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Abstract. A new technique allowing single-channel Introduction
patch-clamp recordings from basolateral membranes of
A6 renal epithelial cells in culture was developed. UsingThe A6 cultured cell line, derived from the distal region
this technique we studied the chloride channels activate@f Xenopus laevikidney, is a model of a tight epithe-
in these basolateral membranes during hypo-osmotiium. A monolayer of A6 cells grown on a permeable
stress. Four different types of channel were identifiedsupport forms an epithelium performing transepithelial
and classified according to their current/voltagfe’re-  transport of Naand CI ions under hormonal regulation.
lationships as observed in the on-cell configuration of theA6 cells have also been reported to regulate their volume
patch-clamp technique. Three of these channels had lirafter swelling (RVD) following either a hypo-osmotic
earl/V relationships with unitary conductances of 12, 30challenge or an alteration in transepithelial transport rate
and 42 pS. The fourth type had an outwardly rectifying[5, 11, 26]. The mechanism underlying the cellular re-
I/V curve with inward and outward conductances of 16sponse to swelling is the extrusion of cytoplasmic osmo-
and 57 pS respectively. The kinetic properties of eacHytes, principally K and CI ions, coupled with water
class of channel were studied and kinetic models develefflux. In previous studies on the A6 cell line, it was
oped for two of them: the 42 pS channel and the outwardshown that the basolateral membranes play a key role i
rectifier. These models permitted the study of the evo-RVD. In fact, the cellular response to swelling involves
lution of the kinetic parameters during hypo-osmotic the stimulation of separate conductance pathways for pc
shock and revealed two different kinetic schemes oftassium and chloride ions located in the basolateral menr
channel activation. The results of experiments made ofranes [5, 6, 11]. Most of the data on the behavior of A6
the basolateral membranes were also compared witgells during RVD were obtained from macroscopic ob-
those of a set of analogous patch-clamp experiments cagervation of cellular monolayers or entire cells, using
ried out on isolated A6 cells. In these latter, the fre-techniques such as short-circuit current, isotope fluxes
quency of successful observations of active channels in apectrofluorimetry and whole-cell patch clamp [5, 11,
patch was 13%, whereas it was 31% for basolateral2]. Very little information about the characteristics of
membranes. Also, of the four types of channel observedhe volume-sensitive ion channels of A6 cells is as yet
in basolateral membranes, two were never found in isoavailable largely because of the difficulty of access of
lated cells, only the 12 pS channel and the outward recpatch-clamp pipettes to the basolateral side of polarizes
tifier were present in these isolated cells. cell monolayers grown on filters. Direct observations of
volume-sensitive ion channels have been made on othe
epithelial cells [3, 21, 22, 31, 35]. In a recent work on
Key words: Chloride channels — Basolateral mem- isolated A6 cells in subconfluent cultures, Nilius et al.
branes — Volume regulation — Hypo-osmotic shock —[23] reported data on the activation of a potassium chan
Patch clamp — Epithelial cells — Isolated cells nel and a chloride channel by a hypo-osmotic shock a
the single-channel level. However, a major problem
arises when working on subconfluent cell cultures be-
S cause full polarization and development of membrane
Correspondence tdJ. Banderali transport mechanisms generally only occur after cell cul-
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tures have grown to confluence. In the present work, wexctual pipette holding potential therefore, positive value¥ftorre-
use a new technique, derived from that developed b)ipond to d_epolarizing voltageg and negative valuégatorrespond to
Aceves and Erlij [1] with frog skin epithelium, allowing YPerpolarizing voltages applied to the channel.

an entire cell monolayer to be detached from the culture

filter and turned upside down to expose basolateral Mema ccess ToOBASOLATERAL MEMBRANES

branes to patch-clamp pipettes. With this technique, we

studied the volume-sensitive basolateral chloride chana well containing a confluent monolayer of A6 cells was transferred to
nels at the single-channel level. We showed that hypoa petri dish filled with=1.5 ml of Ringer solution containing 1 g/l
osmotic stress can activate at least four different types ofollagenase (Worthington, NJ) and 1 g/l albumin (Sigma) which thus
Chlorlde Channel These Channels are C|aSSIerd accord)_athed the basal side. The petri dish was kept in an incubator at 28°(
ing to their unitary conductances and kinetic propertiesfor 15 to 30 min. The well was then removed from the petri dish and

b df I di We al transferred to a Plexiglas Ussing-type chamber containirf®yml col-
as observed from on-cell recordings. € also compare genase-free Ringer solution in contact with the basal side. The lowe

the results obtained on basolateral membranes with tho%@asal) compartment of this Ussing-type chamber communicated witt
of analogous experiments made on isolated A6 cells andn upright external tube (3 mm inner diameter) which after fixation of
we showed that both the frequency of observation ofthe well was filled with Ringer solution to establish a hydrostatic pres-
chloride channels and the number of different types ofsure difference of about 180 mm,8 between the basal and apical

channel observed were higher in basolateral membran&&mpartments. Application of hydrostatic pressure for about 10 min
than in isolated cells resulted in the full detachment of the cell monolayer from the culture

filter, except along its perimeter. The separation of the epithelium from
the filter was clearly visible since the hydrostatic pressure arched the
cell monolayer upwards, while the filter remained flat. Once this had
taken place, the hydrostatic pressure was released, the well remove
from the chamber and the solution in the apical compartment emptiec
out. The filter was then cut out of the well and transferred upside down
CeLL CuLTURE onto a glass coverslip previously coated with RTV-2 elastomer (Rho-

dorsil RTV-2, RHme-Poulenc, France). Thus the apical side of the
The A6 cell line was a gift of Dr. Rossier (Lausanne, Switzerland). epithelium was in contact with the elastomer. At this point two fine
It was originally obtained from the American Tissue Type Collection forceps were used to removed the filter while maintaining the epithe-
and subsequently cloned (clone A6-2F3) by limiting dilution [34]. lium on the slip with gentle pressure. The epithelium, its basolateral
Cells were grown between passages 88 to 98 at 28°C in a humidifiednembrane exposed, was then fixed with an elastomer ring, leaving :
atmosphere of 5% CGn air. The amphibian cell medium (AM) [15]  small surface of the monolayer (20 Anuncovered. Finally, a Plexi-
with the addition of 100 g/l fetal calf serum (IBF, France) and antibi- glas perfusion chamber was placed on top and the whole syster
otics, was changed three times weekly for cell nourishment. mounted on the stage of an inverted microscope.

Materials and Methods

PaTcH-CLAMP TECHNIQUE COMPUTER SIMULATIONS

For patch-clamp experiments [14], the cells were seeded onto poroukinetic models were developed by means of self-made simulation com
membranes in culture wells (Transwell-clear, 24 mm diametenut4  puter programs. The rate constants of the transitions between the di
pores, Costar, Cambridge, MA) at a densify2ox 10° cells per well. ferent states of the channel, () were the adjustable parameters of a
Cell monolayers were then fed with serum-free amphibian mediumbest-fit iterative procedure. The values of the rate constants were rar
supplemented with 20 g/l ultroser-G (Gibco-IBF, France) for 5-10 dom numbers ranging initially between 0 and 500 $eand were
days. The patch electrodes were obtained from capillary glass microehanged one at a time during each iteration. These random values we
pipettes (Vitrex, Denmark) by a double pulling on a vertical puller introduced in the equations, derived from the chosen kinetic model
(David Kopf, Tujunga, CA). The electrode resistance was 4 tdb describing the open and closed dwell-time distributions and the oper
The patch-clamp amplifier was a Biologic RK 300 (Claix, France) and and closed probabilities. The results of these equations were then con
the signal was recorded on magnetic tape with a betamax video repared with the experimental data and the goodness of fit was evaluate
corder (Sony), after conversion to a video signal by a Biologic PCM from the x? value. When a set of values for the rate constants in an
converter (Claix, France). The signal was then analyzed using a Comiteration diminished the? value, it was stored as a set of final vari-
paq ProLinea 4/50 microcomputer with Cambridge Electronic Designables. The number of iterations in a program run was fixed at a value
(Cambridge, U.K.) software and A/D interface. Single channel signalswhich was three times the number of iterations having led to the lasi
were filtered at 10 KHz and digitized at 20 KHz. The extracellular decrease in thg? value. At eachy? improvement, the best fitting rate
solution used during the experiments was a Ringer solution containingonstants were compared with the upper limit of the random number:
(mmol/l): NaCl 83, NgSO, 12, Glucose 11, HEPES 5, hdPO, 3.2, variation range (initially 500 s&é) and if their value was higher than
KCl 2.5, MgSQ, 2, CaC} 2, KH,PO, 1.2, with a pH of 7.4. The  90% of the limit, this was automatically doubled.
hypo-osmotic solution was obtained by diluting the Ringer solution
with 1/3 volume of water. The patch-clamp pipette solution contained
(mmol/l): Choline-Cl 145, CaGlI3, HEPES 5, with a pH adjusted 0 7.3 Ragylts
with NaOH.

For experiments on isolated cells, the cells were prepared as_ . .
described elsewhere [5]. Results are given as meass he volt-  1his study concerned the volume-sensitive chloride
ages given in the graph¥/f) and in the text are the opposite of the channels located in the basolateral membranes of Af
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epithelial cells in culture. A cell monolayer was submit- , -2
ted to a hypo-osmotic shock while single-channel activ- HpA)
ity of the basolateral membranes was recorded with the
technique described above, using pipettes filled with the
choline-Cl solution. Under iso-osmotic conditions active
chloride channels were observed in 8 out of 81 success-
ful patches (i.e., 10% of patches). The hypo—osmotic"lool o
challenge either increased the activity of an already func-
tioning channel or stimulated a previously quiescent one i Vp (mV)
within 5 min. Under these conditions, we recorded chlo- i B
ride channel activity in 25 of the 81 patches (i.e., 31%). - =1
In both cases, the various recordings showed a hetero-
geneous population of volume-sensitive chloride chan-
nels. Since inside-out recordings were not possible for L 5
all of the different types of channel observed due to ra-
pid rundown of activity, we classified them according Fig. 1. Current/voltage relationship for the 12 pS channel. Aveitage
to their unitary conductance and to the rectifying prop-curve obtained frc_)m_the pooled recordings of the channel in basolaters
erties of the/V curves as observed in on-cell recordings. Mempranes and in isolated celfs £ 12).
The channels were grouped in four classes: a small con-
ductance channel of 12 pS, two intermediate conduc- . o
tance channels (30 and 42 pS) and an outward rectify- ~ Figure 2 also shows examples of the distributions
ing channel characterized by two unitary conductance®f open-time intervals (Fig. B) and closed-time inter-
of 16 and 57 pS for inward and outward currents respecvals (Fig. L) from a recording of the channel during
tively. hypo-osmotic challenge. Due to the low activity of the
These results were compared with those obtained ighannel when the cells were in the iso-osmotic solu-
a series of ana|ogous patch_c'amp experiments peruon, we were not able to obtain such distributions in
formed on isolated A6 cells. In these latter experimentscontrol conditions. Both distributions could be fitted
we observed single chloride channel activity in 4 out of With single exponential functions, indicating that the
99 patches under iso-osmotic conditions (i.e., 4%) and irffhannel had at least one open and one closed state. T
13 patches under hypo-osmotic conditions (i.e., 13%)average time constants werg = 16.3 + 5.9 msec for
Only two different types of chloride channel were found OPen time intervals andc = 109.0 + 20.5 msec for
in these experiments: the small conductance channel arfdosed time intervalsn( = 5) and did not change with
the outward rectifier. voltage.
In the following sections we will describe the char-
acteristics of each type of channel.

FIRST INTERMEDIATE CONDUCTANCE CHANNEL (30 pS)

SvALL CONDUCTANCE CHANNEL (12 pS) A channel characterized by a linear on-dé¥ relation-
ship appeared in 4 of the 81 patches on the basolater:
The small conductance channel was the most frequentlgnembranes (Fig.8andB), whereas it was never seen in
found both in basolateral membranes £ 7) and in  isolated cells. Its average unitary conductance was 29.
isolated cellsif = 5). + 2.4 pS. In only one case was the channel active in the
This channel had a lineadfV relationship when re- iso-osmotic solution although with a value Bf close to
corded in the on-cell configuration (Fig. 1). The averagezero. Bathing the cells in hypo-osmotic solution acti-
single-channel conductance calculated from 12 observarated this channel with delays ranging between 1.5 and -
tions was 12.4 + 3.5 pS. In four patches the channel wasin, with a mean value of 2.8 £ 0.7 min. After activa-
active in iso-osmotic conditions and its activity increasedtion P, had a value of 0.27 + 0.06. The distributions of
after hypo-osmotic shock, as shown in FigA.2How-  open- and closed-time intervals were obtained from the
ever, the level of activity of this channel under iso- recordings in the hypo-osmotic solution (Figc andD).
osmotic conditions was very low and its open probability A single exponential function was found to fit the dis-
(P,) had a value close to zero. In all the other cases théribution of closed-time intervals (Fig.C§ giving an
activity started after the extracellular solution had beeraverage time constamt of 10.3 £ 3.9 msec, whereas the
changed to the hypo-osmotic one. Under hypo-osmoticum of two exponentials was necessary to fit the oper
conditions, the open probability became 0.18 + 0.06.interval distribution (Fig. ). We show the two expo-
The average delay between hypo-osmotic shock andential components fitting the distribution in the log-log
stimulation of channel activity was 2.6 + 0.5 min. plot [27] in the inset of Fig. @ (broken lines). The mean
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2 pA

Fig. 2. Characterization of the 12 pS channél) (

Activation of the small conductance channel by
hypo-osmotic shock (arrow), recorded in the baso-
lateral membrane of an A6 cell. The insets show
details of the channel activity before and after the
osmotic shock. A second channel with a higher uni-

497 B B1 ¢ tary conductance was also present but its activity
I 30 4 was not altered by hypo-osmotic shock. The record-
30 . ing was made with a holding potential of +50 mV.
%1 (B) Experimental distribution of the open dwell
2 £ 20 times (open bars) and best-fitting single exponential
% 207 g 15 function (continuous line).Q) Experimental distri-

bution of closed dwell times (open bars) and theo-

10 - retical single exponential curve (continuous line).
5 Both distributions were obtained in hypo-osmotic
o | ; — o — 0 | ] W q . conditions analyzing 173 events.

o 20 40 60 80 100 0 250 500 750 1000 1250 1500

open intervals {ms) closed intervals (ms)

values of the time constants of the exponential functionglosed states for the channel. The hypo-osmotic stres
were:to; = 19.4 £ 2.3 msec andy, = 98.5 £ 17.2  provoked an increase of the duration of the open dwell-
msec. These results indicate that this channel has at leat$tnes. In Fig. £, the histograms of open dwell-times in
two open and one closed state. The time constants afontrol conditions (solid bars) and after hypo-osmotic
both distributions were independent of voltage. shock (open bars) are shown together with the exponer
tial curves fitting the experimental data (continuous
lines). The time constant, of the exponential function
SeCOND INTERMEDIATE CONDUCTANCE CHANNEL (42 pPS) i jso-osmotic conditions had a value of 56.8 + 9.8 msec
which increased to a value of 146.7 £ 22.8 msec during
A second intermediate conductance channel appeardt/po-osmoatic stress. The time constants of the exponer
exclusively in patches on the basolateral membranedials fitting the closed intervals weng.; = 130.7 + 24.0
Thel/V relationship of this channel in the on-cell record- msec andr., = 5.6 + 1.4 msec in iso-osmotic control
ings (Fig. A and B) was linear, with a unitary slope conditions and became; = 68.8 + 6.0 msec ant, =
conductance of 42.1 + 8.3 p8 & 6). In two cases, the 7.2 £ 1.6 msec in the hypo-osmotic solution. Figui 4
channel was active in the iso-osmotic solution with anshows the histogram of closed dwell-times together with
open probability value of 0.36 = 0.08 and hypo-osmoticthe double exponential curve under hypo-osmotic condi-
shock increaseB, to a value of 0.53 + 0.09. In the other tions and in the inset the log-log plot with the two ex-
cases the hypo-osmotic shock activated a quiescent chapenential components (broken lines) is given. Based ol
nel. The delay between osmotic shock and channel rethese observations, we made a computer simulation ¢
sponse ranged between 1 and 5 min, with an averagthe activity of the channel starting from a kinetic model
value of 2.7 = 1.0 min. The distributions of open- and characterized by one open and two closed states
closed-time intervals were analyzed under both isoC; 2 C, 2 O. Table 1 summarizes the values of the
osmotic and hypo-osmotic conditions. A simple expo-rate constants;k ; relative to the transitions between
nential was found to fit the open-times distribution the different states under iso-osmotic and hypo-osmotic
whereas a double exponential function gave the best fitonditions and also the values of the probabilities of
for the closed-times histogram (FigC4ndD), indicat-  occupation of each of the statd%(,) as calculated from
ing at least one possible open state and two possiblthe model. Under iso-osmotic conditions, the channel
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Fig. 3. Characterization of the 30 pS channé) Recordings of channel activity at four different holding voltages. The broken lines indicate th
closed-state current level8)(Current/voltage relationship of the channel averaging the data from four independent recordings. Experimental
were fitted by linear regression (continuous ling}) Experimental open dwell-time distribution (open bars) and best-fitting double exponenti
function (continuous line). The inset shows the same distribution in a log-log plot and the broken lines represent the two single expon
componentsn = 629. O) Experimental closed time distribution (open bars) and best fitting single exponential curve (continuous #n831.
Both distributions were obtained in hypo-osmotic conditions.

was more likely to be in the open state or in thealdbsed  voltages when the cells were in hypo-osmotic medium.
state, the latter having the highest probability of occupa-The recording in Fig. B shows the typical behavior of
tion (53%). After stimulation by hypo-osmotic shock, the the channel when the voltage was alternately switche
open probability increased above 50% angh@came from —60 mV (phases a and c) to +60 mV (phases b anc
the most probable closed state. d). When holding the potential at -60 mV, the channel
was almost permanently open (phases a and c). A rapi
transition to +60 mV closed the channel within a few
OuTWARDLY RECTIFYING CHANNEL seconds (phase b and beginning of phase d); howeve
this voltage-induced closing did not prevent the channe
The fourth type of volume-sensitive chloride channelfrom reopening without further change in voltage (end of
which we observed in A6 cells was characterized by arphase d). A consequence of this behavior was that re
outwardly rectifying on-celll/V curve (Fig. ). This  cordings of channel activity at positive holding potentials
channel appeared in four of the patches on basolateralontained a larger number of opening and closing event
membranes and in two patches on isolated cells. Théhan those at negative voltages: we therefore chose suc
average slope conductances calculated by linear regreszcordings to study the evolution of the kinetic behavior
sion of inward and outward currents were 15.8 + 2.6 pSof the channel when submitted to hypo-osmotic shock.
and 56.7 + 8.1 pS respectively & 6). The open prob- As was the case with the other channels, hypo-
ability of the channel depended on membrane voltageosmotic challenge could either stimulate an already ac
The histogram in Fig. 6 shows that the average values tive channel it = 2) or start up a new onen(= 4).
of P, in the on-cell recordings were between 0.5 and 0.8The delay of the response ranged between 20 sec and
at negative voltages and between 0.1 and 0.5 at positivenin, with an average value of 1.5 £ 0.5 min. When the
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Fig. 4. Characterization of the 42 pS chann&{) Recordings of the channel activity at four different holding voltages. The broken lines indicat
the closed-state current levelB) Current/voltage relationship of the channel obtained by averaging the data from six independent recordings. |
were fitted by linear regression (continuous lin€)) Experimental open dwell-time distributions under iso-osmotic conditions (solidibars473)

and after hypo-osmotic shock (open bamns= 374). Both distributions were fitted by single exponential functions (continuous linB3). (
Experimental closed time distribution in hypo-osmotic conditions (open bars) and best-fitting double exponential curve (continuous [B4é&),

The inset shows the same distribution in a log-log plot and the broken lines represent the two single exponential components.

Table 1. Evolution of the parameters of the kinetic model for the 42 6A) was closely fitted with a single exponential function
pS channel under both iso-osmotic (solid bars) and hypo-osmotic
Model: conditions (open bars). .The hypo-osmotic shock in-
Key cokes o creased the value of the time constant fregn= 59.1 +
C=C,=0 1.2 msectay = 187.3+9.1 msec. FiguréBsshows the
distribution of closed dwell-time intervals in a log-log
plot together with the three exponential components nec

kCZﬂ C1 kOa c2

Iso-osmotic Hypo-osmotic  essary to fit the experimental data. The values of the

Rate constantsec?) time constants under iso-osmotic conditions wegg:=

Kes oo 15.9 825 5113 £ 235 msecre, = 64.5 + 16.9 msec and-5 =

Ker on 96.9 13.0 17.5+ 1.5 msec and becamg, = 1311 + 76 msecrc,

Keo o 81.1 11.8 = 90.0 £ 8.8 msec ane.; = 15.1 + 3.4 msec after the

Ko c2 18.4 7.4 shock. These data suggested that the channel had at le:
Occupation probabilities one open and three closed kinetic states and therefol
Pe1 0.53 0.07 that it could be described by a four-states kinetic model.
Pc2 0.09 0.36 However, since in most of the recordings a sublevel of
Po 0.38 0.57 conductance (35% of the full open conductance) was

observed (indicated by the joined arrows in Fig)pBwe
developed a kinetic model including three closed and
channel was already active under control conditionsfwo open states: L= C, @ C3 2 O; 2 O, in which
hypo-osmotic stress induced an increase in the opethe O, state corresponded to the subconductance leve
probability from a value of 0.41 £ 0.05 to one of 0.66 + The probability of observing a subconductance event ir
0.02. The distribution of open-dwell time intervals (Fig. a recording was 0.09 in control and 0.08 under hypo-
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Fig. 5. Voltage dependence of the outwardly rectifying chann&).@n cell I/V curve of the channel from the pooled recordings in basolateral
membranes and on isolated celB) (nside-outl/V curve recorded in presence of 151 mmol/l of chloride on both sides of the membEu@pén
probability of the channel as a function of membrane voltaDg Recording of channel activity with membrane voltage clamped alternately at —6
(phases a and c) and +60 mV (phases b and d).

osmotic conditions. Table 2 resumes the evolution of theconditions inward and outward conductances were 32.-
values of the kinetic rate constants and of the occupatior: 2.7 pS and 57.7 + 3.6 pS respectively.
probabilities of the states as calculated from the model.
Under both osmotic conditions, the, €losed state and
the O, open state had the highest probabilities of occu-Discussion
pation which were 0.45 and 0.35 respectively in the iso-
osmotic solution. Hypo-osmotic shock decreased the
probability of occupation of Cto a value of 0.23 and CoMPARISON BETWEEN BASOLATERAL MEMBRANES AND
increased that of Qto 0.59. IsoLATED CELLS

We investigated the possibility that the observed
outward rectification of the on-celfV curve could be In general, the study of ionic channels in basolatera
entirely due to the concentration gradient of chloride ionsmembranes of epithelial cells in culture suffers the major
between the pipette solution (151 mmol/l) and the intra-difficulty that access of the patch-clamp pipettes is hin-
cellular medium (approximately 30 mmol/l). For this, dered by the tight contact between these membranes ar
the activity of the channel was recorded in inside-outthe support on which the cells are grown. To circumvent
experiments in which the choline-Cl solution was usedthis difficulty, various strategies are used. Either single-
both in the pipette and in the perfusion chamber. Undechannel studies are made on isolated cells [10, 17] o
these conditions, the channel was facing symmetricatultured cell monolayers are turned upside down to pro:
chloride ion concentrations. TH&V relationship of the vide access for patch pipettes to the basolateral mern
channel recorded in these experiments still showed outhranes [25, 30]. In this paper, we describe a new proce
ward rectification, as shown in FigB5 despite the ab- dure that we have developed to detach the cell monolaye
sence of concentration gradient between the extracelluldrom its culture support, which was derived from that of
and cytoplasmic sides of the membrane. Under theséceves and Erlij to isolate the frog skin epithelium from
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80 Table 2. Evolution of the parameters of the kinetic model for the

outwardly rectifying channel

60 -

Model:
kClﬁ c2 kcza C3 kC3401 kOlﬂ 02

@ C=C=C=0,=0,
% % kCZa C1 kCSQ c2 kOlﬁ C3 kOZa o1
g ‘ Iso-osmotic Hypo-osmotic
A
% Rate constant&sec?)
- Kea . co 0.19 0.76
%; Keo_ca 1.88 2.40
= Ko ca 13.63 8.51
0 250 500 750 1000 1250 1500 Kes..co 9.64 24.50
open intervals (ms) Kca_o1 47.20 47.37
102 4 Ko1_.ca 10.30 3.00
E Ko1_.o2 7.25 2.49
10 4 B Koa_.o1 32.38 19.00
] X Occupation probabilities
L BRI EES SO SN Pey 0.45 0.23
2 10 ] N Pes oo 005
~ 1 ' c3 . .
£ 1072 Sﬁ Pos 0.35 0.59
% . , Pos 0.08 0.08
1074 -_- ". ‘\‘
107 4 R B membranes revealed a wider variety of chloride channel.
B N B I I 4 . A than was observed in isolated cells. Of the four different
1 10 102 10% 10* 10° types of channel observed in basolateral membranes onl
. two were seen in isolated cells. These observations in
closed intervals (ms)

dicate that organization of the cells in a monolayer is an
essential condition for the functioning of some channels
The lack of spatial or functional interactions with neigh-

boring cells must modify the intracellular organization

r 4 resulting in the observed loss of activity.

C

5s 2 pA

ACTIVATION OF CHLORIDE CHANNELS BY
Fig. 6. Kinetic properties of the outwardly rectifying channel) Dis- HYPO-0SMOTIC SHOCK
tributions of open dwell-times in iso-osmotic conditions (solid bars,
= nd in hypo-osmoti ndition n bars=n224) an . - .
389) and in hypo-osmotic conditions (open bars=n224) and ., 5 hrevious work we described how volume regulation
best-fitting single exponential functions (continuous lineB). istri-

bution of closed dwell times in iso-osmotic conditions. Due to the Iargemc A6 Cell_s after swelh_ng ina h_ypo'osmPt'C mefj'um IS

variations in the duration of closed time intervals, data were sampledcharacterized by considerable increase in chloride trans
with variable bin width and the number of events per time unit (events/port rate through the basolateral membranes. Using th
msec) is reported in the Y axis. The continuous line represents theyhole-cell patch-clamp technique we showed that the

best-fitting triple exponential function and the broken lines representanhanced chloride transport provides a transient increas
the single exponential components.= 403. (C) Single-channel ac-

- . ’ in the overall cellular chloride current as well as a tran-
tivity of the outward rectifier when clamped at +50 mV. Joined arrows sient cellular depolarization I51. In the present sindle-
indicate the sub-conductance state of the channel. Brokensline p [ ] p g,
closed level. channel study we have shown that a variety of chloride
channels, whose activities were increased after hypo

osmotic shock, were present in the basolateral mem
the chorion [1]. This allowed us to compare the resultsbranes of A6 cells. The response to osmotic stress re

of patch-clamp experiments made on the basolateradulted in either an activation of a quiescent channel or at
membranes of cells in monolayers with those obtainedncrease in the activity level of a functioning one. The
with isolated cells. We found that the frequency of suc-average delay between the beginning of the hypo-
cessful observations of channel activity was appreciablyosmotic stress and the single-channel response varie
higher in basolateral membranes (31%) than in isolatedbetween 1.5 and 3 min. This is in good agreement with
cells (13%). Furthermore, the patches of basolaterathe time courses of cellular depolarization and of the
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increase in whole cell chloride currents, which reached/V relationships, despite the gradient in chloride ion con-
their maximal values in 2 to 3 min after the shock [5]. centration between the pipette solution and intracellulal
The fact that during these single-channel recordings thenedium. This implies that when exposed to symmetrical
osmolarity of the pipette solution was kept constant (i.e.chloride concentrations they would probably show in-
iso-osmotic), implies that an eventual local direct controlwardly rectifying I/V curves. The unitary conductances
of channel activity by extracellular osmolarity would not of the three channels were 12, 30 and 42 pS. The kineti
have been detectable. Therefore, the response of thgehavior, as revealed by the distributions of open anc
channels to volume change was most likely modulatedtiosed time intervals, was different for each channel.
by intracellular factors such as second messengers orhe 12 pS channel apparently had the simplest kinetic
modifications of the cytoskeleton. scheme since single exponential functions could ad:
equately fit both distributions. A double exponential
function was necessary to fit the open dwell-time distri-
bution of the 30 pS channel although a single exponentia
fitted the closed-time distribution. Conversely, a single

The activation of chloride conductances after a Nypo-gyonential described the open-time distribution of the

Iosmlo_tic shock |hc?'?f been de.skcirilt_)eld ah the single—chgnng pS channel but a double exponential was required fo
;E:/e l\'/? several |d'erent.efp|t clal ce btypesh[S, 9 |8’ the closed-dwell times. This suggested that more com
]. Moreover, indirect information about the single- plex models were necessary to describe the kinetics o

channel characteristics of the volume-sensitive conduct ese two channels. Thanks to the high degree of activit

tance pathways has been inferred from observations o f the 42 pS channel in our recordings under both os

the macroscoplc.volume sensitive chIondelcurrents [2m0t|c conditions, we were able to study the effect of the
16, 22]. The cloning and expression of chloride channels . : .

o osmotic challenge on the behavior of this channel. The
also led to the molecular characterization of several pro-

teins that may act as volume-sensitive channels or chal pbserved increase in open probability corresponded to

nel regulators: the pl, [2, 20, 24], the CIC-2 [13], the .6 times increase in the mean duration of open-time
CIC-K1 [32] and the nP—gI'yco’protéin [33] ' intervals. From the experimental data, we developed :

Very often, volume-sensitive chloride channels havekinetic model for this channel and studied the changes ir

outwardly rectifyingl/V curves with a slope conductance the parameters of the model induced by hypo-osmotic
of 40 to 50 pS at reversal potential. Such channels havatress. The model was characterized by two closed state

been found in T84 colonic cell lines [28, 35], in 407 &nd one open state (G C, = O). The changes in the
intestinal cells in culture [22], in kidney MDCK cells [3] transmon_ rate c_onstants _provok_ed by channel activatior
and in glioma C6 cells [18]. In particular, a type of resulted in an increase iR, while the most probable
outwardly rectifying channel plays a fundamental role in¢l0Sed state changed from @ G,
volume regulation owing to its permeability to a large ~_The volume-sensitive chloride channel recently de-
variety of osmolytes, including anionic and zwitterionic Scribed by Nilius et al. [23] in isolated A6 cells has a
amino acids SUCh as g|utamate and taurine [4] Thiéinear On-Celll/V relationship W|th aunital’y COhdUCtance
channel was first found in MDCK cells [3, 4] and was Of 36 pS and shows a higher open probability at depo.
characterized in MDCK and C6 cell lines [4, 18, 19]. larizing voltages than at hyperpolarizing ones. Accord-
It was termed VSOAC forolume sensitive organic os- ing to its unitary conductance ad/ relationship, this
molyte anion channgR9]. channel is comparable with both intermediate conduc:
Outward rectifiers, although very frequent, are nottance channels (30 and 42 pS) which we describe in th
the only type of chloride channel encountered whenpresent work. A study of its kinetic properties would
studying the RVD process. For instance, a channel withprobably disclose further similarities allowing better
a unitary conductance of 7 pS was found in Ehrlich as-comparison with the individual types of channel. Anim-
cites tumor cells [7] and evidence is given for a channelportant difference between the channel described b
with a conductance lower than 1 pS in T84 cells [16]. Nilius et al. and both the intermediate conductance chan
Therefore, the extrusion of chloride ions and of othernels which we found in the basolateral membranes of A€
anionic (or neutral) osmolytes during RVD may be ac-cells, concerns the voltage dependence of the open prol
complished via different channels that sometimes coexisability. Thus, the open probabilities of the 30 and 42 pS
in one cell type, as happens in the T84 cell line. channels are independent of voltage, as can be seen
In the present work, we have shown that four dif- Figs. 3A and 4A and these two channels were only re-
ferent types of volume-sensitive chloride channel arecorded from basolateral membranes and never from iso
present in the basolateral membranes of A6 cells. Afated cells. The 36 pS channel on the other hand wa
first, these channels were classified according to theipresent in isolated cells. These discrepancies are prol
on-cell I/V relationships and unitary conductances. Inably due to the particular cell culture conditions and to
the on-cell recordings, three of these channels had lineghe way in which the isolated cells were obtained: they

HETEROGENEITY OFVOLUME-SENSITIVE CHANNELS
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were from subconfluent cultures in the study of Nilius etrelated to a fast closure of the channel induced by depo
al., but were dissociated from a confluent monolayer inlarization (Fig. ®). However, in this case, the channel
our work. did not inactivate completely, since spontaneous reoper
The fourth type of channel which we describe had anings at the same holding potential were possible. From :
outwardly rectifyingl/V curve when recorded in the cell- kinetic point of view, the model that best described the
attached mode. The outward rectification of ii¢ re-  behavior of the A6 outward rectifier included three
lationship was an intrinsic feature of this channel and didclosed states. A similar kinetic model including three
not depend exclusively on the chloride ion concentratiorinactive states was proposed by Jackson and Strange
gradient between the pipette solution and the cytoplasnflescribe the inactivation process of the VSOAC of C6
In fact, the rectification was still present, although lesscells as a function of voltage [19].
pronounced, in the inside-out recordings, where identical ~ These similarities are obviously not sufficient to
solutions were used on both sides of the membrane. Theonclude that the outwardly rectifying channel of A6
model we developed to describe the kinetic characteris¢ells actually is a VSOAC. They simply point to some
tics of this channel had three closed and two open statgg®mmon features of volume-sensitive anion channels
(C, 2 C, = Cy = O, = 0,). Unlike the 42 pS chan- and only studies on the selectivity properties of the chan

nel, the outward rectifier did not significantly modify the N€l Will provide the answer to the question. The indi-
pattern of occupation probabilities of the states upOnwdual characterization of the four types of channel de-

stimulation in the hypo-osmotic medium. The most
probable states were;Gnd Q in both experimental
conditions. A purely speculative interpretation of this
difference would be the existence of two different
mechanisms underlying the activation of these channels:
The presence of four different types of chloride

scribed in this work will also be enhanced by the iden-
tification of the intracellular mechanisms underlying
their activation in hypo-osmotic conditions and by the
study of the blocking effects of drugs specific to chloride
channels.
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