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Abstract. The taurine efflux from Ehrlich ascites tumor 
cells is stimulated by hypotonic cell swelling. The swell- 
ing-activated taurine efflux is unaffected by substitution 
of gluconate for extracellular C1- but inhibited by addi- 
tion of MK196 (anion channel blocker) and 4,4'- 
diisothiocyanostilbene-2,2"-disulfonic acid (DIDS; anion 
channel and anion exchange blocker) and by depolariza- 
tion of the cell membrane. This is taken to indicate that 
taurine does not leave the osmotically swollen Ehrlich 
cells in exchange for extracellular CF, i.e., via the anion 
exchanger but via a MK196- and DIDS-sensitive channel 
that is potential dependent. An additional stimulation of 
the swelling-activated taurine efflux is seen after addi- 
tion of arachidonic acid and oleic acid. Cell swelling 
also activates a "Mini C1- channel." The C1- efflux via 
this C1- channel, in contrast to the swelling-activated 
taurine efflux, is unaffected by DIDS and inhibited by 
arachidonic acid and oleic acid. It is suggested that the 
swelling-activated "Mini C1- channel" and the swelling- 
activated taurine channel in the Ehrlich cell represent 
two distinct types of channels. 
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Introduction 

Taurine (2-ethane sulfonic acid) is a naturally occurring 
B-amino sulfonic acid (Jacobsen & Smith, 1968), present 
at high concentrations in Ehrlich ascites tumor cells (53 
mM, Hoffmann & Lambert, 1983). The biochemical in- 
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ertness of taurine, its zwitterionic nature, i.e., poor dif- 
fusibility across cell membranes, combined with a high 
cellular concentration makes taurine well suited as an 
osmolyte for adjustment of the intracellular osmotic 
pressure. 

The influx of taurine in the Ehrlich cells is at the 
prevailing taurine concentration in the ascites fluid me- 
diated by a high affinity, Na +-, CI-, and pH-dependent 
transport system, designated the B-system (Kromphardt, 
1963, 1965; Lambert, 1984, 1985; Lambert & Hoffmann, 
1993). The B-system is distinctive from other amino 
acid transporting systems in the Ehrlich cells in that it 
tolerates substitution of the carboxylate group with a 
sulfonate or sulfinate group (Lambert, 1985). Tanfine 
influx via the B-system is a 2 Na +, 1 C1-, 1 taurine 
cotransport, driven by the transmembrane electrochemi- 
cal Na + gradient (Lambert, 1984, 1985). No taurine is 
taken up in the absence of Na + (Lambert, 1984). The 2 
Na +, 1 CI-, 1 taurine cotransport is sensitive to the mem- 
brane potential due to a negatively charged empty car- 
tier, i.e., depolarization of the cell membrane reduces the 
taurine influx (see Lambert & Hoffmann, 1993). Tan- 
rine efflux from Ehrlich cells suspended in isotonic me- 
dium is mediated by a Na+-independent process, stimu- 
lated when the cell membrane is depolarized (Lambert, 
1984; Lambert & Hoffmann, 1993). 

Hypotonically swollen Ehrlich cells recover their 
cell volume (regulatory volume decrease, RVD) by net 
loss of K + and C1- via conductive transport pathways 
(Hoffmann, Lambert & Sirnonsen, 1986) and by net loss 
of taurine via a leak pathway (Hoffmann & Lambert, 
1983). The swelling-activated K + and C1- channels in 
Ehrlich cells have recently been directly studied by 
Christensen and Hoffmann (1992), using the patch clamp 
technique. In the cell-attached mode, a small 3-7 pS C1- 
channel was found to be activated by hypotonic exposure 
with a time delay of about 1 min (Christensen & Hoff- 
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mann, 1992). The open channel density was estimated at 
6 �9 106 channels per cm 2, and at this density the "Mini 
C1- channel" accounts for the major part of the volume- 
activated C1- efflux (Christensen & Hoffmann, 1992). 

According to a model for activation of the RVD 
response in Ehrlich cells (see Hoffmann, Simonsen & 
Lambert, 1993; Lambert, 1994) it is the membrane de- 
formation or change in the intracellular concentrations of 
ions or other cytoplasmic components that stimulate a 
phospholipase A 2 and/or a 5-1ipoxygenase and thereby 
initiate the activation of the K +, CI- and taurine trans- 
porting systems. An alternative explanation is that the 
phospholipase A 2 and the 5-1ipoxygenase are activated 
by Ca 2+, which either enters the cell through stretch- 
activated cation channels or is mobilized from intracel- 
lular stores by Ins (1, 4, 5) P3 (see Hoffmann et al., 1993; 
Lambert, 1994). A mechanical-biochemical transduc- 
tion mechanism involving a pertussis-sensitive G protein 
and a phospholipase A a has recently been suggested to 
initiate the RVD response in the human platelets (Mar- 
galit et al., 1993). Leukotriene D 4 (LTD4), a 5-1ipoxy- 
genase product of arachidonic acid, seems to act as a 
second messenger in the Ehflich cells in the swelling- 
induced activation of the conductive K + and CI- transport 
pathways and of the taurine leak pathway (see Lambert, 
Hoffmann & Christensen, 1987; Lambert, 1989, 1994; 
Hoffmann et al., 1993; Lambert & Hoffmann, 1993). 
Thus, the leak pathway has the same activation mecha- 
nism as the K + and CI- channels. 

It has previously been demonstrated that the swell- 
ing-activated "Mini CI- channel" in Ehrlich cells is in- 
hibited by arachidonic acid (20:4) (Lambert, 1987, 1991) 
and that the effect is mimicked by other unsaturated fatty 
acids containing cis double bonds, i.e., palmitoleic acid 
(16:1), oleic acid (18:1), linoleic acid (18:2), and linole- 
nic acid (18:3) (Lambert, 1987). The shorthand notation 
designates the length of the carbon chain and the number 
of double bonds. Since saturated fatty acids, i.e., stearic 
acid (18:0), and arachidic acid (20:0) and unsaturated 
trans isomers, i.e., elaidic acid, (18:1) have no effect on 
the swelling-activated "Mini CI- channel" it has been 
proposed that the inhibitory effect of arachidonic acid on 
the swelling-activated "Mini CI- channel" in Ehrlich 
cells is caused by a nonspecific detergent effect of an 
unsaturated fatty acid containing cis double bonds (Lam- 
bert, 1987). 

Recently Strange and coworkers (1993) have dem- 
onstrated that arachidonic acid inhibits the swelling- 
induced inositol and taurine efflux in rat C6 glioma cells 
and suggested that a putative common transport pathway 
for taurine and inositol is a volume-sensitive anion chan- 
nel. Other investigators have reported evidence for tan- 
fine movement via anion channels in MDCK cells (Ban- 
derali & Roy, 1992; Roy & Malo, 1992), and via C1- 
channels in a human lung cancer cell line (Kirk & Kirk, 
1993) and in flounder erythrocytes (Kirk, Ellory & 

Young, 1992). The question now arises whether the 
swelling-activated taurine leak in Ehrlich cells is actually 
mediated via the swelling-activated "Mini CI- channel" 
or whether it is a separate channel, but with an identical 
activation mechanism. 

Materials and Methods 

CELL SUSPENSIONS AND INCUBATION MEDIA 

Ehrlich ascites tumor cells (hyperdiploid strain) were originally iden- 
tified as the Ehrlich mouse mammary carcinoma (see Levinson, 1982). 
The celt line used in the present work is the ascites type and the culture 
is maintained by weekly intraperitoneal transplantation in Naval Med- 
ical Research Institute (NMRI) mice. Cells for experimental use were 
harvested eight days after transplantation and suspended in a standard 
medium containing heparin (2.5 IU/ml). The cells were washed by 
centrifugation (700 x g, 45 sec), once with the standard solution and 
twice in the appropriate experimental solutions. The temperature was 
kept at 37~ 

The standard NaC1 medium (300 mOsm) had the following com- 
position (raM): 150 Na +, 5 K+; 150 C1 ; 1 Mg2+; 1 Caa+; 1 sulfate; 1 
inorganic phosphate; 3.3 MOPS (3-(N-morpholino)propanesulfonic 
acid); 3.3 TES (N-tris-(hydroxy methyl)-methyl-2-aminoethane- 
sulfonic acid; and 5 HEPES (N-(2-hydroxyethyl)piperazine-N'-(2- 
ethanesulfonic acid)). CholineC1 medium and KC1 medium were made 
by substitution of choline + and K + for Na +, respectively, and Nagtu- 
conate medium was made by substitution of gluconate for chloride. 
Hypotonic media (150 mOsm) were prepared by dilution of the isotonic 
media with distilled water containing the buffers alone. The pH was 
adjusted to 7.4. 

FLUOROMETRIC ESTIMATION OF THE MEMBRANE POTENTIAL 

Membrane potentials were estimated from the fluorescence intensity of 
the dye 1,1'-dipropyloxadicarbocyanine (DiOC3-(5)). The dye was 
added to cell suspensions with a cytocrit of 0.25% at a final concen- 
tration of 1.6 gM. Calibration of the fluorescence signal was performed 
with the cation ionophore gramicidin using cells suspended in Na+-free, 
K+/choline + media, i.e., standard medium in which NaC1 is replaced by 
KC1 and cholineC1 and where the sum of K + and choline + is kept 
constant at 155 mN. The calibration curve was obtained as a plot of the 
fluorescence vs. the Nerst equilibrium potentials for K + after addition 
of gramicidin (see Lambert, Hoffmann & JCrgensen, 1989). The flu- 
orometric measurements were performed in polystyrene cuvettes using 
a Perkin Elmer LS-5 luminescence spectrometer connected to a Perkin 
Elmer R 100A recorder and a Perkin Elmer CP 100 graphic printer. 
Excitation and emission wavelengths were 577 and 605 rim, respec- 
tively, and slit widths were 5 rim. The temperature of the cuvette was 
thermostatically controlled (37~ and the cell suspension was contin- 
uously stirred by use of a Teflon-coated magnet, driven by a motor 
attached to the cuvette house. 

CELLULAR 14C-LABELED TAURINE AND 36C1 ACTIVITY 

The cellular activity of t4C-labeled taurine and 36C1 was estimated by 
transferring 1 ml cell suspension (cytocrit 6%) to preweighed vials and 
separating the cells from the medium by centrifugation (20,000 x g, 60 
sec). One hundred microliters of the supernatants were diluted 10 
times with perchloric acid (7% final concentration) and saved for de- 
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termination of extracellular taurine activity. Excess supernatant was 
removed by suction and the wet weight of the cell pellet was deter- 
mined by reweighing the samples. The packed cells were then lysed in 
800 gl distilled water, deproteinized by addition of 100 gl 70% per- 
chloric acid and centrifuged (20,000 x g, 10 min). The supernatant was 
used for determination of cellular 14C[36C~ activity and the perchloric 
acid precipitate was dried (90~ 48 hr) and used for determination of 
the cell dry weight (see Lambert et ai., 1989). Cellular 14C/36C1- ac- 
tivity (cpm/g cell dry weight) was corrected for activity trapped in the 
extracellular medium using 3H-inulin as marker (Hoffmann, Simonsen 
& SjCholm, 1979). 

TAURINE EFFLUX 

Cells were equilibrated with ~4C-labeled taurine (0.5 gCi/ml) for 60 to 
100 min. At the end of the preincubation period, duplicate samples 
were taken for determination of cellular taurine activity (see above) .  

For transference of ~4C-labeled cells to the efflux medium, 1 ml cell 
suspension was centrifuged in nylon tubes (ID 3 ram) for 1 rain at 770 
x g, the tube was cut 1 mm below the interface between the packed 
cells and the medium. The packed cells were then injected into 8 ml of 
the appropriate medium by flushing the small sleeve of nylon tube 
containing the packed cells with 1 ml of the medium. The efflux was 
followed with time by serially isolating cell-free efflux medium by 
centrifugation of 900 gl cell suspension through a silicone oil phase 
(300 gl: 1 part 20 AR/1 part AR 200). At the end of the efflux exper- 
iment, triplicate samples of the efflux suspension were taken for de- 
termination of protein using bovine serum albumin as a standard 
(Lowry et al., 1951). The amount of protein (g/ml medium) was con- 
verted to cell dry weight (g/ml medium) using a protein/dry weight 
ratio of 0.78 (Hoffmann & Lambert, 1983). The initial activity of 
~4C-taurine in the cellular pool (an ~) was converted from (cpm/g cell dry 
wt) to (cprn/ml medium) by multiplication with the amount of cell dry 
weight (g/ml medium). 

The rate constant for taurine efflux (k'c, m i n t  �9 g cell water/g dry 
wt) was estimated as the product of the cell water content (g/g dry wt) 
and the slope of a plot of (a~ - a~ ' ) / d  o vs. time (see Fig. 3A), where a~ 
and an" are the 14C-tanrine activity in the efflux medium at time t and 
zero time, respectively, and where a~ is the cellular ~4C-taurine activity 
at zero  t ime.  The unidirectional taurine efflux (gmol/g cell dry 
wt.  min) can be calculated from the rate constant by multiplication 
with the cellular taurine concentration (gmol/g cell water). 

36C1- E~LUX 

Cells, equilibrated with 36C1- (0.45 gCi/ml) in standard medium for 30 
to 50 min, were packed by centrifugation and at zero t ime resuspended 
in the experimental solution. The chloride efflux (gmol/g cell dry 
wt .  min) was calculated from the initial loss in cellular 36C1- activity 
(cpngg cell dry wt .  min) divided by the specific activity of cellular 
chloride (cpm/gmol). The cellular C1 concentration was assessed by 
conlometric titration (CMT 10 chloride titrator, Radiometer, Denmark). 
Alternatively, the cells were handled and the 36C1 efflux followed as the 
gain in the medium, as described for the 14C-taurine effiux. 

Radioactivity was measured in a liquid scintillation spectrome- 
ter (Packard TRI-CARB 460C Liquid Scintillation System) using 
ULTIMA GOLD TM (Packard) as scintillation fluid. 

CELL VOLUME 

Cell volumes were measured on cultures diluted 500 times with filtered 
media (Millipore, pore size 0.45 gm), resulting in a final cell density of 

80,000-100,000 cells/ml (cytocrit = 0.01%). Volumes were calculated 
as the median of volume distribution curves obtained with a Coulter 
counter model ZB equipped with a Coulter channelyzer C 1000. Tube 
orifice was 100 gm. Calibration was carried out with latex beads (di- 
ameter 13.5 ~tm, Coulter Electronics). 

CHEMICALS 

Stock solutions of gramicidin (1 raM; Sigma), DiOC3-(5 ) iodide (1.2 
naN; Molecular Probes, Junction City, OR), MK196 (indacrinone, 300 
mM, Merck Sharp & Dohme, Herlev, Denmark), arachidonic acid, oleic 
acid (25 mM, Sigma), and bumetanide (5 mM, Sigma) were prepared in 
ethanol. Stock solutions of DIDS (20 mg, Sigma) were prepared in 
standard medium. BSA (bovine serum albumin, Sigma) was used as 
protein standard. Silicone oils AR20 and AR200 were from Wacker 
Chemie (Vienna, Austria). 3H-inulin, 14C-tanrine and 36C1 were ob- 
tained from New England Nuclear. 

STATISTICAL EVALUATION 

All values are given as mean values + SE of the mean unless otherwise 
stated. Paired Student's t-test was used to evaluate statistical signifi- 
cance. 

Results 

EFFECT OF ANION TRANSPORT INHIB1TORS ON REGULATORY 

VOLUME DECREASE IN THE PRESENCE OF GRAMICIDIN IN 
Na+-FREE MEDIA 

When the K + channel is bypassed by addition of gram- 
icidin in Na+-free media, the rate of cell shrinkage can be 
used to evaluate the effect of inhibitors on the swelling- 
activated CI- permeability (see Hoffmann et al., 1986). 
Figure 1 shows that the RVD response in Ehrlich cells in 
hypotonic Na+-free medium (choline + substituted for 
Na +) is inhibited by MK196 (indacrinone, Fig. 1A), a CI- 
channel blocker (Distefano et al., 1985; Durr & Larsen, 
1986) and by arachidonic acid (Fig. 1B). The concen- 
tration required for 50% inhibition of the swelling- 
activated CI- channel (ICso) is estimated at about 0.5 rnM 
and 5 gM for MK196 and arachidonic acid, respectively. 
On the other hand, DIDS, which is known to inhibit 
anion exchange and some anion channels (see Ca- 
bantchik & Greger, 1992; Gunn, 1992), has only a mar- 
ginal effect on the swelling-induced CI- permeability 
(Fig. 1C). Although the rate of the RVD response under 
the present experimental condition is dominated by the 
C1- permeability, we have previously shown that organic 
osmolytes, in particular taurine, contribute to the volume 
regulation (Hoffmann & Lambert, 1983). The following 
experiments were therefore designed to characterize the 
swelling-activated CI- transport pathway as well as the 
swelling-activated taurine transport pathway. 
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Fig. 1. Effect of MK196, arachidonic acid and DIDS on the swelling- 
activated C1- channel. Cells were swollen in hypotonic, Na+-free 
cholineC1 medium and the cell volume was followed with time in a 
Coulter counter. The final cytocrit was about 0.01%. MK196 (0.25 to 
1 mM, A), arachidonic acid (5-10 gM, B) or DIDS (5 -200 gM, C) were 
added at the time of hypotonic exposure. Gramicidin (0.5 gM) was 
added at the time of maximal cell swelling (at t = 0.9) to ensure a high 
K + permeability. The initial rate of cell shrinkage (fl/min) was calcu- 
lated as the water loss (fl) within 1.5 rain after addition of gramicidin. 
The rate of cell shrinkage is given relative to the rate measured in 
hypotonic control cells with gramicidin but without any drag added. 
Values in A and B are means of three sets of experiments. The data in 
C represent two sets of experiments. The initial rate of volume recovery 
in the presence of 200 gM DIDS was estimated at 0,89 +_ 0.06 in four 
experiments (relative values). 

INHIBITORS OF THE SWELLING-AcTIVATED C1-  EFFLUX 

Figure 2 demonstrates that the 36C1- effiux in Ehrlich 
cells in hypotonic C1--free medium is almost completely 
inhibited by MK196 (2 raM) and by arachidonic acid 
(200 gM). The experiments were performed in C1--free 
medium (gluconate substituted for chloride) and in the 
presence of bumetanide to block 36C1- efflux via the 
anion exchanger and the C1--dependent cotransport sys- 
tems, respectively. The higher MK196 and arachidonic 
acid concentration used for the assessment of 36C1- ef- 
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Fig. 2. Effect of MK196 and arachidonic acid on the swelling- 
activated C1- effiux. Ehrlich cells, equilibrated with 36C1- in standard 
NaCI medium, were transferred at time zero to hypotonic, Cl--free 
gluconate medium containing 30 gM bumetanide, and the 36C1- efflux 
was followed with time. The final cytocrit was about 3%. MK196 (2 
mM, filled squares) and arachidonic acid (200 gM, filled circles) were 
added at the time of hypotonic exposure. 36C1- efflux is shown as the 
loss in cellular 36C1- activity (cpm/g cell dry wt). The curves are 
representative of three sets of experiments. 

flux was chosen to compensate for an increased drug 
partition into the membrane due to the higher cytocrit 
(3% in 36C1- efflux experiments compared to 0.01% in 
cell volume measurements). 

SWELLING-ACTIVATED TAURINE EFFLUX 

The swelling-activated taurine efflux is not an exchange 
of cellular taurine for extracellular C1- via the anion ex- 
change system. This is deduced from Fig. 3A where it is 
shown that the taurine effiux is similar in hypotonic C1-- 
containing and in C1--free medium (gluconate substi- 
tuted for chloride). Figure 3B shows that the rate con- 
stant for taurine effiux is increased fourfold after swell- 
ing in hypotonic media with half osmolarity, and that the 
rate constant in hypotonic C1--free medium is not sig- 
nificantly different from the rate constant in hypotonic 
C1--containing medium (P < 0.05). 

Figure 4 demonstrates the effect of membrane de- 
polarization on the swelling-activated taurine effiux as 
well as the cell volume 0.8 min after hypotonic exposure. 
The cells were transferred to hypotonic, Na+-free media 
with varying extracellular K + concentration, and grami- 
cidin was added at the time of hypotonic exposure to 
clamp the membrane potential at the Nemst equilibrium 
potential for K + (see Lambert et al., 1989). From Fig. 4 it 
is seen that depolarization of the cell membrane reduces 
the rate constant for taurine effiux in hypotonically swol- 
len Ehrlich cells. This is in contrast to the rate constant 
for taurine effiux in Ehrlich cells suspended in isotonic 
medium, which is increased by membrane depolarization 
(Lambert & Hoffmann, 1993). This confirms our previ- 
ous notion (Lambert & Hoffmann, 1993) that the taurine 
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Fig. 3. Effect of substitution of gluconate for extracellular chloride on 
the rate constant for the swelling-activated taufine effiux. Ehrlich cells, 
equilibrated with 14C-taurine in standard NaC1 medium, were trans- 
ferred at time zero to isotonic NaC1 medium (,4, open circles), hypo- 
tonic NaC1 medium (A, filled circles) or hypotonic, Cl--free gluconate 
medium (A, filled squares), and the release of 14C-taurine was followed 
with time. The final cytocrit was about 0.7%. Taurine efflux is shown 
as the relative specific activity (a t' - am)/do plotted vs. the time, where 
a 7' and a~," are the a4C-taurine activity in the effiux medium at time t and 
zero time, respectively, and where a~ is the cellular 14C-tanrine activity 
at zero time. Rate constants for taurine effiux (k'c, B), calculated as the 
product of the slope of tanrine efflux curves (,4) and the cell water 
content, are given relative to the rate constant in isotonic NaC1 medium 
(0.19 + 0.02 min -1 - g cell water/g dry wt). Data represent four sets of 
experiments. 

efflux system, which dominates after cell swelling, is 
different from the taurine effiux system, which domi- 
nates under isotonic conditions. It is noted that the cel- 
lular permeability to taurine in Ehrlich cells increases as 
a function of increasing cell volume (Hoffmann & Lam- 
bert, 1983). However, the cell volume in the presence of 
gramicidin increases with increasing concentrations of 
extracellular K +, whereas the taurine efflux decreases 
(see Fig. 4). The effect of membrane depolarization seen 
in Fig. 4 might therefore be slightly underestimated. The 
inhibition of the tanrine efflux after depolarization is in 
agreement with the idea that taurine during RVD either 
leaves the Ehrlich cells as an anion or via a channel, 
which is potential dependent, i.e., inhibited by depolar- 
ization of the cell membrane. 
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Fig. 4. Effect of the cell membrane potential on the rate constant for 
the swelling-activated taurine effiux. Ehrlich cells, equilibrated with 
14C-tanrine for 60 rain in standard NaC1 medium, were transferred at 
time zero to hypotonic, Na+-free K+/choline + media in which the ex- 
tracellular K + concentration was varied between 5 to 55 mM and the 
sum of K + plus choline + kept constant at 75 raM. Gramicidin (10 gM) 
was added at the time of hypotonic exposure to clamp the membrane 
potential at the K + equilibrium potential. Rate constants for taurine 
effiux (k'c, rain -1 - g cell water/g dry wt, filled circles), estimated as 
described in the legend to Fig. 3, are given as the mean of three sets of 
experiments. Ceil volumes (fl, filled squares), measured 0.8 min after 
transfer to the hypotonic medium, represent two sets of experiments. 
Membrane potentials (mV) were estimated from the fluorescence of the 
potential sensitive probe DiOC 3 - (5) in separate experiments. 

COMPARISON OF THE SWELLING-ACTIVATED C I -  Ev~ux 
AND THE SWELLING-ACTIVATED TAURINE EFFLUX 

Figure 5 compares the effect of different anion transport 
inhibitors on the CI- efflux and the taurine efflux in 
Ehrlich cells after cell swelling in hypotonic, Cl--free 
medium (gluconate substituted for chloride). It is seen 
that the anion channel blocker MK196 inhibits the CI- 
efflux by 84 + 5% (Fig. 5A) and the taurine effiux by 67 
+ 3% (Fig. 5B). DIDS, which inhibits anion exchange 
and some anion channels (see above), is found to inhibit 
the CI- efflux only by 29 + 6% (Fig. 5A), whereas the 
taurine efflux is inhibited by 71 + 4% (Fig. 5B). The 
taurine efflux is in the presence of both MK196 and 
DIDS reduced to the level found in Ehrlich cells sus- 
pended in isotonic medium. Arachidonic acid (200 gM) 
inhibits the C1- efflux in osmotically swollen cells by 68 
+ 3% (Fig. 5A), whereas the fatty acid (25 gM) stimulates 
the swelling-activated taurine efflux by 72 + 15% (Fig. 
5B). 

To ensure that the difference in the effect of arachi- 
donic acid on CI- efflux and taurine efflux was not 
caused by differences in experimental conditions and 
procedures, we measured the C1- efflux in parallel to the 
taurine efflux, using the same batch of cells, the same 
cytocrit and exactly the same procedure as for the taurine 
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Fig. 5. Effect of MK196, DIDS and arachidonic acid on the swelling- 
activated CF effiux and the rate constant for the swelling-activated 
taurine efflux. 36C1- efflux (A) was measured in hypotonic, C1--free 
gluconate medium as described in Fig. 2 (cytocrit about 3%). DIDS 
(300 gM), MK196 (2 naN) or arachidonic acid (200 gM) were added at 
the time of hypotonic exposure. Chloride efflux, calculated as the initial 
loss of cellular 36C1- activity (cplrdg cell dry wt per rain) divided by the 
specific activity for CI- in the cell (cpm/gmol), is given relative to the 
effiux measured in hypotonic medium with no drugs added (49 +_ 2 
gmol/g dry wt .  rain, n = 5). ~4C-taurine effiux (B) was measured in 
hypotonic, C1 -free gluconate medium (cytocrit about 0.7%). DIDS 
(200 gM), MK196 (1 raM) or arachidonic acid (25 ~tM) were added at 
the time of hypotonic exposure. Rate constants for tanrine effiux, es- 
timated as described in the legend to Fig. 3, are given relative to the rate 
constant measured in hypotonic gluconate medium with no drugs added 
(0.73 + 0.06 rain -~ . g cell water/g dry wt, n = 8). The number of paired 
experiments is indicated below the bars. 

efflux. Figure 6 confirms that arachidonic acid (25 ~tM) 
has opposite effects on the swelling-activated C1- efflux 
(Fig. 6A) and the swelling-activated taurine efflux (Fig. 
6B). Figure 6 also presents the concentration depen- 
dence curves for the effect of arachidonic acid on the 
initial rate of C1- effiux (Fig. 6C) and the initial rate of 
taurine efflux (Fig. 6D). It is seen that arachidonic acid 
inhibits the C1- efflux and stimulates the taurine efflux in 
the whole range from 5 to 50 gM arachidonic acid. In 
two sets of experiments it was demonstrated that oleic 
acid (25 gM) reduced the swelling-activated C1- effiux by 
70% (n = 2), whereas oleic acid (40 gM) stimulated the 
swelling-activated taurine effiux by 56% (n = 2). Since 
oleic acid is not metabolized into arachidonic acid or any 
eicosanoids in mammalian cells, it is proposed that the 
effect of arachidonic acid on the swelling-activated chlo- 
ride and taurine transporting systems represents an effect 
of an unsaturated fatty acid. 
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Fig. 6. Effect of arachidonic acid on the swelling-activated C1- channel 
and the swelling-activated tanrine channel. Cells were loaded with 
36CF or ~4C-tanrine and the efflux was measured in hypotonic, Cl--free 
gluconate medium containing 30 gM bumetanide using the technique 
described for the taurine effiux. The final cytocrit was in both cases 
0.7%. Arachidonic acid (0 to 50 p.M) was added at the time of hypotonic 
exposure, 36CI efflux (A) and the 14C-taurine efflux (B) are shown as 
the relative specific activity, (a~ - a~'])/a~o plotted vs. the time, where a~" 
and a~' are the activity in the efflux medium at time t and zero time, 

respectively, and where a2 is the cellular activity at zero time. Rate 
constants for 36C1- effiux (C) and 14C-tanrine effiux (D) in arachidonic 
acid treated cells were estimated as described in Fig. 3 and given 
relative to the rate constant measured in hypotonic medium in the 
absence of arachidonic acid. Values in A and B represent five sets of 
experiments, whereas values in C and D represent the mean of three 
sets of experiments. 

The effect of MK196 and DIDS on the swelling- 
activated taurine efflux (Fig. 5B), together with the de- 
pendence of the taurine efflux on the membrane potential 
(Fig. 4), is taken to indicate that taurine in hypotonically 
swollen Ehrlich cells leaves via a MK196- and DIDS- 
sensitive channel which is potential sensitive. The op- 
posing effects of arachidonic acid on C1- and taurine 
transport and the weak effect of DIDS on the CI- efflux 
after hypotonic cell swelling (Figs. 5 and 6) demonstrate 
that the dominating swelling-activated C1- channel, the 
"Mini CI- channel," is different from the swelling- 
activated taurine channel. 

D i s c u s s i o n  

TAURINE EFFLUX AFTER OSMOTIC CELL SWELLING 

Hypotonically swollen Ehrlich cells tend to reduce their 
cell volume towards the initial value by net loss of os-  
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molytes and cell water (regulatory volume decrease, 
RVD). About 30% of the total loss of cellular osmolytes 
during RVD is accounted for by amino acids, predomi- 
nantly taurine (Hoffmann & Hendil, 1976). The tanrine 
efflux from Ehrlich cells is increased fourfold by osmotic 
cell swelling in hypotonic media with half osmolarity 
(Fig. 3), and the cellular taurine concentration is reduced 
from 53 to 7 mM within 40 rain after transfer to the 
hypotonic medium (Hoffmann & Lambert, 1983). The 
initial taurine efflux after cell swelling in hypotonic me- 
dium with half osmolarity has been estimated at 11 
~tmol/g cell dry wt. rain (Hoffmann & Lambert, 1983), 
whereas the initial net C1- efflux has been estimated at 49 
gmol/g cell dry wt.  rain (see legend to Fig. 5). The ini- 
tial net K + efflux has been previously demonstrated to 
exceed the net C1- loss by a factor 1.6 (Hendil & Hoff- 
mann, 1974) and can accordingly be estimated at 78 
gmol/g cell dry wt �9 min. Thus, for the initial RVD fol- 
lowed in Fig. 1, taurine accounts for less than 10% of the 
osmolyte loss. 

The swelling-activated taurine efflux is reduced by 
depolarization of the cell membrane (Fig. 4), whereas the 
taurine efflux system in Ehrlich cells suspended in iso- 
tonic medium is increased by depolarization of the mem- 
brane (Lambert & Hoffmann, 1993). Furthermore, the 
pH dependence of taurine effiux from Ehrlich cells under 
hypotonic conditions is different from the pH depen- 
dence of taurine efflux under isotonic conditions (see 
Lambert & Hofmann, 1993). This supports our previous 
notion that the swelling-activated taurine efflux pathway 
is different from the taurine transporting systems work- 
ing under isotonic conditions (Hoffmann & Lambert, 
1983; Lambert, 1985). An osmolarity-sensitive taurine 
effiux pathway different from the high affinity ~3-system 
has also been demonstrated in rat astrocytes (Kimelberg 
et al., 1990), in MDCK-cells (Sfinchez-Olea et al., 1991), 
in cerebellar granule ceils (Schousboe et al., 1991), and 
in flounder erythrocytes (Thoroed & Fugelli, 1994). 

THE SWELLING-ACTIVATED TAURINE EFFLUX IS LIKELY TO 

BE Via  AN ANION CHANNEL 

A common characteristic of the swelling-activated tan- 
fine efflux is the sensitivity to DIDS and various anion 
transport blockers (see e.g., Pasantes-Morales & Schous- 
boe, 1989; Goldstein, Brill & Freund, 1990; Kimelberg 
et al., 1990; Pasantes-Morales, Moran & Schousboe, 
1990; Sfinchez-Olea et al., 1991; Schousboe et al., 1991; 
Ballatori & Boyer, 1992; Kirk et al., 1992; Roy & Malo, 
1992; Thoroed & Fugelli, 1994). The swelling-activated 
taurine efflux in Ehrlich cells is also inhibited by DIDS 
and MK196 (Fig. 5), but unaffected by substitution of 
gluconate for extracellular C1- (Fig. 3). This is taken to 
indicate that taurine does not leave the osmotically swol- 
len Ehrlich cells in exchange for extracellular CI-, i.e., 

via the anion exchange system (band 3), as suggested for 
taurine effiux from skate erythrocytes (Goldstein & Brill, 
1991), but rather via a DIDS-sensitive anion channel. 

Depolarization of the cell membrane decreases the 
rate constant for taurine efflux in hypotonically swollen 
Ehrlich cells (Fig. 4). This is taken to indicate that tau- 
rine during RVD either leaves the Ehrlich cells as an 
anion or via a channel which is potential dependent, i.e., 
inhibited by depolarization of the cell membrane. If tan- 
fine behaves as an anion, a large acidification of the cells 
would be expected in order to account for the great net 
loss of taurine during RVD (Hoffmann & Lambert, 
1993). However, Livne and Hoffmann (1990) have 
demonstrated that only a minor acidification takes place 
during RVD and that the acidification is a result of a 
redistribution of C1- and HCO 3 via the C1-/HCO~ ex- 
changer. It is therefore likely that taurine leaves the os- 
motically swollen Ehrlich cell as a neutral molecu- 
le. Our working hypothesis is that the taurine channel in 
Ehrlich cells is an unselective, potential-dependent anion 
channel, permeable to some neutral substances as well as 
to anionic molecules. An anion channel has also been 
suggested to be involved in the swelling-activated loss of 
taurine in MDCK cells (Banderali & Roy, 1992; Roy & 
Malo, 1992), flounder erythrocytes (Kirk et al., 1992) 
and C6 glioma cells (Strange et al., 1993). The swelling- 
activated anion channel in MDCK cells has a relatively 
high permeability to taurine, glutamate, and aspartate 
and appears to be outwardly rectifying (Banderali & 
Roy, 1992). 

It has been suggested that the swelling-induced ac- 
tivation of the taurine channel and the "Mini C1- chan- 
nel" in Ehrlich cells involves release of arachidonic acid 
from the membrane phospholipids and an increased ox- 
idation of arachidonic acid into leukotrienes via the 5-1i- 
poxygenase pathway (see Hoffmann et al., 1993; Lam- 
bert, 1994). The 5-1ipoxygenase product LTD 4 seems to 
act as a second messenger for the activation of the taurine 
channel as well as for the activation of the "Mini C1- 
channel" (see Lambert et al., 1987; Lambert, 1989, 
1994; Hoffmann et al., 1993; Lambert & Hoffmann, 
1993). LTD 4 is known to mobilize Ca 2+ (Lambert, 
1994) and to depolarize the cell membrane in Ehrlich 
cells (Lambert, 1989). However, the effect of LTD 4 on 
taurine efflux in osmotically swollen Ehrlich cells (Lam- 
bert & Hoffman, 1993) does not seem to involve a LTD 4- 
induced increase in cellular Ca 2+ or a LTD4-induced de- 
polarization of the cell membrane, because taurine efflux 
in osmotically swollen Ehrlich cells is higher in Ca 2+- 
free than in Caa+-containing media (Lambert & Hoff- 
mann, 1993) and because depolarization of the plasma 
membrane actually reduces the taurine effiux (Fig. 4). 

From the present data it is seen that arachidonic acid 
stimulates taurine effiux in osmotically swollen Ehrlich 
cells and that the effect is mimicked by oleic acid (see 
Figs. 5B, 6B and D, and Results). Oleic acid is not me- 
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Table .  Characteristics of the "Mini C1- channel" and the taurine channel in Ehflich cells 

"Mini C1- channel" Taurine channel 

Conductance 
C1- conductance (net C1- efflux) a 
Single channel conductance b 

41 + 5 ~tS/cm 2 ~<2 + 1 ~a.S/cm 2 
3-7 pS Unknown 

Delay of activation b 100 + 60 sec <20 sec 

Activation/Inhibition 
Cell swelling Activation b Activation c 
Membrane depolarization No effect b Inhibit ion c 

RO 31-4639 d (phospholipase A 2 inhibitor) Inhibition Inhibition 
Pimozide a (calmodulin blocker) Inhibition Inhibition 
NDGA and ETH 615-139 d (5-1ipoxygenase inhibitors) Inhibition Inhibition 
LTD4 a Activation Activation 
PGE2 d No effect No effect 
MK 196 ~ Inhibition Inhibition 
DIDS ~ Weak inhibition Inhibit ion 

Arachidonic acid, Oleic acid ~ Inhibit ion Activat ion 

a The C1- conductance was calculated from the diffusional C1- effiux, the membrane potential and the Nernst 
equilibrium potential. The C1- conductance through the "Taurine channel" is the C1- conductance in hypotonic 
medium (150 mOsm) in the presence of arachidonic acid. The C1- conductance through the "Mini C1- channel" 
is the C1- conductance in hypotonic medium (150 mOsm) in the absence of arachidonic acid minus the 
contribution from the taurine channel (Lambert, 1991). 
b Data for the "Mini C1- channel" from Christensen and Hoffman (1992). 
~ Data from the present paper. 
d Results from Lambert and Hoffmann (1993); Lambert (1994). 

tabolized into eicosanoids in mammalian cells, indicating 
that the stimulating effect of arachidonic acid on taurine 
efflux represents an effect of an unsaturated fatty acid, 
although an effect mediated by an increased synthesis of 
eicosanoids e.g., LTD 4 cannot be excluded. Accord- 
ingly, arachidonic acid is regarded as a second messen- 
ger for the swelling-induced activation of the taurine 
channel in Ehrlich cells. Fatty acid-induced activation of 
taurine channels may have relevance in pathological 
states, notably in ischemia, which results in cytotoxic 
cell swelling and where circulating levels of fatty acids 
are elevated (Bazan, 1970; Katz & Messineo, 1981). 

From the similarities between the activation mech- 
anisms for the swelling-activated "Mini CI- channel" 
and the swelling-activated taurine channel (see Table), 
the question arose whether the taurine channel was ac- 
tually the "Mini CI- channel" or whether it was a sep- 
arate channel, but with an identical activation mecha- 
nism. 

THE SWELLING-ACTIVATED "MINI  C1-  CHANNEL" 

A chloride channel with low spontaneous activity has 
been observed in excised inside-out patches from Ehrlich 
cells (Christensen & Hoffmann, 1992). The channel ac- 
tivity is not dependent on internal Ca 2§ and is not acti- 
vated by membrane stretch (suction). Single channel 
currents with characteristics similar to those seen in the 

isolated patches were also observed in cell-attached 
patches under isotonic conditions. The single channel 
conductance of the fully activated channel, rarely seen 
under isotonic conditions, has been estimated at 3-7 pS 
(the "Mini C1- channel," see Table). Channels with a 3 
pS conductance have been proposed to represent a partly 
activated state of the 7 pS channel (Christensen & 
Hoffmann, 1992). However, in the cell-attached mode 
the channel is in most patches activated by hypotonic 
exposure, with a single channel conductance at 7 pS and 
a time delay of about 1 rain (see Table). The "Mini C1- 
channel" in Ehrlich cells appears to be an unspecific 
anion channel, permeable to CI-, Br-, NO 3, and SCN- 
(Hoffmann et al., 1986). 

OTHER C1-  CHANNELS 

Two other C1- channels have been demonstrated using 
the patch clamp technique in Ehrlich cells - -  a 400 pS 
("Maxi CI- channel") and a 34 pS chloride channel 
("Medium C1- channel") (Christensen & Hoffmann, 
1992). The "Maxi CI- channel" is voltage dependent, 
i.e., activated by depolarization of the cell membrane, 
but it is not directly activated by Ca 2§ (Christensen & 
Hoffmann, 1992). The "Medium C1- channel" is an in- 
wardly rectifier and appears to have properties similar to 
the Cl- channel described in the apical membrane in 
human airway epithelial cells (Welsh, 1986), which is 
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activated by cAMP-dependent protein kinase C (Li et al., 
1989). Neither the "Maxi C1- channel" nor the "Me- 
dium C1- channel," however, seem to play a role in the 
RVD response in Ehrlich cells (Christensen & Hoff- 
mann, 1992). 

COMPARISON OF THE SWELLING-ACTIVATED C1- EFFLUX 

AND THE SWELLING-ACTIVATED TAURINE EFFLUX 

The Table is a summary of the different characteristics 
for the "Mini C1- channel" and the taurine channel ac- 
tivated in Ehrlich cells by cell swelling in hypotonic 
medium. There is an identity in the activation mecha- 
nisms for the dominating, swelling-activated "Mini C1- 
channel" and the swelling-activated taurine channel, i.e., 
the sensitivity towards phospholipase A 2 inhibition, 
5-1ipoxygenase inhibition, the anticalmodulin drug 
pimozide, LTD4, and PGE 2. The major differences are 
(i) the opposite effects of unsaturated fatty acids (arachi- 
donic and oleic acid); (ii) the strong inhibition of the 
taurine channel produced by DIDS, whereas DIDS has 
only a weak effect on the C1- channel; (iii) the inhibition 
of the tanrine channel following depolarization of the 
cell membrane, whereas the C1- channel is unaffected by 
the cell membrane potential. 

Arachidonic acid has been previously shown to ac- 
tivate an unspecific anion transport pathway in Ehrlich 
cells suspended in isotonic medium, which accepts CI-, 
as well as propionate (Lambert, 1991). Arachidonic acid 
also stimulates taurine efflux in Ehrlich cells suspended 
in isotonic medium (data not shown). It is therefore sug- 
gested that the channel activated by arachidonic acid 
accepts inorganic anions, as well as small organic anions, 
e.g., taurine. The total C1- conductance after cell swell- 
ing would then represent fluxes via the "Mini C1- chan- 
nel" and via the taurine channel. The total C1- conduc- 
tance after swelling in hypotonic medium with half os- 
molarity is in the absence and presence of arachidonic 
acid, estimated at 43 + 5 gS/cm 2 and 2 + 1 gS/cm 2, 
respectively (Table 1; Lambert, 1991). The contribution 
to the total C1- conductance from the tanrine channels is 
accordingly 2 gS/cm 2, or less if the "Mini CI- channels" 
are only partially blocked, whereas the contribution from 
the "Mini CI- channel" is 41 gS/cm 2 (Table). Thus, 
unless the taurine channels are present with only a few 
copies per cell, its CI- conductance must be quite low. 
This excludes the "Medium CI- channel" and the 
"Maxi CI- channel" as candidates. An additional CI- 
channel, however, is occasionally seen in the cell- 
attached mode during RVD in Ehrlich ascites tumor cells 
(Finn JOrgensen, Lene Jakobsen and Else Hoffmann, un- 
published). The sensitivity of this channel towards 
arachidonic acid and DIDS is now under investigation. 
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