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Abstract  

In intracellular recordings with conventional microelectrodes on rat IMCD cells, we find that hypotonic stress depolarizes membrane 
voltage and decreases cell input resistance. Ion substitution experiments reveal that these effects are largely due to the activation of a 
prominent CI conductance. After block of this conductance with dideoxyforskolin a smaller concomitant increase in K + conductance 
becomes detectable. 
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In renal medullary cells regulatory volume decrease 
(RVD) is mainly achieved by a release of organic os- 
molytes such as sorbitol, inositol, betaine, glycerophospho- 
rylcholine, and various amino acids [1-4]. Grunewald et 
al. [5], however, reported additional effects of hypotonic 
stress on intracellular ion content in isolated IMCD cells of 
the rat. In their electron microprobe study, RVD was 
accompanied by a net loss of Na ÷ and CI while cell K ÷ 
remained virtually unchanged. This was discussed in terms 
of K + and CI-  exit in concert with activation of 
Na+/K+-ATPase.  In the present study, we report that 
hypotonic stress leads to a considerable increase of C1- 
conductance in primary cultures of rat IMCD cells. Most 
likely, this effect is paralleled by a smaller, but significant 
increase in cell membrane K + conductance. 

Isolation of IMCD cells and primary cell culture were 
the same as previously described [6,7]. Cells formed con- 
fluent monolayers within 3 days and were used from day 4 
through day 7 after preparation. 

For the intracellular recordings, sheets of gas-permeable 
membranes of approx. 1 cm 2 covered with confluent cell 
monolayers were cut from the bottom of Petriperm ® cell 
culture dishes (Bachofer, Reutlingen, Germany). The sheets 
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were then transferred onto a glass plate forming the bottom 
of the superfusion chamber. They were clamped to this 
glass plate with the upper part of the chamber, consisting 
of a Perspex block with a circular aperture which opened 
upward at an angle of 55 ° . The total fluid volume above 
the monolayers was 0.1 ml. The cells were continuously 
superfused by means of a multichannel peristaltic pump 
(PLG; Desaga, Heidelberg, Germany) at a rate of 5 
ml/min.  Changes of experimental solutions were achieved 
by use of a 4-way valve (ms 131 da; Whitey, Highland 
Heights, OH, USA) close to the chamber. As monitored 
with Trypan-blue stained solutions, changes in the super- 
fusate were virtually complete within 15 s. All storage 
vessels, the superfusion lines and the chamber were water- 
jacketed and maintained at 36.0 + 0.5°C. Two-channel mi- 
croelectrodes were pulled from 1.5 mm o.d. 'Thick-Sep- 
tum-Theta' glass capillaries (WPI, New Haven, CT, USA) 
on a Kopf vertical puller (750; David Kopf Instruments. 
Tujunga, CA, USA). One channel was used to measure 
voltage, the second to inject constant current pulses. The 
channels were filled with 0.5 mol/1 KC1 and had resis- 
tances of 80-130 M g2 with the electrode immersed in 
standard solution. An Ag-AgCI wire in series with an 
agar-KCl (0.5 mol/1) bridge was used as the reference 
electrode except in CI-  substitution experiments, where a 
custom-made 3 mol/1 KC1 flowing junction was employed 
to avoid liquid junction potentials. The respective refer- 
ence electrode was placed in an additional 1 ml compart- 
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ment connected to the chamber via a hole, 1.5 mm in 
diameter and 15 mm in length, through which all super- 
fusates were removed to exclude any contamination of the 
preparation by KCl leakage. In low Na ÷ solutions (see 
below) a liquid junction potential of 1.7 mV evolved at the 
agar-KCl bridge (measured with the KC1 flowing junction 
as the reference). All membrane voltages in low Na ÷ were 
corrected by this amount (except those shown in the 
original trace of Fig. 2B). There were no measurable liquid 
junction potentials in the K + substitution experiments. The 
experimental chamber was mounted on the stage of an 
inverted microscope (IM35; Zeiss, Oberkochen, Germany). 
Cell impalements were performed at an angle of 45 ° on a 
custom-made vibration-damped table under 320 × 
magnification using a piezo-manipulator (PM 500-20; 
Frankenberger, Germering, Germany). Cell membrane po- 
tentials and input resistances were determined by means of 
a high-impedance electrometer combined with a current-in- 
jection unit (Frankenberger). Current pulses of 1 s duration 
and 0.1 to 0.3 nA, as appropriate, were injected every 10 s. 
After A/D-conversion (DT 2811 ; Data Translation, Marl- 
boro, MA, USA) voltages were displayed and stored on a 
personal computer (PS 2/30,  IBM). Criteria for successful 
impalements were as follows: (1) An abrupt change in 
voltage upon impalement that was monophasic or some- 
times followed by a slow increase of some 5-8  mV within 
the first 3 min. This time-dependent change was always 
paralleled by an increase in input resistance and, conse- 
quently, is likely to reflect a sealing of the cell membrane 
around the electrode tip. (2) Stable potentials within + 3 
mV. (3) A return of measured voltages to 0 _+ 3 mV upon 
withdrawal of the microelectrode. The standard solution 
(600 mosmol/1) contained (in mmol/ l ) :  118 NaC1, 10 
Na +-N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 
(Na+-Hepes), 10 Hepes, 3.2 KCI, 2.5 CaCI 2, 1.8 MgSO 4, 
1.8 KH2PO 4, 5 glucose, 300 sucrose (pH 7.4). 600 
mosmol / l  is close to the average extracellular osmolarity 
for these cells, which, however, may vary considerably 
between 200 mosmol/1 (diuresis) and 1400 mosmol / l  
(antidiuresis) [8]. Reduction of osmolarity was achieved by 
omission of sucrose. In the ion substitution experiments, 
K ÷ was isosmotically increased 10-fold in exchange for 
Na +. Na* was reduced 20-fold by exchange with either 
choline or N-methyl-D-glucamine (NMDG). C1- was re- 
duced 10-fold in exchange with gluconate. Data are given 
as mean values + S.E. with n denoting the number of 
experiments. Student's t-test for paired and unpaired data 
was applied as appropriate. A value of P < 0.05 was 
considered significant. 

In continuous intracellular recordings, reducing bath 
osmolarity from 600 to 300 mosmol/1, first, led to a 
transient hyperpolarization of membrane voltage from 
-36.0_+ 1.5 to - 3 9 . 4  _+ 2.0 mV (n = 9; P < 0.001; Fig. 
1). Thereafter, membrane voltage slowly depolarized to 
-25 .8  + 2.7 mV, which is 10.2 _+ 1.5 mV more positive 
than the initial control value ( P < 0 . 0 0 1 ) .  Under nor- 
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Fig. 1. Effects of hypotonic stress ( -  300 mosmol/l sucrose for the time 
indicated) on membrane voltage (Vr.) and cell input resistance. Vertical 
deflections result from injected current pulses of 0.1 nA. 

mosmotic conditions, cell input resistance equalled 101 + 7 
M J2; under hypotonic stress, this parameter continuously 
decreased to 34 +__ 3 M g2 ( P  < 0.001). Upon return to 600 
mosmol/ l ,  cell membranes transiently depolarized by 2.6 
+0 .6  mV ( P < 0 . 0 0 5 ) .  Thereafter membrane voltage 
slowly hyperpolarized to - 35.8 + 2.0 mV and cell input 
resistance increased to 103 -I- 8 M ~Q, so that these values 
are not significantly different from the initial values. 

The above experiments suggest that hypotonic stress 
leads to considerable changes in the membrane conduc- 
tance of IMCD cells. These changes in conductance were 
further characterized in three sets of ion substitution exper- 
iments. 

Increasing K-- concentration from 2.7 to 27 mmol/1 
depolarized the cells by 8.3 + 1.3 mV under control condi- 
tions (Fig. 2A). In hyposmotic solutions, the effect of 
increasing K + was reduced to 3.0 J- 0.5 mV (n = 5; P < 
0.01). After return to 600 mosmol/ l ,  K+-induced mem- 
brane depolarization equalled 6.0 + l.l mV, which is not 
significantly different from the initial value. 

Replacing Na ÷ by 95% with NMDG (or choline) 
hyperpolarized membrane voltage by 9.7 _ 1.6 mV under 
control conditions (Fig. 2B). In 300 mosmol/ l ,  the voltage 
response was changed to a depolarization of 1.9 + 1.1 mV 
(n = 7; P < 0.001). After return to 600 mosmol/ l ,  Na ÷ 
substitution hyperpolarized the cells by 11.9 + 1.4 mV, 
which is not significantly different from the initial value. 

In principle, the above ion substitution experiments 
could reflect a parallel decrease in K + and Na ÷ conduc- 
tance. This, however, is opposite to what one would expect 
from the about 3-fold increase in overall membrane con- 
ductance. Consequently, activation of an alternate conduc- 
tive pathway would be a more likely explanation for the 
observed reduction in the voltage responses to high K ÷ 
and low Na + solutions. When bath C1- was replaced by 
90% with gluconate membrane voltage depolarized by 
8.6 ___ 1.4 mV in normosmotic solutions (Fig. 2C). In 300 
mosmol/1, this effect was increased to 19.8 + 1.9 mV 
(n = 7; P < 0.001). After return to 600 mosmol/1, mem- 
brane depolarization equalled 5.9 + 1.6 mV, which is sig- 
nificantly lower than under control conditions ( P  < 0.01). 

The 2.3-fold increase in the voltage response to low 
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CI-  solutions and the parallel decrease of  cell input resis- 
tance to 34% strongly suggest activation of a Cl--conduc- 
tive pathway in rat IMCD cells under hypotonic stress. In 
this system, intracellular CI activity is approximately 30 
mV above electrochemical equilibrium (92 _+ 13 mmol/1  
with 276 mmol/1  external C1 [5]) probably due to Na +- 
K*-2CI-  cotransport [9]. Consequently, distinct membrane 
depolarizations are to be expected from increases in CI 
conductance. The increase of CI -  conductance readily 
explains the decrease of  C1 content in freshly isolated 
IMCD cells under hypotonic stress that was observed by 
Grunewald et al. [5]. 

In addition to the sustained membrane depolarization, a 
transient hyperpolarization of 3.4 mV occurs upon reduc- 
tion of  osmolarity. This hyperpolarization may reflect an 
increase in K + conductance, but due to the low time 
resolution of  our ion substitution experiments and due to 
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Fig. 3. Effects of hypotonic stress on membrane voltage and input 
resistance in the presence of 0.1 mmol / l  dideoxyforskolin. Note the 
increase in input resistance upon addition of' the compound. 
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Fig. 2. Membrane effects of different ion substitutions in normosmotic 
solutions, after reduction of osmolarity and after return to normosmotic 
conditions. (A) K + was increased from 2.7 to 27 mmol/1 in exchange 
for Na +. (B) Na ÷ was reduced 20-fold by replacement with choline, and 
(C) 90% of CI was substituted for gluconate. 

the prominent activation of CI conductance, this effect 
could not be directly characterized. 

We, therefore, tried a variety of potential C1- channel 
blockers to unmask possible effects of  hypotonic stress on 
K + conductance. SITS (4-acetamino-4'-isothiocyanato- 
stilbene-2,2'-disulfonic acid) and DIDS (4,4'-diiso- 
thiocyanatostilbene-2,2'-disulfonic acid) in concentrations 
as high as 0.5 mmol,/l  did not significantly affect the 
membrane depolarization nor the decrease in cell input 
resistance upon hypotonic stress (data not shown). NPPB 
(5-nitro-2-(3-phenylpropylamino)benzoate) and niflumic 
acid at concentrations of 0.1 and 0.5 mmol/1, respectively, 
exhibited considerable side effects: as ion substitution 
experiments revealed, both drugs significantly decreased 
cell membrane K + conductance under normosmotic condi- 
tions (data not shown). We, therefore, turned to dideoxy- 
forskolin which appears to be the most potent blocker of 
volume-activated anion channels in rat glioma cells [10], 
human endothelial cells [11], HeLa cells [12] as well as in 
the human lung cancer cell line S1 [13]. Addition of 0.1 
mmol/1  dideoxyforskolin per se had variable effects on 
membrane voltage, including a transient membrane hyper- 
polarization of some 7 mV in two out of four experiments 
(Fig. 3). After 4 min exposure to the drug, membrane 
voltages equalled - 3 0 . 0  + 2.3 mV, which is not signifi- 
candy different from the control value, i.e. - 3 1 . 5  _+ 3.1 
inV. In contrast, cell input resistance considerably in- 
creased from 141 +_ 6 to 273 _+ 25 Mg2 ( P  < 0.02). In the 
continuous presence of dideoxyforskolin, reducing osmo- 
larity from 600 to 300 mosmol/1 significantly hyperpolar- 

ized the cells to - 4 3 . 7  _+ 3.6 mV ( P  < 0.05). In parallel, 
cell input resistance decreased to 164 _+ 41 M,Q (remain- 
ing short off significance). Upon return to 600 mosmol/1 
(with dideoxyforskolin still present) membrane voltages 
transiently depolarized by 13.9 +_ 0.9 mV and, thereafter, 
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(as well as cell input resistances) slowly returned to pres- 
timulus values. 

The above experiments with dideoxyforskolin corrobo- 
rate the hypothesis that hypotonic stress leads to a promi- 
nent increase of  C1- conductance in rat IMCD cells. In 
addition, they provide evidence for a parallel increase in 
cell membrane K + conductance. In the control experi- 
ments after about 5 min in hypotonic solution, membrane 
voltage remains constantly depolarized by about 10 mV. 
Consequently, at that time, activation of  C I -  conductance 
must exceed the concomitant  increase in K + conductance 
which will tend to hyperpolarize the cell. In this context, 
the membrane hyperpolarization in the presence of 
dideoxyforskolin is apparently high. In the presence of  the 
drug, however, the K + transference number will be in- 
creased and, consequently, membrane voltage will be more 
sensitive to changes in K-- conductance. Moreover,  with 
the C1- conductance blocked cell volume regulation will 
be impaired, which may provide a stronger stimulus for the 
activation of  K + conductance. 

In the control experiments,  there was a transient mem- 
brane depolarization by 2.6 mV upon return to nor- 
mosmotic solution. Because at the time when this effect 
becomes maximal,  cell volume will almost have returned 
to the control value [7], while input resistance is still low 
(cf. Fig. 1) this voltage change could be due to an addi- 
tional transient increase in the driving force for conductive 
C1- exit (via concentration of  cell C1-) .  In the presence of 
dideoxyforskolin,  however,  this membrane depolarization 
augments to 13.9 + 0.9 mV. Consequently, this transient 
voltage change more likely reflects a rapid decrease in K ÷ 
conductance. As it is evident from the initial membrane 
hyperpolarization upon hypotonic stress in the control 
experiments,  K + conductance appears to adapt more 
rapidly to changes in cell volume than C1 conductance. 

In principle, quasi electroneutral release of  K ÷ and CI 
would be the most effective mechanism of  KC1 exit via 
conductive pathways. This raises the question whether the 
observed prominent activation of  C I -  conductance plays a 
role in addition to C1- release. Recent studies suggest that 

in some systems a variety of organic osmolytes leave the 
cell via a single transport pathway that appears to be a 
swelling-activated non-selective anion channel [ 1 O, 13-15]. 
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