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Background Osmolyte Current Involved
in Cell Volume Regulation
of Neuroblastoma x Glioma Hybrid NG108-15 Cells
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Abstract. Recently, we showed that at constant extracellular osmolarity, the vol-
ume of NG108-15 cells was dependent on the external NaCl concentration and we
assumed that the responsible mechanism was mediated by background channels
(Rouzaire-Dubois et al 1999) In order to confirm this view, the mean cell volume
and the background current of NG108-15 cells were measured under different ex-
perimental conditions, after blockade of specific volume regulating mechamsms and
1on channels When the external NaCl concentration was decreased, the reversal
potential of the background current was shifted toward negative values and the
membrane conductance decreased Opposite effects were observed when the NaCl
concentration was increased Substitution of external Na* with various monovalent
cations altered the mean cell volume by Rb*, +17%, Cst, +15%, K+, +10%,
Lit, ~6%, cholne, ~9%, N-methylglucamine, —25% The reversal potential of
the background current and the membrane conductance were altered by these Na™
substitutes 1 such a way that the cell volume increased lhinearly with the back-
ground current at —60 mV Substitution of external C1~ with various monovalent
anions altered the mean cell volume by I, +4%, Br—, 0%, NO;, —3%, F~,
—5%, 1sethionate, —30%, gluconate, —50% Cl~ substitutes did not significantly
alter the background current at —60 mV, except F~ which increased 1t by 39%
These results suggest that 1 the cell volume 1s dependent on 1on fluxes through
background channels, 2 electrogenic cation fluxes are larger than anionic ones and
the background current is proportional to the difference between these fluxes, 3
whereas external cations do not interfere with anion fluxes, external anions alter
cation fluxes

Key words: Cell volume — Background channels — Neuroblastoma cells

Correspondence to Dr Jean-Marc Dubois, Laboratoire de Neurobiologie Cellulaire
et Moléculaire, CNRS, 91198 Gif-sur-Yvette Cedex, France
E-mail jmdubois@nbem.cnrs-gif fr



282 Bostel et al

Introduction

It is now widely recognized that alterations of cell volume and volume regulating
mechanisms participate in a variety of cellular functions (see review by Lang et
al. 1998), including cell proliferation and apoptosis (Rouzaire-Dubois and Dubois
1998; Maeno et al. 2000). Following cell volume changes due to alterations of the
extracellular osmolarity, rapid (within minutes) cell volume regulations are due
to passive movements of solutes and osmotically obligate water across the plasma
membrane through selective or non-selective channels (see reviews by Hoffmann and
Simonsen 1989; Kirk and Strange 1998). In such a case, the sequence of events are:
flux of water — cell volume alteration — activation of ion channels — flux of solutes
and osmotically obligate water — cell volume regulation. In contrast, at constant
extracellular osmolarity, rapid cell volume changes are the direct consequence of
alteration of ion channel activities with the following sequence of events: change
of ion channel activities — change in ion and osmotically obligate water fluxes —
cell volume alteration. In both of the above cases, the sequences of events are the
corollary of two fundamental principles: electroneutrality of the bulk intracellular
solution and equality between intra and extracellular osmolarities.

Different types of ion channels involved in cell volume regulating mechanisms
have been described both under anisotonic conditions and at constant extracellular
osmolarity. Of these channel types, it is generally assumed that the most important
and ubiquitous ones are cation and anion channels sensitive to intracellular Ca’*t
or cell volume (see Lang et al. 1998). Recently, we showed on neuroblastoma x
glioma hybrid NG108-15 cells that, when the activity of these specific channels
was inhibited, there remained a residual volume regulating mechanism sensitive to
the extracellular NaCl or Cl~ concentration (Rouzaire-Dubois et al. 1999). This
mechanism being insensitive to classical channel blockers, we assumed that it was
mediated by leakage background channels similar to “osmolyte” or non-specific
channels described in other cell types (Franciolini and Nonner 1987; Vaca and
Kunze 1992; Hall et al. 1996). Since the properties of background channels are
almost unknown, the aim of this paper was to describe their ionic selectivity and
sensitivity. For this purpose we measured, under different experimental conditions
and after blockade of specific regulating volume mechanisms and ion channels, the
mean cell volume and membrane leakage current of NG108-15 cells.

Materials and Methods

Cell culture and Materials

The experiments were performed at room temperature on undifferentiated hy-
brid neuroblastoma x glioma NG108-15 cells. Cell culture was as previously de-
scribed (Rouzaire-Dubois et al. 1999). Chemical agents used were from Sigma
(Saint Quentin Fallavier, France) except 5-nitro-2-(3-phenylpropylamino) benzoic
acid (NPPB) which was purchased from Tocris (Bristol, UK).
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Cell volume determinations

Cells were sized electronically using a Coulter counter (model ZM) coupled to
a Coulter channehzer (model 256) (Coultronics, France) The mean cell volumes
were calculated as previously described (Rouzaire-Dubois et al 1999) Prior to
cell volume measurement, the cells were mechanically detached from Petr1 dishes
and centrifuged at 100 x g for 5 min They were then resuspended in control or
test solutions and mechanically stirred Control cell volumes were measured 1n a
standard external solution contaiming (in mmol/1) NaCl , 140, KCl, 5, CaCl,, 1,
MgCly, 2, caffeine, 10 (to reduce cell shrinkage induced by cell stirring, see Rouzaire
Dubois et al 1999), NPPB, 0 1, HEPES, 10, pH adjusted to 7 3 with NaOH Test
media were denived from this control standard solution as described in the text

Electrophysiological recordings

Membrane currents were recorded with the standard whole-cell patch-clamp method
The bath solution was the standard external solution In order to block voltage
dependent KT, Nat and Ca?* currents, this solution was supplemented with 10
mmol/] tetraethylammonium, 1 pmol/l tetrodotoxin and 100 pmol/l CdCl, The
pipette solution contaned (in mmol/l) CsNOs, 140, MgCl,, 2, HEPES, 10, pH
adjusted to 7 3 with NaOH Cs* and NOj were used to block respectively residual
voltage dependent K currents and an outward current attributed to the activity
of a vacuolar type HT pump (see Gerard et al 1994, Rouzaire-Dubois and Dubois
1997) The pipette resistances were 3—-5 M when filled with the standard solution
and the seal resistances were at least 10 G The zero current was obtained with
the electrode in the bath prior to formation of the cell-attached patch configuration
Changes 1n the hquid junction potential at the reference electrode that occurred
when the bath solution was changed were mimimized by the use of a 140 mmol/l
NaCl agar bridge as the reference electrode Currents were recorded during ramp
potentials (100 mV/s) applied from —60 mV to +60 mV Under these conditions,
the capacity current (C' dV/dt) was constant and appeared at the beginning of
the ramp potential as an almost instantaneous positive current of 5-10 pA It was
subtracted from the total current

Results

Background current

Under control conditions, the leakage or background current was almost linear with
voltage (Fig 1) and reversed at +1 + 1 mV membrane potential (mean £ SEM
of 55 cells) At —60 mV, 1ts amplitude was —27 £ 1 pA and the conductance was
044 + 0 02 nS The membrane conductance and the reversal potential or zero cur-
rent potential were dependent on the external NaCl concentration When 1t was
decreased to 70 mmol/], the current changed within 1 to 5 s After this period
of time, the zero current potential was shifted towards negative values by 5 + 2
mV and the conductance was decreased by 10 = 2% (n = 4) (Fig 1A) When the
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Figure 1. Effects of external NaCl concentration on the background current Currents
were recorded during ramp potentials (100 mV/s), applied from —60 mV to +60 mV, in
external solutions containing 140 mmol/! NaCl and 70 mmol/t NaCl (A) or 280 mmol/l
NaCl (B) Specific currents were blocked and capacity current was subtracted as described
1n Methods

external NaCl concentration was mncreased to 280 mmol/l, the zero current poten-
tial was shifted towards positive values by 10 £ 1 mV and the conductance was
increased by 47 £ 12% (n = 4) (Fig 1B) These effects ndicate that the back-
ground current 1s both cationic and anionic and the permeability to Na™ 1s higher
than that for C1~ However, 1t should be noted that in the above experiments,
changes of the NaCl concentration were associated with changes of the external
osmolarity Consequently, the effects on the current could be due to cell volume
changes and/or alterations of intracellular osmolyte concentrations rather than to
changes 1n extracellular NaCl concentration To test this possibility, the osmolarity
of the standard external solution was increased twofold with 280 mmol/] sucrose
Under this condition, the current was modified as 1t was when the osmolarity was
increased with NaCl, 1e the zero current potential shifted towards positive val-
ues and the conductance increased However, in contrast with the effects of NaCl
concentration changes, which developed within few seconds, the effects of suctose
addition developed withih 30-40 s This suggests an induect effect of sucrose me-
diated by a water eflux and a subsequent increase of anion efflux This conclusion
was confirmed by the lack of effect of the addition of 280 mmol/] sucrose to the
external solution when 110 mmol/l NOJ of the pipette solution was equimolarly
substituted with aspartate

Effects of cation substitution on cell volume and background current

In a previous work (Rouzaire-Dubots et al 1999), we showed that at constant exter-
nal osmolarity, the cell volume was dependent on the external NaCl concentration
and we suggested that this effect was mediated by the background curient In order
to confirm this conclusion, we studied herc the effects on cell volume and back-
ground current of Na™ substitution with Lat, K¥, Rb™, Cs™, N-methylglucamine
(NMG), and choline In NaCl solution, the mean cell volume was 3 69 £ 003 pl
(mean = SEM of 17 experiments) The effects of Nat substitution on the cell
volume were very fast This 1s illustrated in Fig 2A where RbCl replaced 80% of
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Figure 2. Substitution of external Nat with Rb* increased the cell volume and the
background current A. At time zero, the mean cell volume was determined 1n an external
solution containing 140 mmol/l NaCl Then the external solution was diluted with a
solution contamning 140 mmol/l RbCl mn such a way that 80% of Na®™ was substituted
with Rb™ B. Current-voltage curves obtamned 1 external solutions contamning 140 mmol/1
NaCl or 140 mmol/l RbCl
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Figure 3. Mean cell volume as a function of background current in the presence of various
external Nat substitutes Mean cell volume and background current at —60 mV mem-
brane potential were determined in external solutions contamming 140 mmol/1 of different
Cl™ salts and were expressed relative to their respective value determined in a solution
contaiming 140 mmol/l NaCl Means £ SEM of 3 to 7 experiments in each condition
The straight line 1s a hnear regression through the pomnts It crosses the vertical axis at
0 36 and has a slope of 0 62
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NaCl After this substitution, the mean cell volume mcreased within 1 min and
then remained stable for at least 10 min In the following experiments, cell volumes
were measured 1n parallel cell cultures mncubated for 10 min 1n solutions containing
140 mmol/l Na* or 140 mmol/l of 1ts substitutes When expressed relative to 1ts
value in Nat solution, the mean cell volume was Rb*, 117 4+ 003, Cs*, 115 +
001, K*, 110 + 000, La*, 094 £ 001, choline, 091 + 000, NMG, 075 £ 001
(means £ SEM of 3 experiments in each condition) Na® substitution altered the
background current Depending on the substitute, its reversal potential shifted in
positive or negative direction and the conductance increased or decreased This 1s
lustrated in Fig 2B which shows the effects of Na* substitution with Rb™ From
the zero current, potential, the permeability sequence was Prp = Px > PLi = Pna
= Pcs > Pehomne > Puma (Table 1) Since the cell volume was likely dependent
on the current in the negative voltage range, we measured the current at —60 mV
in the presence of Nat and then of one of 1ts substitutes Expressed relative to its
value 1n Na¥t solution, the background current was Cs*, 133 £ 005, Rb*, 119
+ 004, K*,116 £ 013, L1™, 106 £ 0 04, choline, 0 78 £ 0 07, NMG, 071 &+ 0 09
(means + SEM of 3 to 7 experiments 1n each condition) These results indicate
that cell volume changes are associated with changes in the amplitude of the back
ground current This 1s clear in Fig 3 where the relative mean cell volume was
plotted against the relative current From this giraph, 1t can be seen that the cell
volume ncreases hinearly with the current, which suggests that the influx of cation
through background channels 1s a key determinant 1in the control of cell volume

Effects of anion substitution on cell volume and background current

Simce, to maintain electroneutrality, influx of cation 1s necessarily accompanied by
amon nflux, we studied the effects on cell volume and background current of Cl~

11 A B
o 1
§
§ 09
2o8 -60 n g n )
3 (mV) +60
=07 Ise

o — _—Y ¥ 20 pA
0 6 1 1 1 1 ]
0 2 4 6 8 10
Time (min)

Figure 4. Substitution of external C1~ with 1sethionate (Ise) decreased the cell volume
but did not alter the background current A. The mean cell volume was determined 1n
external NaCl solution (time zero) and then 1n a solution contaning 28 mmol/l NaCl
and 112 mmol/l Na*-1sethionate (see experimental procedure mn the legend of Fig 2) B.
Current-voltage curves obtained 1n external solutions containing 140 mmol/! NaCl or 140
mmol/l Nat-1sethionate
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Table 1 Reversal potential of the background current 1n the presence of various Cl™ or

Na* salts

Cation AViey (mV) Anion AViev (mV)
Rb* +17 £ 2 I~ —15 £ 2
Kt +17 £ 1 NO; —11+1
Lit +2+1 Gluconate -4 +1
Cs™* +1+1 Isethionate +2+1

Choline -9+ 2 Br~ +3 £ 2

NMG™ —-12+ 3 F~ +15 £ 3

Shifts of the reversal potential (AViey) of the background current when 140 mmol/l of
external Nat or C1~ were substituted with the indicated 1ons Mean £ SEM of 3 to 10
experiments 1 each condition

substitution with F~, Br—, I7, NOj, 1sethionate (1se) and gluconate (gluc) The
effects of Cl~ substitution on cell volume were as fast as that of Na™ substitution
(see Fig 4A) With an experimental protocol similar to that we had used for Na™t
substitution, the mean cell volume relative to 1ts value in Cl~ solution was 1™,
104+002,Br—,1004+000,NO3;,097+ 001, F~,095 + 001, 18,070 £+ 001,
gluc, 0 50 £ 0 01 (means + S E M of 3 experiments 1n each condition) Most of the
Cl™ substitutes altered the current reversal potential and the conductance From
the zero current potential, the permeability sequence was P > Pnos > FPglue > Pise
= Pc1 = Ppr > Pr (Table 1) However, with the exception of F~, the current at
—60 mV was poorly dependent on the anion species (Figs 4B and 5) Expressed
relative to 1ts value in Cl1™ solution, the background current was F~, 139 £ 0 05,
Br=,105 +£003, NO;, 098 £ 006,17, 097 & 004, 15¢, 0 90 & 0 04, gluc, 0 89 +
006 (mean + SEM of 3 to 10 experiments in each condition)

Discussion

The present results show that an increase of the external NaCl concentration shifts
the reversal potential of the background current towards positive values and n-
creases the conductance and that opposite effects are observed when the NaCl
concentration 1s decreased This indicates that background channels are more per-
meable to Nat than to Cl~ In order to study the 10nic selectivity and sensitivity
of these channels, we have measured the mean cell volume and the background
current 1n the presence of various Cl™ or Na™ salts

Cation substitution reveals a linear relationship between the cell volume and
the current at —60 mV (Fig 3), a membrane potential closed to the resting po-
tential under physiological conditions (Rouzaire-Dubois and Dubois 1997) This
observation raises several questions First, one can ask whether the background
current at —60 mV 1s an indication of 1on fluxes at rest The measured current 1s
the sum of the membrane current and the shunt current flowing through the seal
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resistance (Dubois 2000) Fischmester et al (1986) and Sachs and Qin (1993) have
shown that the seal between a patch pipette and a cell or an nsulating Sylgard
surface had an 1omc selectivity and 1its resistance was voltage dependent Accord-
g to Sachs and Qun, the seal exhibits the following permeability ratios Pes/Pcy
= 511 and Pgs/Pna = 464 Given that 1n most of our experiments, pipette and
external media were different, one can ask whether the 1onic selectivity of the seal
cannot take account of changes in background current observed during 1on substi-
tutions This seems unhkely for the following 1 under control conditions (external
Nat and intrapipette CsT), the reversal potential of the background current was
+1 mV while according to Sachs and Qin 1t should be —39 mV, 2 the cationic
selectivity of the background current (see results) was different than that obtained
by Sachs and Qumn (Pna > Pk > Pcs > Prp > Pr,) and 3 1if one assumes that the
seal resistance (> 10 G2) did not decrease when establishing the whole-cell con-
figuration, the shunt current at —60 mV was < 6 pA and the membrane current
represented at least 78% of the measured current (27 pA) Moreover, while the
background conductance in NaCl solution (0 44 nS) should be the major conduc-
tance at rest (0 29-0 71 nS) {Rouzaire-Dubois and Dubois 1997), 1t 1s no longer so
in KCl solution and also presumably in RbCl solution, where voltage-dependent
K™ channels are activated However, 1t should be noted that while voltage depen-
dent K* channels contribute to the genesis of membrane potential and volume
regulation of NG 108-15 cells, their blockade has only small effects on membrane
potential and induces cell swelling which develops within several hours (Rouzaire-
Dubois and Dubois 1997, 1998), 1 e , much slower than cell volume changes reported
here All these considerations are in favour of the 1dea that the background current
at —60 mV can be considered as an indication of 1on fluxes at the resting potential
Assuming a proportional relationship between the cell volume and the background
current recorded m the presence of various cation species, a point that deserves
attention 13 what 1s the proportionality factor? Taking into account that cation
fluxes are accompanied by amon fluxes, the background current should be propor-
tional to the difference between these fluxes In external NaCl solution containing
NPPB, the mean cell volume was 3 69 pl (see Results) With an intracellular cation
concentration of 140 mmol/], the quantity of cations within a cell was 3 69 x 1072
x 014 x 602 x 102% = 311 x 10!' In the presence of Rb*, the mean cell volume
increased by 17% , which corresponds to a net influx of 311 x 10! x 017 =
053 x 10! cations or 053 x 10 x 16 x 1071® =085 x 1072 coulomb Within
1 min, this gave an additional mnward cation current of 141 pA whereas the addi-
tional background current was only 27 x 019 =5 13 pA,1e 27 fold smaller If one
apphes the same reasoning with NMG, we find that cell shrinkage corresponded to
an additional outward cation current of 207 pA and an additional outward back-
ground current of 7 83 pA, 1e 26 fold smaller The most likely explanation for
these discrepancies 1s that the electrogenic cation flux 1s larger than the anion one
and the background current 1s proportional to the difference between these fluxes

In contrast with cation substitution, anion substitution does not reveal any
relationship between the cell volume and the current (Fig 5) or the permeability
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Figure 5. Mean cell volume as a function of background current in the presence of
various external Cl~ substitutes Mean cell volumes and background current at —60 mV
membrane potenttal were determined and expressed as in Fig 3 1n the presence of different
Nat salts Means +£ SEM of 3 to 10 experiments 1n each condition

coefficient For instance, with F~, the cell volume was decreased by 5% while the
current was increased by 39% and with gluconate, the volume was decreased by
50% while the current was decreased by 11% Ths can be explained because either
anions are transported by electroneutral systems or anions mnteract with cation
fluxes The fact that the effects of C1~ substitution on cell volume are very fast
(see F1g 4A) favours the second hypothesis, supported by previous observations
On one hand, the activities of selective or non-selective cation channels of various
cell types have been shown to be dependent on the Cl~ concentration and blocked
by organic amons (Franciolin1 and Nonner 1987, Laurient: and Blankenship 1996,
Wang et al 1999, Kilb and Luhmann 2000, Yuan et al 2000) On the other hand,
fluoride has been shown to increase the open probability of selective or non-selective
cation channels m red blood cells (Varecka et al 1994), platelets (Stamouli et al
1993) and osteoblastic cells (Gofa and Davidson 1996) If these conclusions apply
to NG108-15 cells, they may explain that organic amons reduce the cell volume
while having very small effects on the background current Indeed, if the poorly
permeant organic anions reduce the cation influx, they should induce cell shrinkage
but have a small effect on the background current which 1s proportional to the
difference between cation and anion fluxes (see above) With the same reasoning,
if F~ 1s less permeant than Cl~ but increases the cation current, the cell volume
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should be hardly altered while the background current at negative voltages should
be increased. In such a case, it should be noted that the positive shift of the
background current reversal potential reflects both the decrease in anion influx
and the increase in cation influx.

The present results do not allow to conclude whether the background current
18 carried by either a single type of channels permeable to both cations and anions
or by parallel cation and anion channels. However, they show that the cell volume
is very sensitive to the extracellular ionic composition and they suggest that non-
selective channels mediate this property. These channels not only control the cell
volume but also probably the membrane potential and the free intracellular Ca’*
concentration (Kamouchi et al. 1999; Dubois 2000). Since these parameters are
of importance in a variety of cellular functions, including cell proliferation and
apoptosis (Maeno et al. 2000; Rouzaire-Dubois et al. 2000), it would be interesting
to find therapeutic agents which act specifically on background channels

References

Dubois J M (2000) What 1s the true resting potential of small cells? Gen Physiol
Biophys 19, 3—7

Fischmeister R, Ayer R K, DeHaan R L (1986) Some Limitations of the cell-attached
patch clamp technique a two-electrode analysis Pfluegers Arch 406, 73—82

Franciolim F, Nonner W (1987) Amnion and cation permeability of a chloride channel in
rat hippocampal neurons J Gen Physiol 90, 453—478

Gérard V, Rouzaire-Dubois B and Dubois J M (1994) Contribution of a HY-pump
in determining the resting potential in neuroblastoma cells J Membr Biol 137,
119—125

Gofa A, Davidson R M (1996) NaF potentiates a KT -selective 1on channel in G292
osteoblastic cells J Membr Biol 149, 211—219

Hall A C, Starks I, Shoults C L, Rashidbigi S (1996) Pathways for K™ transport across
the bovine articular chondrocyte membrane and their sensitivity to cell volume
Am J Physiol 270, C1300—C1310

Hoffmann E K, Simonsen L. O (1989) Membrane mechanisms m volume and pH regu-
lation 1n vertebrate cells Physiol Rev 69, 315—382

Kamouchi M, Droogmans G, Nilius B (1999) Membrane potential as a modulator of
the free intracellular Ca** concentration in agonist-activated endothelial cells Gen
Physiol Biophys 18, 199—208

Kilb W, Luhmann H J (2000) Characterization of a hyperpolarization-activated inward
current 1n Cajal-Retzius cells 1n rat neonatal neocortex J Neurophysiol 84, 1681—
1691

Kirk K , Strange K (1998) Functional properties and physiological roles of organic solute
channels Annu Rev Physiol 60, 719—739

Lang F, Busch G L, Ritter M, Volki H , Waldegger S , Gulbins E , Haussinger D (1998)
Functional significance of cell volume regulatory mechanisms Physiol Rev 78,
247—306

Laurient: P J, Blankenship J E (1996) Parapodial swim muscle in Aplysia brasihana
II Cal*Y-dependent Kt currents in 1solated muscle fibers and their blockade by
chloride substitutes J Neurophysiol 76, 15311539



Background Current and Cell Volume of NG108-15 Cells 291

Maeno E , Ishizaki Y , Kanasek1 T , Hazama A | Okada Y (2000) Normotonic cell shrink-
age because of disordered volume regulation 1s an early prerequisite to apoptosis
Proc Natl Acad Saa US A 97, 9487—9492

Rouzaire-Dubois B, Dubois J M (1997) A proton pump contributes to neuroblastoma
x ghoma cell membrane potentials Pfluegers Arch 434, 7560—755

Rouzaire-Dubois B, Dubois J M (1998) K* channel block induced neuroblastoma, cell
swelling A possible mechanism to influence prohiferation J Physiol (London) 510,
93—102

Rouzaire-Dubois B , Bostel S, Dubois J M (1999) Ewidence for several mechamsms of
volume regulation n neuroblastoma x glhioma hybrid NG108-15 cells Neuroscience
(Oxford) 88, 307—317

Rouzaire-Dubois B, Milandri J B, Bostel S, Dubois J M (2000) Control of cell pro-
Iiferation by cell volume alterations in rat C6 glioma cells Pfluegers Arch 440,
881—888

Sachs F, Qin F (1993) Gated, 1on-selective channels observed with patch pipettes i the
absence of membranes novel properties of a gigaseal Biophys J 65, 1101—1107

Stamoul1 V, Vakirtzi-Lemonias C , Siffert W (1993) Thrombin and NaF, but not epinephrine,
raise cytosolic free Na+ 1n human platelets Biochim Biophys Acta 1176, 215—
221

Vaca L , Kunze D L (1992) Anion and cation permeability of a large conductance anion
channel 1n the T84 human colonic cell line J Membr Biol 130 241—249

Varecka L, Peterajova E , Piova E , Seveik J (1994) Vanadate and fluoride activate red
cell Na+ permeabihity by different mechanism Gen Physiol Biophys 13, 127—135

Wang C T, Zhang H G, Rocheleau T A | ffrench-Constant R H , Jackson M B (1999)
Cation permeability and cation-anion interactions in a mutant GABA-gated chlo-
11de channel from Drosophila Biophys J 77, 691—700

Yuan A, Dourado M, Butler A, Walton N, Wer A, Salkoff L (2000) SLO-2, a K*
channel with an unusual Cl~ dependence Nat Neuroscr 3, 771—779

Final version accepted March 16, 2001



