and
solutions with low, intermediate and high ionic strength. The values of-120 mV, respectively.E) The single channel current-voltage rela-
the steepness factarwere 5.9, 6.9 and 7.5 mV, respectively. tionship was obtained from 11 different cells. Each symbol type rep-
resents a single experiment. The continuous line represents the fit of the
mean current at each membrane potential with a polynomial function.

positive membrane potentials as the macrosctig, The current reversal potential is =12 mV.

current while no inactivation was observed at negative

potentials ¢eeFig. 6). Histograms of current amplitude

(Fig. 6A-D) were fitted with Gaussian functions, and the tween =80 and -100 mVn(= 4) and 63.8 + 3.8 pS
difference between mean values was taken as the ebetween 100 and 120 m\h(= 10).

ementary current flowing through the channel at a given ~ We studied the permeability of single channels using
potential. Single channel events from one representativBypotonic extracellular solutions containing different an-
experiment and the current-voltage relationship obtainedons. We estimated the reversal potential interpolating
from 11 different experiments are shown in Fig.6The  the unitary current measured at various membrane po-
reversal potential was —12 mV which is a value similar totentials (Table 1). The relative permeability of these an-
that obtained in whole cell. The single channel conduc4ons with respect to C| calculated from the Goldman-
tance changed with potential, resulting on a rectificationHodgkin-Katz zero-current expression, was 1.23, 1.03
similar to that of the macroscopic currents. Indeed, theand 0.19 for T, Br~ and gluconate, respectively. These
single channel chord conductance was 21 + 3.7 pS bevalues are similar to those described for the macroscopic
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Table 1. Relative anion permeability of single swelling-activated A

CI” channels CONTROL RB WASH
o~ l
Anion Vimv) P, /P¢, n o2
ol —
- -16.5+0.65 1.23+0.04 4 WLT
Br- -13.8+1.06 1.03+0.07 4
ClI- -11.9+1.25 1.00 11
Gluconate +20+0.95 0.19+0.03 4 | ﬁ”
For each anion, reversal potentidd, was used to calculate,/Pg,. E_
Values are mean $em. 8 ML”T
500 ms c
swelling-activated Clcurrent in this cell line (Rasola et

We recently described the effect of reactive blue 2 & RB RB
(RB) as a voltage-dependent blocker (Galietta et al., <
1997) of macroscopi¢Cl,,,. A further evidence that 500 s l
the single channel events seen in outside-out patches
underlie the macroscppic cu_rrent -aCtivated after hypc-,_Fig. 7. Blocking effect of RB on single channels and comparison with
t_onlc shock was obtained using this bl(.)Cker'.The addl-the macroscopic currentd] Single channel events recorded at 120 mV
tlon_Of 100 MM RB reduced the open tlm_e without af- in outside-out patches. Currents were recorded in response to a 600
fecting the single channel conductance (Figg).7Wash-  msec pulse from a holding of -5 mV in control condition, in the
ing the drug increased the open time but the number ofresence of 10a.m RB and after washing. RB reduced the mean open
channels never returned to the values seen before blockéme without affecting the single channel conductang Average of
application. This partial recovery was probably due toseveral successive single channel traces at 120 mV before and after 10(
the channel activity rundown described above. Although*%“" RB addition. C) Macros_copic current re_corded in whole cell con-
an accurate determination of _open and _close time_ gonf_lglérz’t\;og;t 120 mV following the hypotonic shock and blocked with
stants was precluded by the impossibility of obtaining
one-channel patches and because of the current rundown,
we took advantage of the rundown and measured the o . ) ~
mean open time of successive traces in the presence #factivation and reactivation. Swelling-activated™Cl
RB and after washing, when the apparent number ofhannels with biophysical char{;\cterlstlcs S|'m|Iar'to those
channels was equal to one. A mean open time of 2_5e_ported here have been previously des_crlbed in rat C6
msec at 120 mV (over 1733 events), in the presence dflioma cells (Jackson & Strange, 1988), in rat osteo-
100 pm RB, was significantly lower than that measured Plast-like cells (Gosling et al., 1995), in T84 and B-cell
after washing, of 38.1 msec (over 243 events). The aviyeloma cells (Levitan & Garber, 1995), in M-1 mouse
erage of several single channel traces before and after RgP1tical collecting duct cells (Meyer & Korbmacher,
addition (Fig. B) resembled the macroscopic current 1996) and in BGH1 myoblasts (Voets, Droogmans &
seen in whole cell configuration (FigCJ, strongly sug- ~ Nilius, 1997). Indeed, in these cell types, voltage-

gesting that the single channel events indeed underlie thdePendent parameters are qualitatively similar to those
macroscopidClo- described here. The number of exponential terms to de-

scribe inactivation varies from one (Jackson & Strange,

199%) to two (this work, Levitan & Garber, 1995;
Discussion Meyer & Korbmacher, 1996; Voets et al., 1997). Recov-

ery from inactivation was fitted with one (Levitan &
Swelling-activated Clchannels are involved in different Garber, 1995) or two exponential terms (this work, Jack-
physiological and pathological processssdfor review  son & Strange, 1995 Voets et al., 1997). The different
McManus et al., 1995 and Wright & Rees, 1997). Wenumber of exponentials considered sufficient to describe
have characterized the voltage-dependence of the swelkinetics could depend on the different duration of test
ing-activated CI channel in human tracheal 9HTEo- pulses used to study these parameters, that varies fron
cells and identified the single channel conductance un@.5 sec (Levitan & Garber, 1995) to 4 sec (Jackson &
derlying the whole-cell currents. Reduction of the extra-Strange, 199%). Indeed, with short pulses that do not
cellular osmolarity activates Cturrents [Cl,,) reach-  reach steady-state, the fast component is easily deter-
ing plateau levels in a few minutes. Thel, is char-  mined while the duration of the slow time constant may
acterized by an outward rectification of the current-be underestimated. On the contrary, the use of long
voltage relationship and by voltage-dependent currenpulses allow a careful evaluation of the slow component,

al., 1992). g{ Control Control

4 nA

200 ms
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while the fast component (lasting few tens of millisec- exactly the same solutions and experimental protocols,
onds) could be underestimated. NIH 3T3 cells evidenced transient currents if ATP was
The main difference betwedl,,,, from different  not added to the pipette solution (O. Zegarra-Moram,
cell types seems to be the set-point of the voltage sensopublished resulis However, there is not a correlation
Indeed, the half inactivation potential of 9HTEO- cells is between the ATP concentration used in different studies
about 54 mV, which is similar to that of rat osteoblast- and the voltage dependence, i.e., a higher ATP concen-
like cells (Gosling et al., 1995). Conversely, this value istration is not related to a more depolariziMy;. This
about 15 mV more positive in rat C6 glioma cells (Jack-observation makes unlikely a role of ATP in the voltage
son & Strange, 199, in M-1 mouse cells (Meyer & dependence of the channel.
Korbmacher, 1996), in T84 cells (Levitan & Garber, The intracellular ionic strength/Clconcentration
1995) and in BGH1 myoblasts (Voets et al., 1997), and might also be responsible for the difference in voltage-
50 mV more positive in B-cell myeloma cells (Levitan & dependent parameters. Indeed, Emma et al. (1997) re-
Garber, 1995). This variability could be ascribed to dif- ported that intracellular electrolytes regulate the volume
ferences in the experimental conditions, including theset-point of the swelling-activated Ckchannel in C6
osmotic gradient, the ionic strength or the permeant anglioma cells. It is possible that also the voltage-
ion concentration. Our results demonstrate that voltagedependent channel activity is regulated by the intracel-
dependent parameters Il are not significantly in-  lular ionic composition. Taken together, we cannot com-
fluenced by the ionic strength or by the @oncentration pletely exclude that experimental conditions play a role
of the extracellular solution. Indeed, the strong reduc-n the voltage set-point of the channel. Nevertheless, itis
tion of extracellular Cl from 138 to 58 nm shifted only  more likely that the differences in the voltage sensitivity
by 8 mV to negative the half inactivation potential. The could be explained by postulating cell type specific regu-
small effect of external Clis at variance with two recent latory mechanisms or heterogeneity of swelling-
reports. Voets et al. (1997) described that decreasing thactivated CI channels.
CI” concentration of the extracellular solution from 110 In contrast with the voltage dependence of the chan-
to 42 mv shiftedV,, by 22 mV to negative and hastened nel, other characteristics such as the anionic selectivity
the inactivation process by decreasing the slow inactivaseem to be less variable amot@,,,, in different cells.
tion time constant and by increasing the contribution ofindeed, the permeability sequence> Br~ > CI™ > glu-
the fast inactivating component. On the second reportonate isshared by théCl,, from 9HTEo- (Rasola et
Stutzin et al. (1997) described that the degree of currenal., 1992), rat C6 glioma (Jackson & Strange, 1895
deactivation was also dependent on external &d an T84, B-cell myeloma (Levitan & Garber, 1995), rat 0s-
important leftward shift of the half inactivation potential teoblast-like (Gosling et al.,, 1995), mouse M-1 cells
and an increase of the non-inactivating current fraction(Meyer and Korbmacher, 1996) and B4 (Voets et al.,
was found with low CT concentrations. We have not an 1997). Moreover, in 9HTEo- cellCl,,,, is also perme-
explanation for such a difference, but it is feasible that aable to the small amino acid taurine (Galietta et al.,
basic common channel associates with a cell-specifid997). The relative taurine permeability, /P, = 0.3
subunit that regulates the Téensitivity. Alternatively, is of the same order of magnitude of that observed in rat
it is conceivable that the sensitivity of voltage-dependeniC6 cells (0.2; Jackson & Strange, 1993), in skate hepa-
parameters to extracellular Ciight be modulated by tocytes (0.17; Ballatori et al., 1995), and in rat inner
other more indirect factors. medular collecting duct (0.15; Boese et al., 1996).
Another factor that could modulate the voltage sen-  Outside-out patch experiments revealed the presence
sitivity of the channel is the osmotic gradient. The de-of outwardly rectifying channels only from cells that
gree of hyposmolarity used in the different studieswere stimulated by hypotonic shock. This finding sug-
ranged from 11% in the present study to 32% (Meyer &gests that these channels are responsible for the macro
Korbmacher, 1996), but seems unlikely that this differ-scopic ICl,,. This interpretation is supported by the
ence alone could account for the different voltage sensifollowing evidences: (i) the permeability sequence>l
tivity reported by various authors since Levitan and Gar-Br~ > CI” > gluconate is identical to that determined for
ber (1995) studying under the same conditions B-celimacroscopiclCl,,, in 9HTEo- cells (Rasola et al.,
myeloma and T84 cells found very different half inacti- 1992); (ii) channels inactivate at positive membrane po-
vation potentials (73 m\Ws. 105 mV, respectively). tentials and the average of single channel traces re-
In some cell types, intracellular ATP seems to besembles the time course of the macroscadfik,; (iii)
important for maintaining the swelling-activated €ur-  single channel conductance change with membrane po-
rent (Jackson & Strange, 1985Levitan & Garber, tential and the outward rectification is similar to that of
1995; Meyer & Korbmacher, 1996). The ATP require- macroscopic currents; (iv) single channel currents are
ment seems to be cell type-dependent, since 9HTEdblocked by RB, an inhibitor of the macroscopiCl,,
cells do not need it to maintain the current while, with (Galietta et al., 1997). The single channel chord conduc-
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tances, about 60 pS at 100 mV and 20 pS at -80 mV, arehannels themselves. It has been recently proposed tha
consistent with those described in C6 glioma (Jackson &CIC-3, another member of the the voltage-dependent CIC
Strange, 1995), T84 (Worrell et al., 1989) and mouse family, could be the molecule responsible for a volume-
M-1 cells (Meyer & Korbmacher, 1996). Swelling acti- activated CI channel (Duan et al., 1997). The authors
vated CT channels with conductances lower than 10 pSreported that functional expression of CIC-3 in NIH-3T3
(Doroshenko & Neher, 1992; Lewis et al., 1993; Ho etcells resulted in basally active Clkonductance with

al., 1994; Nilius et al., 1994) could represent a differentproperties identical to those &€l in native cells and
channel type or, as suggested by Jackson and Stran@@at one amino acid mutation abolishes the outward rec-
(199%) an underestimation of the stationary noise analyification and changes the anion selectivity. These re-
sis. Indeed, these authors compared the single chann@lts need further corroboration since the experience
conductance ofCl,q, in C6 glioma cells using station- With other proteins (i.e.JCln, phospholeman, CIC-6)
ary noise analysis, non-stationary noise analysis an§emonstrates that functional expression in systems hav-
single channel records. They concluded that stationarjd hative swelling-activated Clchannels can upregu-
noise analysis underestimates the unitary conductancét® the endogenous current. Also mutagenesis results
because it incorrectly assumes that the swelling-induce§hould be treated cautiously since the mutated protein
increase in the macroscopic current is due to a gradefoUld activate a different type of endogenous conduc-
increase in the open probability of a constant number of2nce (Buyse etal., 1997). Until the molecular nature of
channels. These authors proposed instead that chanrdf Proteins underlyindCl, is determined, detailed
activation probably involves an abrupt switch of the escriptions of current characteristics will help to get a

channels from a state with zero open probability toastatt?‘:}tte.r insight of the_ problem. In this r_e_ge}rd, the bio-
with very high open probability, clearly at potentials physical charactenstlcs.of yolume-sensltlve Clrrents
were current do not inactivate ' seem to be a better criterion to classify these channels

In conclusion, theCl,,, of 9HTEo- cells seems to than pharmacological tools, in large amount not specific.

be similar if not identical to swelling activated Ctur-
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like BC,H1 and M-1 cells. The Corresponding channel script. The financial support of Telethon-Italy (Grant E.593) is grate-
' , . . fully acknowledged.

could be termed VSOAC (Volume-Senstive Organic os-

molyte/Anion Channel) as suggested by Jackson et al.

(1994). On the other han_q, this current seems to be_ difReferences

ferent from volume-sensitive Clcurrents described in

bovine chromaffin cells (Doroshenko & Neher, 1992), in Ackerman, M.J., Wickman, K.D., Clapham, D.E. 1994. Hypotonicity

T-lymphocytes (Lewis et al., 1993), in endothelial cells activgtes a native chloride current Xenopusoocytes.J. Gen.

(Szics et al., 1996), in parotid acinar cells (Arreola et~ Physiol.103153-179 N _

al., 1995), in HIT-T15 and RIN m5F insulinoma cells Arreola, J., Melvin, J.E., Begenisich, T. 1995. Volume-activated chlo-

. L L ride channels in rat parotid acinar cells.Physiol.484.3677-687
(Best et al., 1996) which exhibit different kinetics and galatori. N.. Simmons, T.W.. Boyer, J.L. 1994. A volume-activated

weak voltage dependencg. In addition, the permeability taurine channel in skate hepatocytes: membrane polarity and role of
sequence of the currents in the last 3 cell types is differ- intracellular ATP.Am. J. Physiol267:G285-G291

ent from VSOAC. ICl,, from O9HTEo- is also different  Ballatori, N., Truong, AT., Jackson, P.S., Strange, K., Boyer, J.L.
from another swelling and hyperpolarization activated 1995. ATP depletion and inactivation of an ATP-sensitive taurine
CI™ current termed CIC-2 (Gnder et al. 1992) whose channel by classic ion channel blockev#ol. Pharmacol 48:472—

biophysical characteristics, i.e., the inwardly rectifying _ _ _
IV and the relative Selectivity to halides ("BECI_ > I_) Basavappa, S., Chart_oum, V., Kirk, K., _Prp|c, V., Ellqry, J.C., Mangel,

. A.W. 1995. Swelling-induced chloride currents in neuroblastoma
do not matCh_those dfClqy- Hence, hypotonic shock cells are calcium dependerdt. Neurosci.15:2662—2666
seems to activate at least three types of €lannels:  gest, L., Sheader, E.A., Brown, P.D. 1996. A volume-activated anion
VSOAC, CIC-2 and a third type with biophysical fea-  conductance in insulin-secreting celRfluegers Arch.431:363-
tures different from the previous two and that could rep- 370
resent an heterogeneous group. Only the molecular iderBoese, S.H., Wehner, F., Kinne, R.K.H. 1996. Taurine permeation
tity of CIC-2 has been clearly established (Thiemann et through swelling-activated anion conductance in rat IMCD cells in

. primary culture. Am. J. Physiol271:F498-F507

al., 1992). For the other channels few molecular candi- yse, G. Voets, T., Tytgat, 1, De Greef, C.. Droogmans, G., Niius
dates are under stuc_ly as_ the multidrug-resistance ge B., Eggermont, J. 1997. Expression of human pICIn and CIC-6 in
prOd_UCt P'glyCOpere'n (Gill et al., 1992) and the small Xenopuoocytes induces an identical endogenous chloride conduc-
peptidel ., (Paulmichl et al., 1992). Although the ques-  tance.J. Biol. Chem272:3615-3621
tion is not yet settled, the P-glycoprotein and thg, Doroshenko, P., Neher, E. 1992. Volume-sensitive chloride conduc-
should be probably regarded as modulators of the chan- tance in bovine chromaffin cell membrade Physiol 449:197-218
nel (Krapivinsky et al., 1994; Hardy, 1995) more than asbDuan, D., Winter, C., Cowley, S., Hume J.R., Horowitz, B. 1997.



264 O. Zegarra-Moran and L.J.V. Galietta: Swelling-Activated Channels

Molecular identification of a volume-regulated chloride channel. vated by osmotic stress in T lymphocytes. Gen. Physiol.
Nature 390417-421 101:801-826

Emma, F., McManus, M., Strange, K. 1997. Intracellular electrolytesMcManus, M.L., Churchwell, K.B., Strange, K. 1995. Regulation of
regulate the volume set point of the organic osmolyte/anion channel cell volume in health and diseag¢. Engl. J. Med333:1260-1266

VSDAC. Am. J. Physiol272:.C1766-C1775 Meyer, K., Korbmacher, C. 1996. Cell swelling activates ATP-
Foskett, J.K., Spring, K.R. 1985. Involvement of calcium and cytoskel-  dependent voltage-gated chloride channels in M1 mouse cortical

eton in gallbladder epithelial cell volume regulatiédm. J. Physiol. collecting duct cellsJ. Gen. Physiol108:177-193

248.C27-C36 Nilius, B., Eggermont, J., Voets, T., Droogmans, D. 1996. Volume-

Galietta, L.J.V., Falzoni, S., Di Virgilio, F., Romeo, G., Zegarra- activated CI channelsGen. Pharmacol27:1131-1140
Moran, O. 1997. Characterization of volume-sensitive taurine-andNilius, B., Oike, M., Zahradnik, I., Droogmans, G. 1994. Activation of
Cl™-permeable channelém. J. Physiol273:C57-C66 a CI” current by hypotonic stress in human endothelial céli&en.

Gill, D.R., Hyde, S.C., Higgins, C.F., Valverde, M.A., Mintening, Physiol. 103:787—805
G.M., Sepulveda, F.V. 1992. Separation of drug transport and chlo-Oike, M., Schwartz, G., Sehrer, J., Jost, M., Nilius, B. 1994. Cytoskel-
ride channel functions of the human multidrug resistance P-  etal modulation of the response to mechanical stimulation in human
glycoprotein.Cell 71:23-32 vascular endothelial cell®fluegers Arch428:569-576

Gosling, M., Smith, J.W., Poyner, D.R. 1995. Characterization of aPaulmichl, M., Li, Y., Wickman, K., Ackerman, M., Peralta, E.,
volume-sensitive chloride current in rat osteoblast-like (ROS 17/  Clapham, D. 1992. New mammalian chloride channel identified by
2.8) cells.J. Physiol.485:671-682 expression cloningNature 356:238-241

Gruenert, D.C., Basbaum, C.B., Welsch, M.J., Li M., Finkbeiner, W.E., Rasola, A., Galietta, L.J.V., Gruenert, D.C., Romeo, G. 1992. lonic
Nadel, J.A. 1988. Characterization of human tracheal epithelial  selectivity of volume-sensitive currents in human epithelial cells.
cells transformed by an origin-defective simian virus 40oc. Biochim. Biophys. Actd139319-323
Natl. Acad. Sci. USA85:5951-5955 Rasola, A., Galietta, L.J.V., Gruenert, D.C., Romeo, G. 1994. Volume-

Grunder, S., Thiemann, A., Pusch, M., Jentsch, T.J. 1992. Regions sensitive chloride currents in four epithelial cell lines are not di-
involved in the opening of CIC2 chloride channel by voltage and  rectly correlated to the expression of the MDR-1 geheBiol.
cell volume.Nature 360:759-762 Chem.269:1432-1436

Hardy, S.P., Goodfellow, H.R., Valverde, M.A., Gill, D.R., Sémda, Schwiebert, E.M., Mills, J.W., Stanton, B.A. 1994. Actin-based cyto-
F.V., Higgins, C.F. 1995. Protein kinase C-mediated phosphoryla-  skeleton regulates a chloride channel and cell volume in a renal
tion of the human multidrug resistance P-glycoprotein regulates cell  cortical collecting duct cell lineJ. Biol. Chem269:7081—-7089
volume-activated chloride channeEMBO J.14:68-75 Strange, K., Jackson, P.S. 1995. Swelling-activated organic osmolyte

Ho, M\W.Y., Duszyk, M., French, A.S. 1994. Evidence that channels  efflux: a new role for anion channelKidney Int.48:994—-1003
below 1 pS cause the volume-sensitive chloride conductance in T84tutzin, A., Eguiguren, A.L., Cid, L.P., Sepulveda, F.V. 1997. Modu-

cells. Biochim. Biophys. Actd191151-156 lation by extracellular Cl of volume-activated organic osmolyte
Hoffmann, E.K., Dunham, P.B. 1995. Membrane mechanisms and in- and halide permeabilities in HeLa cellm. J. Physiol273:C999—

tracellular signaling in cell volume regulatiomt. Rev. Cytol. C1007

161:173-262 Szics, G., Heinke, S., De Greef, C., Raeymaekers, L., Eggermont, J.,
Hoffmann, E.K., Simonsen, L.O., Lambert, I.H. 1984. Volume-induced Droogmans, G., Nilius, B. 1986 The volume-activated chloride

increase of K and CI' permeabilities in Ehrlich ascites tumor cells. current in endothelial cells from bovine pulmonary artery is not

J. Membrane Biol78:211-222 modulated by phosphorilatio®fluegers Arch431:540-548

Jackson, P.S., Morrison, R., Strange, K. 1994. The volume-sensitiv&szics, G., Heinke, S., Droogmans, G., Nilius, B. 1996b. Activation of
organic osmolyte-anion channel VSOAC is regulated by nonhydro-  the volume-sensitive chloride current in vascular endothelial cells
lytic ATP binding. Am. J. Physiol267:C1203-C1209 requires a permissive intracellular €aconcentration Pfluegers

Jackson, P.S., Strange, K. 1993. Volume-sensitive anion channels me- Arch. 431:467-469
diate swelling-activated inositol and taurine effléxn. J. Physiol. ~ Thiemann, A., Giader, S., Pusch, M., Jentsch, T. 1992. A chloride

265:C1489-1500 channel widely expressed in epithelial and non-epithelial ciis.
Jackson, P.S., Strange, K. 1@9%Characterization of the voltage- ture 356.57-60

dependent properties of a volume-sensitive anion conductdnce. Verdon, B., Winpenny, J.P., Whitfield, K.J., Argent, B.E., Gray, M.A.

Gen. Physiol105:661-677 1995. Volume-activated chloride currents in pancreatic duct cells.
Jackson, P.S., Strange, K. 1#9%ingle-channel properties of a vol- J. Membrane Biol147:173-183

ume-sensitive anion conductande.Gen. Physiol105:643-660 Voets, T., Droogmans, G., Nilius, B. 1997. Modulation of voltage-
Krapivinsky, G.B., Ackerman, M.J., Gordon, E.A., Krapivinsky, L.D., dependent properties of a swelling-activated @lrrent.J. Gen.

Clapham, D.E. 1994. Molecular characterization of a swelling- Physiol.110:313-325
induced chloride conductance regulatory protein, plGhell Winpenny, J.P., Mathews, C.J., Verdon, B., Wardle, C.J.C., Chambers,

76:439-448 J.A,, Harris, A., Argent, B.E., Gray, M.A. 1996. Volume-sensitive
Levitan, I., Almonte, C., Mollard, P., Garber, S.S. 1995. Modulation of ~ chloride currents in primary cultures of human fetal vas deferens

a volume-regulated chloride current by F-actinMembrane Biol. epithelial cells.Pluegers Arch432:644-654

147:283-294 Worrell, R.T., Butt, A.G., Cliff, W.H., Frizzell, R.A. 1989. A volume-
Levitan, |., Garber, S.S. 1995. Voltage-dependent inactivation of vol-  sensitive chloride conductance in human colonic cell line 784.

ume-regulated Clcurrents in human T84 colonic argicell my- J. Physiol.256: (Cell Physiol. 25)C1111-C1119

eloma cell linesPfluegers Arch431:297-299 Wright, A.R., Rees, S.A. 1997. Targeting ischaemia-cell swelling and

Lewis, R.S., Ross, P.E., Cahalan, M.D. 1993. Chloride channels acti- drug efficacy.Trends Pharmacol. Scl8:224-228



