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Abstract. Using the whole-cell patch-clamp technique, potential in marginal cells under physiological condi-
we examined Clselective currents manifested by strial tions.
marginal cells isolated from the inner ear of gerbils. A
large Cr-selective conductance 6fL8 nS/pF was found Key words: Chloride conductance — Cell volume —
from nonswollen cells in isotonic buffer containing 150 Mmarginal cell — Endolymph — Inner ear
mm CI™. Under a quasi-symmetrical CTtondition, the
‘instantaneous’ current-voltage relation was close to lin-
ear, while the current-voltage relation obtained at the endntroduction
of command pulses of duration 400 msec showed weak
outward rectification. The permeability sequence for an-The endolymph in the cochlea is unique and without a
ionic currents was as SCN Br- JCI">F >NO3; I~  true counterpart in any other variety of extracellular flu-
> gluconaté, corresponding to Eisenmann’s sequence V.ids. lts predominant cation is’Kn place of Nd and its
When whole-cell voltage clamped in isotonic bathing electrical potential (endocochlear potential, EP) is posi-
solutions, the cells exhibited volume changes that werdive by (BO mV relative to the perilymph (Johnstone &
accounted for by the Clcurrents driven by the imposed Sellick, 1972). As the major site responsible for produc-
electrochemical potential gradients. The volume changég such a unique situation in the inner ear of mammals,
was elicited by lowered extracellular Ctoncentration, the marginal cells of the stria vascularis, in particular,
anion substitution and altered holding potentials. Thehave been implicated and thereby highlighted for their
ClI” conductance varied in parallel with cell volume when transport properties. Recently, several groups, all em-
challenged by bath anisotonicity. The whole-cell” CI ploying the patch clamp single-channel recording tech-
current was only partially blocked by both 5-nitro-2-(3- nique, have reported the presence in marginal cells of the
phenylpropylamino) benzoic acid (NPPB, 0.5ajrand  following ion channels. From thapical membrane: (i)
diphenylamine-2-carboxylic acid (DPC, 1.0m)n but  nonselective cation channels (Takeuchi, Marcus &
4-acetamido-4isothiocyanato-stilbene-2,2lisulfonic ~ Wangemann, 1992; Sunose et al., 1993), (ii) small-
acid (SITS, 0.5 m) was without effect. The properties conductance Kchannels (Sunose et al., 1994), and (jii)
of the present whole-cell Clcurrent resembled those of 12-pS CI' channels during stimulation by cyclic AMP
the single CT channel previously found in the basolateral (Sunose et al., 1993); from thHeasolateralmembrane:
membrane of the marginal cell (Takeuchi et Blearing  (iv) nonselective cation channels (Takeuchi et al., 1995)
Res.83:89-100, 1995), suggesting that the volume-and (v) 80-pS Cl channels (Takeuchi et al., 1995).
correlated Cl conductance could be ascribed predomi-  We have developed a technique for obtaining single,
nantly to the basolateral membrane. This €bnduc- Viable strial cells suitable for physiological studies
tance may function not only in cell volume regulation but (Takeuchi et al., 1995) and have now applied the whole-
also for the transport of Cland the setting of membrane cell recording technique to those single cells. In this first
report on the whole-cell conductance of marginal cells,
we focus on the Clconductance for the following rea-
- sons: (i) a large contribution of Ctonductance to mem-
Correspondence t0S. Takeuchi brane potential has been reported of the vestibular dark
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Table 1. Composition of solutions (in m)

Solution A B C D E F G H | J K

NMDG-CI 140 150 50 15 150 150 75 75
NacCl 150 150
NaX* 150
MgCl, 1 1 1
MgSO, 1 1 1 1 1 1 1 1
CaCl, 0.7
HEPES 6
Tris 6
K,HPO, 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6
KH,PO, 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
EGTA
ATP-Na, 1
Glucose 5 5 5 5 5 5 5 5 5 5
Mannitol 172 234 75 150 132
Osmolality**

(mOsm/kg) 274 293 290 280296 290 289 287 368 448 290 148

=
[E=N

*X =CI7, SCN, Br7, F, I, NOj; or gluconaté. The pHs are 7.2 for solution A (pipette) and 7.4 for others (bath). ** Measured by freezing point
osmometry

cell, an analogous cell in the vestibular system (Wangeacteristic morphology: (i) a flat hexagonal apical surface, (ii) flourish-

mann & Marcus, 1992), (ii) 80-pS Clchannels have ing basal infoldings and (jii) an apically located nucleus. Morpholog-

already been found, at a reIativer high density, in theically acceptable cells thus selected also cleared the viability test based
. . on dye exclusion (Takeuchi et al., 1995).

basolateral membrane of marginal cells (Takeuchi et al.,

1995), and (iii) CT channels play an important role in"K

secretion by the strial marginal cell (Wangemann, Liu & EstivaTion oF CELL VOLUME

Marcus, 1995).

Some of known epithelial channels for Gire cell In most of the patch clamp experiments, the cell shape was simulta-
volume sensitive and swelling-induced activation of neously monitorgd at high magnification (1,69@nd its changes were
these channels strongly indicates their pivotal role inthel 2008 2L 3 £ LS8 C00e Bt L o v beerved the
mechanism of regula_tory volume decrease (Worre” e1§c:ell’s profile only. Dimensional measurements were done using an
al., 1989; McCann, Li & Welsh, 1989;_KUb0 & Okada, image processor (Argus 10, Hamamatsu Photonics, Hamamatsu, Ja-
1992; Chan et al., 1993). For the marginal cell, howeverpan). changes in cell volume appeared most markedly in cell width
there has been no attempt to disclose any volume regueaving cell height almost unchanged (Figh & D). The width of a
latory mechanism(s) operating in it. It is highly likely basal process in focus changed proportionally to that of cell trunk in
that volume-sensitive Clchannels, if any, substantially se\{eral different experimer_ltal conditions (FigC)1 Ac_cordingly, we
contribute to volume regulation in this cell type also. estlmaFed changes in relative cell voluw, (here,v is voI_ume and
Thus the aim of the present study is to characterize th subscriptc denotes ‘control’) from measurement of the widths of cell

us . P u Yl - . 1z . ?runk (v, andw) at three separate sections of a test cell in both control
properties of Cl conductance with special attention paid ang experimental conditions, as illustrated in Fig. By assuming a
to its relevance to volume changes of the marginal cellrelative invariance in cell height{ andh; seeFig. 1D), theviv, may
A preliminary account of this work has appeared (Takeu-be written as
chi & Irimajiri, 1995).

VIV, = (Wiw)?, (1)
Materials and Methods wherew, = (We, + Wep + Weg)/3 andw = (wy + W, + wa)/3.
CELL PREPARATION ELECTROPHYSIOLOGY

Marginal cells were prepared from the inner ear of gerbils as describedhe whole-cell configuration of the patch clamp technique (Marty &
previously (Takeuchi et al., 1995). Briefly, tissue strip® fnm long) Neher, 1983) was used with pipettes of 348 when filled with so-
from the stria vascularis freed of the underlying ligament were trans-lution A (140 mu NMDG-CI based, C&-free; seeTable 1). The use
ferred to solution B (150 m NaCl based, Ci-free; for composition,  of pipettes of resistances belowv®) resulted in a prohibitingly low
seeTable 1) containing 0.2% papain and incubated for 20 min atrate of successful seals. Recordings were made with an amplifier
23-25°C. These strips were then dissected with fine needles, undgmodel 3900, Dagan, Minneapolis, MN) equipped with a model 3911
visual control, to obtain single marginal cells that retained their char-whole-cell expander. Electronic compensations were made for pipette
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Fig. 1. Estimation of cell volume changes\)(Video-microscopic profiles for a voltage-clamped marginal cell, with its apical membaarens)

upward and basal infoldings downward, befdedtf and after (ight) shrinkage due to anion replacement. The cell was bathed in solution D (Table

1) with X = CI™ (left) or gluconate (right). Scale bar, 1um. Note parallel changes in width for both cell trunk and basal proceasesvhead$

when viewed in sharp focusB) Schematic drawings of the cell i\ with the definition of size parameters include@) Correlation between the

rate of change in width for cell trunk and that for basal process. Volume perturbation was effectuated by osmotic challenge, anion replacement,
alteration of holding potential. Relative widths for basal processes were measured as for the cell trunk. Different symbols indicate data from separ
cells. Paired symbols interconnected by a line represent two determinations repeated at appropriate intervals following the volume perturbation, ¢
being from the cell at the steady state. Mean slope of connecting linest 0.02 (\ =9). (D) Similar plots demonstrating poor correlation between
changes in cell height and in cell width. Mean slope of connecting lines,®00.01 (N = 9).
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capacitances (3—4 pF), cell membrane capacitances (4-7 pF) and serigdracellular anion species since the exponential term in Eq. (2)
resistances (5-1&(}), but not for leakage current components. Most amounted td 118 forz = -1,V =-75 mV andT = 23-25°C. Likewise,
experiments, unless otherwise noted, were performed in the voltagethel g, under a bi-ionic condition such &, = 150 mv vs. X2, = 140
clamp mode with the holding potential set at 0 mV before correction formm should also depend mainly é%,, since from Eq. (2) it follows that
liquid junction potentials. When solution J or K (75MTNMDG-CI lonk (@andl also)« P, — 0.06 Pg,. Thus, the deviation dfl g« from
based;seeTable 1) was used in osmotic challenge experiments, theunity can be regarded as due mainly to the chand@.in
holding potential was set at the equilibrium potential for Gle., 16 Data are expressed as meansem (N, number of cells). Curve
mV). The bath solution was electrically connected to a Ag-AgCl elec- fittings were done by the least-squares method. Data from one typical
trode via a bridge of solution C (150nmNaCl basedseeTable 1). cell are presented after confirmation of similar results from four sep-
Membrane potentials were corrected for liquid junction potentials asarate cells at least. Statistical analyses were made by Studdass
reported (Takeuchi et al., 1995). The bafid. ml) was constantly  with 95% confidence level.
perfused at 1.5 ml mit and maintained at room temperature (23—
25°C). We employed the following two voltage-command protocols.
One was a set of 0.4-sec pulse voltages varied, in 20-mV steps, betweepOLUTIONS AND CHEMICALS
+80 mV (Fig. 2A, top) and the other a ramp-voltage command swept
from -80 to +80 mV in 1 sec (Fig. B, top). In time-chase experi- The composition of solutions used is given in Table 1. The pipettes
ments, ramp-voltage commands were applied at intervals of 3 seawere filled with solution A (140 m NMDG-CI based, C&-free, and
Voltage-command generation and data acquisition were both perwith 1 mm ATP) throughout. Solution B (150 mNaCl based, C-
formed using pCLAMP software (version 5.7.1, Axon Instruments, free) was used for cell preparation. Giga-seals were formed in solution
Foster City, CA). C (150 mv NaCl based). Anion selectivity was investigated with so-
lution D. Bath CI concentrations were isosmotically varied by using
solutions E (150 m), F (50 mv) and G (15 nm). Blockers were
ANALYsIS directly dissolved in solution E, just prior to use, under a vigorous
stirring for up to 90 min, and the pH was readjusted to 7.4 whenever
Fitting quadratic curves to either of the ‘instantaneous’ currents deﬁnednecessary. Solutions H (368 mOsm/kg) and | (448 mOsm/kg) were
at 10 msec after the onset of a command pulse and the ‘quasi-steadb’repared by supplementing solution E (150 MMDG-CI based) with
currents recorded at the end of the pulse, we obtained the respectii@annitol. Solution K (148 mOsm/kg) was made by omission of man-
current-voltage I¢V) relationships, from which the reversal voltage pitol from solution J (75 m NMDG-CI based, 290 mOsm/kg).
(Erev), slope conductancés] at 0 mV, and current] at-=75 mV were N-methylp-glucamine (NMDG), ATP (disodium salt) and 4-
determined. Fot-V relations from the ramp-voltage command proto- gcetamido-4isothiocyanato-stilbene-22lisulfonic acid (SITS) came
col, we determined the mean value of the slope conductance by a linegfgm, Sigma (St. Louis, MO). Papain and diphenylamine-2-carboxylic
fit. acid (DPC) were from Wako Pure Chemical Industries (Osaka, Japan).
In the analysis of data from ‘asymmetric’ solution conditions, we 5-Nitro-2-(3-phenyl-propylamino)-benzoate (NPPB) was a generous
have introduced the ratilfl oy (I is the recorded current ang, is gift from Hoechst Pharmaceutical Company (Frankfurt, Germany).

the predicted current) fov = —75 mV as a measure of changes in the other chemicals were of analytical reagent grade from Nacalai Tesque
whole-cell CI' conductance. The quasi-steady curienias measured  (kyoto, Japan).

at a clamp voltage of75 mV with solution A (140 mn NMDG-CI

based) inside the pipette. The magnitudéf, was estimated on the

basis of the Goldman-Hodgkin-Katz (GHK) current equation of the Results
form:

ZFAV X0 - XPexp@FVIRT)

1=> P. @ WHoLE-CeLL CURRENT UNDER QUASI-SYMMETRIC
= RT ' 1-exp@FVIRT)

SoLuTioN CoNDITION

wherez, F, RandT have their usual meanin§; is the permeability to . ] . 5
ioni, V the voltage across the membrane ahthe concentration of ion With 140 mv NMDG-CI .(SOIUtI.On A) in the pipette and
i in the bath ) or pipette p). Assuming thaP, was the same as that 150 I’T'M NMDG-CI (solution E) in the path’ both outward
under the control condition ([Clyas= 150 mu), the prediction of g,k and inward currents were recorded in response to pulse
for a reduced [Cl),.., was made as follows. The value B, corre-  Voltages not exceedingil80 mV (Fig. 24). These cur-
sponding to the measured with/ = —75 mV andx2, = 150 ma was  rents observed immediately following the whole-cell
first determined; putting thiB¢, value in Eq. (2) together witkl = =75 clamp condition were accompanied by no appreciable
mV andXg, = 50 mw, for instance, yielded thig;,,« predictable for this changes in cell volume. THeV relationships for instan-
particular condition. Thég,, for the bi-ionic condition (e.g.X5, = ) . .
150 mv vs. %8, = 140 mv) was computed as followsP,, was assumed tanequs current were close to linear while those fgr
to be the same as that for the quasi-symmetricoBhdition forv=-75  duasi-steady-state current showed weak outward rectifi-
mV; Pg, was then calculated using the permeability rtig/P, de-  cation (Fig. B). From data for quasi-steady-state cur-
rived from the respective reversal potentiglg,s (Table 2); and puting ~ rent the slope conductanézat 0 mV and reversal po-
theseP values in Eq. (2) together witlf = ~75 mV and pertinenk’s  tential E,., were calculated to be 102488.3 nS (or[1L8
yielded thelg predicted. _ nS/pF, when normalized with respect to membrane ca-
The rationale for the above procedure came from the following acitance) and0.4+ 05 mV (N — 23) both being sta-
inferences. For an anion-selective membrane, it is expected from Ed.. _.. e ! .
(2) that currents driven by large negative membrane potentials (e.g.,'St'C"jIIIy not different from values for the instantaneous
—75 mV) should depend primarily on the intracellular anion concen- CUrTENt 10t showd. Thel-V curve for data from a ramp-

tration X2, = 140 mv in this study) as well as on the permeability to voltage command was virtually linear (Fig. 2Bgntrol)
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Fig. 2. Effects of reduced bath [Cl on whole-cell current and cell volumeA) Typical current responses to commands (at intervals of 1 sec) of
voltage pulsestép panel) recorded from a cell for which the bathing solution was switched from solution E to solutions F and G sequentially.
Current responses were recorded 1 min after each switching. To the left of current traces, holding potentials and the most positive and most nega
pulse voltages, all corrected for liquid junction potentials, are indicated in Ankbwheads zero-current level.B) I-V curves derived fromA).

Filled symbols, quasi-steady state currangencircles, instantaneous curreutv,, relative cell volume determined 1 min after each solution change.
Inset,reversal potentialsH,.,) plotted against bath Chctivity. (C) Comparison o¥/v, andl/l 5.« as function of [CI],, wherel is current at-75

mV. Asterisks statistically significant difference from control. IBY and C), vertical bars indicatesem with the number of cells in parentheses.

(D) Whole-celll-V curves obtained by applying a ramp-voltage commaag f§anel) for control (solution E) and solution G. To the right of each
curve, time after bath solution change and relative cell volume are indicated.
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B Fig. 3. Effects of reduced bath [Cl on relative
. cell volume g/v,) and whole-cell conductance&):
! comparison between voltage- and current-clamp
I— ' experiments. Bath was changed from solution E to
i Si solution G, then back to solution EAY
S 08 I: ’,' \ £ Voltage-clamp experiment:V relations were
£ obtained using the ramp-voltage protocol (Fif,2
w top). B) ‘Zero-current’ clamp experiment. Note
constancy inv/v, and changes in membrane

L 1 1 1 1 potential E,) expected for a Clselective
0 50 100 150 200 (s) membrane.

and almost faithfully reproduced thé/ relationships for  and leveled off within 60 sec after switching. Figur& 3
the instantaneous current obtained with the pulse-voltagshows the result of a typical experiment to demonstrate
protocol (Fig. B). these parallel changes & andv/v.. The close correla-
tion between cell volume and Cturrent thus suggested
was further confirmed by clamping the cell to zero cur-
rent (Fig. B). Under such a constraint the cell’s initial
volume persisted in the face of an intervening harsh
change in [Cl],, as expected.

Errect oF AsymmveTRIC [Cl7]

Data from experiments with lowered bath"Gloncen-
trations are also included in Fig. 2. FigurB ghowsl-V
curves derived from the current traces in Fi§. 2/alues
of E,., varied by—58.6 mV per decade increase of Cl AnioN SussTITUTION
activity in the bath (Fig. B, inse}; this slope approxi-
mated the Nernstian one%9 mV/decade change of CI The dependence of whole-cell current on other anion
activity) that applies to an ideally Ckelective mem- species was examined by replacement of bathviih
brane. Thus, the currents recorded from the isolatedCN’, Br~, F-, NOg, I, or gluconate (all sodium salts at
marginal cells are most likely Clselective even though 150 mv). The results obtained are summarized in Figs. 4
no compensation has been made for leakage currentand 5 and in Table 2. In this series of experiments, the
In addition, the fact that currents recorded at large negionic conditions employed were apparently asymmetric
ative membrane potentials apparently decreased with davith respect to cation, namely, 140aNMDG™ (pipette)
creasing [Cl], (Fig. 2B) raised the possibility that the vs.150 mu Na" (bath). However, the outcome of this
[CI7], had somehow affected the underlying permeabil-asymmetry was immaterial to the present study because
ity Pg. the E,,s observed for control (150 mmNaCl) averaged

To explore this possibility quantitatively, we calcu- to near null or-1.2+ 0.3 mV (N = 16), a value compa-
lated the ratid/l 5., (sSeeMaterials and Methods, M- rable to-0.4+ 0.5 mV (N = 23) which was determined
vsis) with the results presented in FigC2The ratio  with 150 nm NMDG-CI (solution E) in the bath. This
decreased systematically with lowerings of Ig) being  finding indicates that the possible contribution of ‘Na
correlated with reduction in cell volume. When the bathconductance (more explicithR,) to membrane poten-
was switched from control (i.e., 150mTI") to an isos- tial may be negligible compared with that of Gion-
motic, low-CI" (15 mwv) solution, E,., shifted to a new ductance (oP,) under the experimental conditions em-
level within 20 sec after switching and stayed there (Fig.ployed.
2D). In contrast, both the whole-cell conductari@and All the anions but BF, when substituted for bath
relative cell volumev/v, continued to decline (Fig.[2) CI7, caused a shift oE,, (Fig. 4B). Values ofE., and
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Fig. 4. Anion substitution study using the pulse-voltage protocA). Current traces from a typical cell each recorded 1 min after bath solution
change from control (solution DX = CI7). Arrowheadszero-current level. To the left of current traces, holding potentials and the most positive
and most negative pulse voltages, corrected for liquid junction potentials, are indicated iBW (curves derived from quasi-steady state
currents in ). (C) Comparison of relative cell volume/f,) andl/l 5, wherel is current at-75 mV obtained 1 min after bath solution change.
Asterisksstatistically significant difference from control. Vertical batsem; number of cells in parentheses.

relative permeability Ry/P) determined by applying level, which was stable and independent of changes in
the Goldman-Hodgkin-Katz voltage equation are listedthe cell volume and slope conductance (Fig. 5). But the
in Table 2. The permeability sequence thus revealed waanionic current and cell volume continued to decrease for
as SCN > Br- OCI” > F > NO3 I > gluconaté. an additional 40 sec or longer (Fig. 5). Thg, s re-
After replacement of bath Clby F, 1", NOg or glu-  turned to control levels in about 20 sec after washout
conaté it took less than 20 sec fd£,, to attain a new  with 150 mv NacCl, while it took a few minutes for both
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Fig. 5. Anion substitution study using the ramp-voltage prototdl. curves were recorded for control (solution ®~= CI7), anion substitution
(solution D, X = F~, NO3, I” or gluconate) and washout. Time after bath solution change and associated volume data are attached. Data fol
‘washout’ were obtained 1.5 min after bath replacement.

Table 2. Reversal potentialsE(,) for anion current under bi-ionic ~ Finally, it should be noted that no significant changes in
condition and derived permeabilitieEXQ relative toPg, Ce” Vo|ume ensued fo”owing bath rep'acement by
SCN, although the correspondingl g« ratio turned

Anion E.., (MV)* P, /P, N S S h
re (MV) X out to be significantly smaller than unity, a fact sharply
SCN- 75413 1.28 g contrasting to the other anions tested (Fig).4This
Br- -1.5+0.3 1.01 12 dissociation of cell volume and anionic current was not
cl- -1.2+0.3 1.00 16  examined in detail in the present study.
F +29.2+2.7 0.31 13
NO; +54.0+ 4.9 0.12 7
I- +58.8+ 4.7 0.10 8 -
Gluconats 493.9573 0.02 9 ErrecT oF CI™ CHANNEL BLOCKERS
*Mean £ sem. N, number of cells examined. Bath application of DPC (1.0 m) or NPPB (0.5 nm)

suppressed the Cturrent at both positive and negative
the cell volume and ClI current to recover (Fig. membrane potentials (FigAp. At a lower concentration
5). These correlated changes in cell volume and anionioeither DPC (0.1 m, N =4) nor NPPB (0.05 m, N = 4)
currents are summarized in FigC4and appear to be had any appreciable effecidt showi). Another blocker
consistent with the results from reduced IGl(Fig. 2C). SITS was not effective even at a concentration as high as
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0.5 mv. With the high doses of the effective blockers, showr). Conversely, with the potential held a85 mV,

the CI' currents were only partially inhibited, as shown cell volume began to decrease and, upon release from the

in Fig. 6B, where the blocking efficiency was roughly voltage, tended to recover toward the control level (Fig.

50% at most. None of these blockers, at the concentra?B). Concomitantly with these time-dependent changes

tions applied, exerted any detectable effect on cell volin cell volume the whole-cell conductandg also

ume. changed in parallel (Fig. 7). The mechanism of these
volume changes will be detailed later.

CEeLL VOLUME VARIATION INDUCED BY ALTERED HOLDING
PoTeNTIALS UNDER IsoToNic CONDITION

OsmoTic CHALLENGE

When clamped to null potential under a quasi-symmetric

CI” condition, cells did not appreciably change their vol- To further characterize the volume-correlated €bn-
ume for up to 5 min following formation of the whole- ductance, we subjected cells to hyper- or hyposmolalities
cell configuration. With the clamp voltage raised#®0  that were adjusted with mannitol (solutions H, I, and K).
mV cells began to swell and resumed their original vol-As shown in Fig. & andB, the magnitude of the cell’s
ume when released from the clamp voltage (Fi§).7 current responses to the pulse-voltage commands in-
Sustained clamping at20 mV made the cell burshft  creased or diminished systematically with varying osmo-
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anion-selectivity sequence resembles that of acGibn-

nel previously found in the basolateral membrane of the
same cell; (iii) this conductance varies in parallel with
cell volume; (iv) the properties of the conductance differ,
in many respects, from those described for other volume-
sensitive CI conductances and channels; and (v) least
likely is that the cell volume perturbation has evoked a
CI” conductance entirely different in origin from the ob-
o . . servedbasal conductance for Cl

0 100 200 (9)

100

G (nS), 0---0

SiMILARITY BETWEEN THE WHOLE-CELL CI~ CONDUCTANCE
AND THE CI™ CHANNEL IN BASOLATERAL MEMBRANE

Of the characteristics noted above, the selectivity se-
quencePg, (1.00)0Pg, (1.01) >Pg (0.31) >Py, (0.12)
0P,(0.10) (relative values in parentheses), is one of the
salient features of the present"@onductance. On the
other hand, an 80-pS Tthannel found in the marginal
cell’'s basolateral membrane (Takeuchi et al., 1995) has
the following unique properties: (i) a line&V relation-
ship for symmetrical Cl, (ii) a permeability sequence of
Pci (1.00) = Pg, (0.90) >P, (0.20) = Py, (0.14), and
(iif) no apparent voltage or time dependence. All these
features resemble those of the whole-cell conductance,
Fig. 7. Effects of sustained holding potentiaE,() on relative cell  thus raising the possibility that a substantial fraction of
volume {/v;) and whole-cell conductances) for cells in quasi-  the whole-cell current might be due to activation of the
symmetric CI. The bath contained 150 mNMDG-CI (solution E). under'ying CT channels. The relatively h|gh incidence
crr (_:onduct.ancecs) was calculated by a quear fit tbV relations (060% of successful patches) of this channel type in the
obtained using the ramp-voltag_e‘ protocol (Flg),z_op). Note parallel basolateral membrane, which comprises more than 80%
changes irv/v, andG at both positive &) and negativeR) intracellular .
potentials. of the total cell surface, also supports the above infer-
ence. The selectivity sequence, Bi ClI” > F > |7,
presented here conforms to Eisenmann’s sequence V,
lalities. But the characteristics of tHeV relations, in- ~ which implies that the Cl channel involved has rela-
cluding their weak voltage and time dependency, werdively strong binding sites for anions (Wright & Dia-
essentially the same under all the osmotic conditiongnond, 1977).
tested. Time-chase experiments revealed that again the Compared to the 80-pS Tthannel, the whole-cell
cell volume and conductance changed largely in paralleCl” current was less sensitive to DPC. The channel ac-
(Fig. 8C andD). The reason for small transient increasestivity was fully blockable by DPC at 1 m (Takeuchi et
in G immediately after the onset of cell shrinkage (Fig. al., 1995), whereas, in the whole-cell current, the same
8C andD, arrows) has not been clarified yet. The results concentration of blocker was only partially effective
of osmotic challenge leading to concomitant changes ir{Fig. 6). This apparent discrepancy could be explained if
both the volume and Clconductance are summarized in the blocker is more effective from the cytosolic side than
Fig. 8E. The slope conductane@ at 0 mV fell down to ~ from outside. The reason is as follows. In our previous
31% of control (orfb nS/pF) at 448 mOsm/kg but still single-channel studies with excised patches, that were
persisted against such a severe shrinkage. mostly inside-out, the drug applied externally should
have affected the channel activity primarily from the
cytosolic side. In the present whole-cell study, by con-
Discussion trast, the primary site of action faced extracellularly in-
deed, though a certain fraction of DPC, a lipophilic acid,
This paper is concerned with characterization of a novemight have been acting from within the cell. In this re-
CI” conductance detectable from marginal cells that wergyard, there is another possibility that an unspecified, in-
freshly isolated and subjected to various ionic or osmotidrinsic mechanism for channel activation could have
conditions. The major findings are summarized as: (i) abeen mobilized to attenuate the potency of the blocker
sizablebasalwhole-cell CI' conductancel{l8 nS/pF) is  down to the level observed here. The 80-pS @lannel
operating in cells with normal shape and volume; (i) itsis insensitive to 1 m DIDS (4,4 -diisothiocyanatostil-
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Fig. 8. Associated changes in cell volume\(;) and CI' conductance®) upon osmotic challengeAf and B) Current recordings obtained using
the pulse-voltage protocol (FigA2 top and derived-V curves for quasi-steady state curredgows indicate zero current level. I}, the cell
was bathed in solutions J and K sequentially and measured 0.5 min after solution charje.the Cell was bathed in solutions E, H and |

sequentially and measured 2 min after each solution cha@yand ©) Time course of changes followed using the ramp-voltage protocol. Note

that bothv/v, andG calculated by a linear fit td-V relations changed largely in paralleE)(Comparison of//v, and normalizeds as a function
of osmolality. Data were obtained 0.5 min after bath solution change (hypotonic) or 2 min after (hypertonic). Gordtoés are 59.& 6.4 nS
(N = 4) for solution J (before hypotonic challenge) and 16481 nS (\ = 11) for solution E (before hypertonic challengAkterisksstatistically
significant difference from control. Vertical barssem; number of cells in parentheses.
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Table 3. Comparison with other volume-sensitive"@onductances or channels

Origin or type Selectivity Rectification* g (pS)** Refs. T
Marginal cell
Whole-cell conductance SCN> Brr OCI" > F > NO; O17 Outward (weak) This study
Basolateral Cl channel*** ClI">Br >1" = NOg No BO 1
Swelling-activated conductance
Group | r>Br >CI'>F Qutward, time 2,3
independent
Group I SCN>1"=Br >CI">F Outward, time 30-50 4-9
dependent
Group Il NO; = Br- OCI" OF OI7 Outward <10 10-13
Channel
CIc-2 Cr=Br >1I No 3-5 14-16
Large-conductance ClI 300-400 17

* Observed for steady-state currents. ** Single channel conductance. *** Volume-sensitivity is not studied.

T (1) Takeuchi et al., 1995, (2) Tseng, 1992, (3) Pollard, 1993, (4) Worrel et al., 1989, (5) Solc & Wine, 1991, (6) Kubo & Okada, 1992, (7) Char
et al., 1993, (8) Diaz et al., 1993, (9) Okada et al., 1994, (10) Cahalan & Lewis, 1988, (11) Christensen & Hoffmann, 1992, (12) Doroshenko ¢
Neher, 1992, (13) Stoddard et al., 1993, (14) Thiemann et al., 1992, (Ifd@ret al., 1992, (16) Jentsch, 1994, (17) Falke & Misler, 1989.

bene-2,2-disulfonic acid) (Takeuchi et al., 1995); how- ductance in the marginal cell. The Gturrents termed
ever, its insensitivity to SITS has not been reported thussroup | (Table 3) are induced by cell swelling and in-
far. dependent of time also, but their voltage dependence and
ion selectivity are both at variance with ours.” @bn-
ductances@®) categorized as Group Il (Table 3), on the
ComparisoN wiTH OTHER WORK other hand, share several common characteristics with
each other. These include: (i) small or negligitieval-
A variety of CI' conductances and channels are known taues in cells with normal volume, (ii) apparent increases
be volume sensitive, or rather, some of them are postuef G concomitant with cell swelling, (iii) a selectivity
lated to play an essential role in the regulation of cellsequence of 1= Br~ > CI” > F, (iv) sensitivity to DPC,
volume. For comparison, such conductances and char8ITS and NPPB, (v) outward rectification, and (vi) time-
nels of immediate concern are summarized in Table 3dependent inactivation at large positive membrane po-
Among these, the CIC-2 has a selectivity sequence simtentials. An intermediate-sized (30-50 pS) unitary con-
ilar to the one we have determined in this and previousductance with its dependence on voltage and time is also
studies. However, a naive analogy between the CIC-2& characteristic of the single-channel events associated
and our 80-pS Clchannel should be avoided since the with the CI' currents of Group Il (Solc & Wine, 1991;
CIC-2 is activated only upon hyperpolarization or swell- Okada et al., 1994). Accordingly, the marginal cell's
ing of the cell. The single-channel conductance is an-Cl™-selective conductance and channel differ, in many
other discriminant between the two. respects, from the Group Il conductances. Channels in
The present Clconductance is featured by its rela- Group Il have relatively small (<10 pS) unitary conduc-
tively large size (118 nS/pF), which was patent in non- tances; more importantly, they poorly discriminate
swollen cells. Further, even after a hypertonic shrinkageamong halides (Cahalan & Lewis, 1988; Stoddard et al.,
down to [50% of the control, a sizable conductance 0f1993). A large-conductance (300—400 pS) Channel
[b nS/pF still persisted (Fig. 8). The majority of known from neuroblastoma cells is documented (Falke & Mis-
volume-sensitive Clconductances are activated by cell ler, 1989). However, other discriminants such as the se-
swelling under a hypotonic stress (Cahalan & Lewis,lectivity sequence are unknown for this channel. In sum-
1988; Worrel et al., 1989; Kubo & Okada, 1992; Tseng,mary, we could not find any comparable volume-
1992; Banderali & Roy, 1992; Pollard, 1993; Chan et al.,sensitive CI conductances in the literature.
1993; Diaz et al., 1993). As an interesting exception to  Finally, comparison is made with otherGlhannels
this, Jackson & Strange (1993) have reported on a volfor which the volume sensitivity is unknown. In the api-
ume-sensitive Cl conductance of 1.5-2 nS/pF in isos- cal membrane of marginal cells, Sunose et al. (1993)
motically swollen cells; this conductance, however, tends tdhave found a cyclic AMP-dependent, nonrectifying,
null ((0.02 nS/pF) upon exposure @40 mOsm. smallg-value CI' channel, which is similar to the cystic
A weak dependence on both voltage and time isfibrosis transmembrane regulator (CFTR). It is unlikely
another characteristic of the volume-dependentddh-  that the whole-cell Cl current here concerned depends
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heavily on the activity of this channel type because no
particular maneuver was employed to elevate the cyclic
AMP level in our cells and because the selectivity se-
quence (Br= CI” > 1" > F) reported for the CFTR (for -
review, seeWelsh et al., 1994) differs from that of the Mg
present Cl conductance. The CIC-K1 channel displays
a selectivity sequence of B CI™ > |7, weak outward
rectification and no apparent time dependence (Uchida et cell
al., 1993). These features are shared by oturcGhduc- i i .

. . _Fig. 9. lllustration of a mechanism for volume changes due to whole-
tance indeed, but whether 9f .nOt the volume Correlat"?rbell voltage-clampingM;, flux of ion i across cell membranenj or
is also a common characteristic between the two remaingipette tip ). Given a cell with ideally Cl-selective membrane, the
open at present. Likewise, in light of their ion selectiv- whole-cell current across the membrane is carried byeRtlusively,
ity, voltage dependency and other properties, none of thahile at the pipette tip the same current is shared by botha@t
following channels can be a likely candidate that ac-NMDG". From this' asymmetry_wou_ld ensue a net loss or gain of cell
counts for the Cl conductance of marginal cells: (i) the osmolytes depending on the direction of membrane cursaetéxt).

outwardly-rectifying C&"-activated channel (Marty, Tan i
& Trautmann, 1984; Evans & Marty, 1986; Cliff & Friz- NMDG™ are expected to occur (Fig. 9): For such fluxes,
zell, 1990; Gray et al., 1994), (i) the outwardly- the mass balance equation may be written, from the con-

rectifying channel with an intermediagevalue (Halm et~ tinuity of current, as
al., 1988; Li, McCann & Welsh, 1990), (iii) CIC-0 (for
review, seeJentsch, 1994), and (iv) CIC-1 (Steinmeyer,
Ortland & Jentsch, 1991).

pipette

Mg = Mg, + MRpe: 3

whereM,; is thescalarnet flux of ioni across membrane
(m) or pipette tip ). Introducinga = MRypa/ME, we

CoRrRELATION WITH CELL VOLUME ) :
can rewrite Eqg. (3) into

Under the conditions employed, the variation of €bn- " o

ductance was closely associated with that of cell volumeMci = (1 + ®)Mg;. (4)

In light of the facts that théV relations showed similar

characteristics under all the osmotic conditions tested hen, the net solutissfrom cell per unit time AM, is

(Fig. 8A and B) and that theE,., level for each anion given by

species was not affected by the changes in cell volume

(Fig. 5), we consider that the major component of the Cl AM = Mg + MRypg — Mg = 2aMg,, (5)

currents observed here originated from the same type of

CI” conductance. A question arises: Which of the two,which is positive sincex > 0 by definition. Consequently,

volume or conductance, is the cause of the other? In thapon injection of an inward current, the cell would certainly

case of osmotic challenge with mannitol (Fig. 8), theshrink until the net loss of osmolytes is fully counterbal-

resulting shrinkage or swelling of cells can be the pri-anced by buffering with the pipette solution.

mary cause of subsequent changes in conductance. In By way of example, a numerical assessment is made

experiments employing reduced bath Gtrengths (Fig. of the data in Fig. B, where a certain net amount of

2), anion substitution (Figs. 4 and 5), and nonzero holdcharges escaped from the cell as a result of voltage

ing potentials (Fig. 7), on the other hand, the cell volumeclamping at-35 mV for 80 sec£T). The net amount of

changed even in the absence of any appreciable osmot@I~ ions that left the cell toward the extracellular bulk

imbalance across the membrane. However, in these latturing the period of voltage clamp (i.d4 ME, dt) is

ter cases also, Clcurrents forced by the imposed elec- estimated to be 1.5 pmoséeAppendix A). Then, from

trochemical potential gradients did cause a net solute losSgs. (4) and (5), together with a reasonable assumption

or gain, both giving rise to an obligatory flux of water. thata = 0.3 (seeAppendix B), we obtain a value of 0.7

A simplified model for this situation, inclusive of its pmol for a net loss of cell ions (i.efs AM dt). This

outcome, is presented below. much solute loss, in turn, may well drag cell water out by
Suppose that a cell with a membrane predominantly2.3 pl, under the constraint of isotonicity throughout the

Cl -selective is giga-sealed onto a micropipette containmeasurements. On the other hand, the cell volume is

ing isotonic buffer whose principal ions are NMD@nd  estimated to b&ll.6 pl when assuming a cylinder 10n

CI” and that the cell interior has already been dialyzedwvide by twice that longdf. Fig. 1A). This is a volume

against a much larger volume of pipette solution. Uponcomparable to the dragged water volume, or even less;

injection of an inward current, for instance, a net efflux therefore, the cell should have been deprived of water

of CI” should cross the membrane, and, at the pipettevithin 1 min unless properly supplied with the pipette

opening also, both a net influx of Chnd a net efflux of  solution. That the shrinkage of the present cell remained
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or a perturbation in the cytoskeletal system by cell swell-

ing, for instance, may lead to an increas&Siby way of

/ (nA) recruiting dormant Cl channels or by activation of the
F underlying 80-pS CI channels at ‘substate’ (Takeuchi

0 1 time (s)

et al.,, 1995) to their ‘full-open’ state. Such an aug-
mented CI flux, in turn, is expected to further add to cell

P/] +80 et
’ ﬂmm V (mv) volume. There are, however, some other possibilities

that the CT flux itself may have directly induced changes

AN

E
in conductance and that voltage-dependent activation or
Q D inactivation of the underlying Clchannels could also
have contributed, to some extent, to the conductance
changes observed.

UL

Cc

PHysioLoGIcAL RELEVANCE
Fig. 10. Schematic drawing of theV relation obtained by applying
the ramp-voltage command (Figb2top) to a cell bathed in 15mCI™  There is morphological as well as electrophysiological
solution. P, reversal potential; Q, current level corresponding to ‘zero’evidence that the Na-K-2Cl cotransporter functions in

holding potential. Note that the shaded rectangle ABDE), which . . . . .
represents the amount of charges displaced by clamping the cell for ihe strial marginal cells (Quick & Duvall, 1970; Kusakari

sec at ‘zero’ holding potential, has an area equal to the area AP €1 ?—l-: 1978; _Rybak & Mor_izono, 19.82)- Under_ physio-
minusA FPE. logical conditions, a net influx of ions via this route

could induce an influx of water, leading to an eventual

increase in cell volume. However, the electroneutral na-
at a level as moderate &#10% (Fig. B) indicates the ture of this cotransporter precludes its direct involvement
validity of the above interpretation. The use of pipettesin the observed cell volume changes that are closely
with relatively small openings (3-B€)) in this study associated with Clcurrent. As in many other animal
must have retarded diffusion across the pipette tip sigeells, the volume-correlated Tlconductance here re-
nificantly, thereby rendering the current-induced volumeported may play an important role in the volume regu-
changes manifest. This is an example of electro-osmosiktion, though not yet established in the marginal cell.
at the single cell level. A similar volume change hasThe conductance value as large [@83 nS/pF in non-
been reported for the hair cell (lwasa, 1995). Howeverswollen cells, a salient feature of the present &bn-
in most of the whole-cell patch clamp experiments re-ductance, may be related to the possible high rate of CI
ported so far, cell volume changes as a result of currenihflux via the postulated Na-K-2Cl cotransporters. The
passing have been rarely detectable probably because wivolvement of this cotransporter will be dealt with in a
a relative weakness of the responsible ionic current. separate paper. The large €bnductance, which prob-

It appears pertinent to point out that the frequency ofably has its origin in the basolateral membrane, may play
voltage ramps (Fig. 2, top) as applied to the cell under an essential role in the generation of transepithelial po-
asymmetric Cl conditions does not modify the intrinsic tential difference across the layer of marginal cells, as
trend of cell volume change. As an example, we shallsuggested by Wangemann et al. (1995) and Takeuchi et
consider current responses presented in Hig.bttom.  al. (1995). In addition, an efflux of Clvia the relevant
Here, thel-V curves are almost linear, and the currentCl™ conductance may depolarize the cell, leading to ac-
levels forV = 0 (holding potential) are negative through- tivation of the voltage-dependentihannels in the api-
out. How many charges should have moved during acal membrane of marginal cells (Sunose et al., 1994).
single sweep of voltage ramp (i.e., 1 sec)? As illustratedrhe CI' conductance, through its correlation with cell
in Fig. 10, the amount of displaced charges is defined asolume, might serve as a moderator for the inward or
the area demarcated by the slope line and the abscissaytward transfer of this anion. On the other hand, de-
thus the net outward movement of charges, more specifspite the lack of evidence for any volume-sensitive cat-
ically, of CI” ions in this particular case, may be given by ion conductance in the marginal cell, it is still conceiv-
the difference in area between the two triangles depictedble that, in the volume regulation of this particular cell
in Fig. 10. Note also that the exactly same amount of netype, the CI conductance reported here may function in
charges should cross the membrane irrespective of theoncert with the C&-activated nonselective cation chan-
frequency of ramp cycles, as far as the holding potentiahels that have been recently found in both the apical and
is set at 0 mV. basolateral membranes of the same cell (Takeuchi et al.,

In any case, the observed parallel changes in Cl1992; Sunose et al., 1993; Takeuchi et al., 1995), in case
conductance and cell volume appear to be of autocatahe marginal cell has a swelling-triggered mechanism of
lytic nature; that is to say, an imposed membrane stretcfCa?"]; elevation, as reported for a human epithelial cell
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line (Hazama & Okada, 1990). The molecular mechaXubo, M., Okada, Y. 1992. Volume-regulatory @hannel currents in

nism underlying such an interesting function awaits fur-  cultured human epithelial cells. Physiol.456:351-371
ther studies Kusakari, J., Ise, |., Comegys, T.H., Thalmann, |., Thalmann, R. 1978.

Effect of ethacrynic acid, furosemide, and ouabain upon the en-

dolymphatic potential and upon high energy phosphates of the stria
The authors wish to thank Dr. Daniel C. Marcus, Boys Town National vascularis Laryngoscopes8:12—37
Institute, Omaha, NE, for his helpful comments. This study was sup-Lj M., McCann, J.D., Welsh, M.J. 1990. Apical membrané €han-
ported in part by a grant406771417) from The Ministry of Education, nels in airway epithelia: anion selectivity and effect of an inhibitor.
Science and Culture, Japan. Am. J. Physiol259:C295-C301

Marty, A., Neher, E. 1983. Tight-seal whole-cell recordiirg. Single
channel recording. B. Sakmann, E. Neher, editors. pp. 107-122.
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‘Appendix B

Appendix A a = tywpe*ter (A3)
To the authors’ knowledge, however, valuegofor isotonic aqueous

EsTimaTioN oF NET OutwARD MovEMENT oF CI™ Across NMDG-CI are lacking. So we have estimatedy assuming
MEMBRANE FOR DATA IN FiGURE 7B

. . tNMDG+/tCI_ = )\O NMDG+/)\O (o] (A4)
Suppose a net amount of charg€® ¢arried byMg, over a period of
80 sec €T), during which the imposed clamp voltagé) (of -35 mV
has induced a time-dependent Currentl(t), or alternatively, conduc-
tanceG(t). Then,Q is given by

wherel, is limiting equivalent conductivity for the specified ion. The
value of A\, for NMDG" (M.W. 195) is calculated to be 22.7 S ém
equivt by interpolation between thi, values for two organic cations
T of near sizes. These arg; for N(C;H-,),* (M.W. 186) = 23.4 S crd
Q= f o ldt equiv't and), for N(C,Ho),* (M.W. 242)=19.4 S cn equiv* (Rob-
inson & Stokes, 1968). Tha, - (=76.35 S crf equiv?) is also
T available in the same reference, so that from Egs. (A3) and (A4) we
= f 0 VG(Ddt (A1) have obtained: = 0.3.



