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Summary, Ehrlich ascites tumor cells resuspended in hypotonic 
medium initially swell as nearly perfect osmometers, but subse- 
quently recover their volume within 5 to 10 min with an asso- 
ciated KCI loss. 1. The regulatory volume decrease was unaf- 
fected when nitrate was substituted for C1-, and was insensitive 
to bumetanide and DIDS. 2. Quinine, an inhibitor of the Ca 2§ 
activated K + pathway, blocked the volume recovery. 3. The 
hypotonic response was augmented by addition of the Ca 2 + 
ionophore A23187 in the presence of external Ca z+, and also 
by a sudden increase in external Ca z+. The volume response 
was accelerated at alkaline pH. 4. The anti-calmodulin drugs 
trifluoperazine, pimozide, flupentixol, and chlorpromazine 
blocked the volume response. 5. Depletion of intracellular Ca z + 
stores inhibited the regulatory volume decrease. 6. Consistent 
with the low conductive C1 - permeability of the cell membrane 
there was no change in cell volume or C1 content when the 
K + permeability was increased with valinomycin in isotonic 
medium. In contrast, addition of the Ca z+ ionophore A23187 
in isotonic medium promoted CI-  loss and cell shrinkage. Dur- 
ing regulatory volume decrease valinomycin accelerated the net 
loss of KC1, indicating that  the conductive C1- permeability 
was increased in parallel with and even more than the K + 
permeability. It is proposed that  separate conductive K + and 
C1- channels are activated during regulatory volume decrease 
by reiease of Ca z+ from internal stores, and that  the effect 
is mediated by calmodulin. 
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Introduction 

A regulatory volume decrease in hypotonic media 
associated with a substantial net loss of KC1 has 
been reported in Ehrlich ascites cells (Hendil & 
Hoffmann, t974; Hoffmann, 1978)and in several 
other cell types investigated (for review see Mac- 
Knight & Leaf, 1977; Rorive & Gilles, 1979; Kre- 
genow, 1981 ; Cala, 1983; Hoffmann, 1983). In ad- 
dition to the KC1 loss a selective loss of certain 
amino acids and taurine has been demonstrated 
during regulatory volume decrease in Ehrlich as- 

cites cells (Hoffmann, 1980; Hoffmann & Lam- 
bert, 1983). 

The K + loss observed during regulatory vol- 
ume decrease has been demonstrated to reflect a 
volume-induced increase in apparent K + perme- 
ability of the cell membrane. This was initially 
shown by tracer flux measurements in duck red 
cells (Kregenow, 1971), frog oocytes (Sigler & Jan- 
/tcek, 1971), human red cells (Poznansky & Solo- 
mon, 1972), mouse lymphoblasts (Roti-Roti & 
Rothstein, 1973), Ehrlich ascites cells (Hendil & 
Hoffmann, 1974) and dog red cells (Parker & Hoff- 
man, 1976). 

Several transport pathways have been pro- 
posed to be activated during the regulatory volume 
decrease. An electro-neutral K +, CI- cotransport 
has been suggested to be involved in the hypotonic 
response in duck red cells (see Kregenow, 1981), 
low K § sheep red cells (Lauf & Theg, 1980; Dun- 
ham & Ellory, 1981), fish erythrocytes (Lauf, 1982) 
and dog red cells (Parker, 1983). In those cell 
types the regulatory volume decrease was found 
to be Cl--dependent and sensitive to furosemide 
or bumetanide which inhibit cotransport systems. 
A C1--dependent, furosemide-sensitive cotrans- 
port system which may play a role in cell volume 
regulation has also been reported in human red 
cells (Dunham, Stewart & Ellory, 1980; Chipper- 
field, 1980, 1981). Anion-dependent cation trans- 
port in erythrocytes has recently been reviewed by 
Ellory, Dunham, Logue and Stewart (1982). 

A K+/H + exchange functionally coupled to a 
C1-/HCO~- (or C1-/OH-) exchange has been pro- 
posed as a model to account for the net loss of 
KC1 observed during regulatory volume decrease 
in Amphiuma red cells (Cala, 1980; Kregenow, 
1981). 

The Ca2+-dependent K+ transport pathway 
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which has been demonstrated in a number of cell 
types (see review by Lew & Ferreira, 1978) has 
recently been demonstrated in Ehrlich ascites cells 
(Valdeolmillos, Garcia-Sancho & I-Ierreros, 1982), 
and a role in cell volume regulation has recently 
been established in human lymphocytes by Grin- 
stein, DuPre and Rothstein (1982). 

The conductive C1- permeability in Ehrlich 
cells is low and of a magnitude similar to the K + 
and Na + permeabilities (Heinz, Geck & Pietrzyk, 
1975; Simonsen, Hoffmann & Sjoholm, 1976; 
Hoffmann, Simonsen & Sjoholm, 1979). This 
means that an increase in conductive K § perme- 
ability alone cannot account for the observed net 
loss of KCI during regulatory volume decrease. An 
increase in conductive C1- permeability during 
regulatory volume decrease has previously been 
suggested, based on the low CI- conductance 
under steady-state conditions and on the finding 
of increased unidirectional C1- fluxes in swollen 
cells (Hoffmann, 1978; 1982). In human lympho- 
cytes a Ca2+-dependent activation of a separate 
C1- conductance pathway has recently been dena- 
onstrated to be an essential part of the mechanism 
of the regulatory volume decrease (Grinstein, 
Clarke & Rothstein, 1982; Grinstein, Clarke, 
DuPre & Rothstein, 1982). 

The results reported in the present study of the 
regulatory volume decrease in Ehrlich ascites cells 
are consistent with a Ca2+-dependent activation 
of separate conductive K § and C1- transport path- 
ways induced by cell swelling. The findings suggest 
a release of Ca 2 + from intracellular stores during 
the hypotonic volume response, and indicate that 
calmodulin may be involved in the Ca2+-depen - 
dent increase in K + and C1 - conductances. Prelim- 
inary results of this study have previously been 
presented (Hoffmann, 1982). 

Materials and Methods 

CELL SUSPENSIONS AND INCUBATION MEDIA 

Ehrlich mouse ascites tumor cells (hyperdiploid strain) were 
maintained in white Theiler mice by weekly intraperitoneal 
transplantation and harvested 8 days after transplantation. The 
cells were washed twice by centrifugation (45 sec, 700 x g). The 
standard incubation medium (300 mOsm) had the following 
composition (mM): Na § 150; K + 5; Mg 2+ 1; Ca 2+ 1; C1- 
150; sulfate 1 ; inorganic phosphate 1 ; MOPS (morpholinopro- 
pane sulfonic acid) 3.3; TES (N-tris-(hydroxymethyl)methyl-2- 
amino-ethane sulfonic acid) 3.3; and HEPES (N-2-hydroxy- 
ethyl-piperazine-N'-2-ethane sulfonic acid) 5; pH 7.40. In the 
experiments at pH 8.2 TRICINE (N-tris (hydroxymethyl) 
methyl glycine) G0 mM was used as buffer. 

Hypotonic 225 and 150 mOsm incubation media were pre- 
pared by diluting the standard incubation medium with distilled 

water containing the buffer alone. In nitrate media NaNO 3 
was substituted for NaCI in equimolar amounts. 

REAGENTS 

All reagents were analytical grade. Quinine hydrochloride, va- 
linomycin and the ionophore A23187 were obtained from 
Sigma, St. Louis, Mo. Valinomycin and A23187 were added 
to the cell suspension from a concentrated stock solution in 
ethanol. Pimozide, cis-flupentixol, trans-flupentixol, trifluoper- 
azine and chlorpromazine were gifts from Lundbeck & Co., 
Copenhagen. Pimozide was added from a 10 mM stock solution 
in ethanol, and the other drugs from 10 mM stock solutions 
in distilled water. Bumetanide was a gift from Dr. Feit, Leo 
Pharmaceutical Products, Copenhagen. The drug was dissolved 
in the standard incubation medium at a concentration of 
2.5 mM by addition of dilute NaOH and the pH was subse- 
quently adjusted to 8.0 with dilute HC1. DIDS (4,4'-diisothio- 
cyanostilbene-2,2'-disulfonic acid) was a gift of Dr. J.O. Wieth, 
University of Copenhagen. 

CELLULAR AND EXTRACELLULAR 

ION CONCENTRATIONS 

These concentrations were measured as previously described 
(Hoffmann, Sjoholm & Simonsen, 1983). Briefly, duplicate 
samples of the cell suspension were centrifuged and the packed 
cells lysed in distilled water and deproteinized with perchloric 
acid. Cell water was determined by drying of a parallel sample. 
The cellular water and ion contents are corrected for trapped 
volume ([3H]inulin space) in the cell pellets. K + and Na + were 
determined by emission flame photometry and CI-  by coulo- 
metric titration. 

CELL VOLUME MEASUREMENTS 

Cell volume measurements were obtained using a Coulter 
Counter model Z B with a Coulter Channellyzer (c-1000) and 
a recorder (HR 2000). Orifice diameter was 100 gm to ensure 
linearity between cell volume and counter pulse height. An ali- 
quot of the cell suspension was diluted to 50,000 cells per ml 
with medium filtered 3 times (0.45 gm Millipore filter). The 
mean cell volume (arbitrary units) was calculated as the median 
of the distribution curves, Absolute cell volumes were obtained 
using polystyrene latex beads of 19.0 and 13.5 ~tm diameter 
as standards. Control experiments with these polystyrene latex 
beads showed that the instrument readings were nearly indepen- 
dent of the ionic concentration of the media within the range 
used here. The pulse height was increased by about 3% in 
the 150 mOsm incubation medium; this small deviation was 
ignored. For calculation of volume recovery during regulatory 
volume decrease in hypotonic media see legend to Fig. 3. 

STATISTICAL EVALUATION 

All values are expressed as the mean• with the number 
of experiments in brackets. 

Results 

In hypotonic media Ehrlich cells swell initially as 
nearly perfect osmometers but subsequently regu- 
late their volume (regulatory volume decrease) re- 
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Fig. 1. Regulatory volume decrease in Ehrlich ascites cells after reduction of external osmolarity. The cells were pre-incubated 
in 300 mOsm chloride or nitrate medium for 40 to 50 rain, and at zero time resuspended in 150 mOsm chloride medium (left 
frame) or nitrate medium (right frame). Cell water, K + and CI- content were followed with time after the reduction of  external 
osmolarity. The cell water content calculated for a perfect osmometer is indicated by the broken line. The Figure shows measurements 
from three independent expts. (o, e, zx), each including parallel groups in chloride and nitrate media. The results shown for 
cells in chloride medium are representative for a total of 11 expts, giving similar results. The K + data for one expt. (z~) are 
not shown. The response was similar but the values were slightly higher 

suiting in a new steady state being attained within 
5 to 10 rain with a cell volume only slightly above 
the original volume (Hendil & Hoffmann, 1974). 
The volume recovery in hypotonic medium can be 
seen in Fig. I (left frame) which shows the cell 
water content plotted against time after a decrease 
in external osmolarity. A similar volume recovery 
can be seen in experiments monitoring the cell vol- 
ume using a Coulter counter (see Figs. 3, 4, 6, 7 
and 9; control). The original cell volume was 
938_+26.3 Ixm 3 (n=12),  and the maximal volume 
measured after about 1 rain was 1656-+51.6 ~m 3 
(n= 12), close to the value calculated for a perfect 

osmometer (1701_+48.1 Mm 3, n=12) (for details 
s e e  legend to Figs. 3 and 9). From these values 
and the cell water content Ponder's R (Ponder, 
1948) can be estimated at 0.972. After 5 rain the 
cell volume was decreased to 1331 +37  Mm 3 (n= 
13), corresponding to about 50% volume recovery 
(49_  2.4% (n = 13) of  the initial swelling, measured 
with the perfect osmometer value as reference). 
The volume recovery is accompanied by a parallel 
net loss of  KC1 (see Hendil & Hoffmann, 1974). 
This is seen in the experiment shown in the left 
frame of  Fig. 1 in which C1- is the predominant 
anion. The right frame shows that a similar re- 
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Fig. 2,. Regulatory volume decrease in Ehrlich ascites cells in 
the presence and absence of bumetanide. Exptl. protocol as 
in Fig. 1. After pre-incubation in 300 mOsm chloride medium 
the cells were resuspended in 225 mOsm chloride medium in 
the presence (e) or absence (o) of bumetanide, 25 gN. Only 
the cell chloride content is shown on the Figure. The expt. 
is representative of three similar ones 

sponse could be observed following replacement 
of cellular and extracellular C1- by nitrate (see also 
Fig. 4). Thus, the net loss of K § is independent 
of whether the accompanying anion is C1- or ni- 
trate. Figure 2 shows that the net C1- loss during 
regulatory volume decrease was unaffected by the 
presence of bumetanide which inhibits the anion- 
cation cotransport previously reported in Ehrlich 
cells during regulatory volume increase (Hoffmann 
et al., 1983). The regulatory volume decrease in 
hypotonic medium was also found to be unaffected 
by DIDS (see Fig. 3) which inhibits anion ex- 
change in Ehrlich cells (Levinson, 1978; Sjoholm 
& Hoffmann, 1984). 

The K § permeability is substantially increased 
during regulatory volume decrease (Hendil & 
Hoffmann, 1974; Hoffmann, 1978) suggesting an 
activation of K § channels. As seen in Fig. 4 the 
volume recovery in hypotonic medium was inhib- 
ited by quinine and quinidine which inhibit the 
Ca 2 § K § channel in red cells (see Lew 
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Fig. 3. Regulatory volume decrease in Ehrlich ascites cells in the presence and absence of DIDS. Left panel : After pre-incubation 
in 300 mOsm incubation medium for 15 min a sample of the cell suspension was diluted 1000 to 1500-fold with hypotonic 
(150 mOsm) medium, and the cell volume followed with time using a Coulter counter. In the experimental group DIDS, 100 gg  
(o) was present both during pre-incubation and during the regulatory volume decrease. The cell volumes are given relative to 
those measured for a parallel sample diluted in 300 mOsm medium. The perfect osmometer value (indicated by the broken line) 
is 1.81 x the original cell volume, calculated based on a cell water content of 3.24 ml/g dry wt (see Fig. 1), and a cell density 
of 1.06 g/ml, corresponding to 0.81 ml cell water/ml cells. The volume recovery after 5 min was calculated as: (Vm,x-Vs)/(Vm,x-Vo), 
where Vm,~ is the perfect osmometer value, V o the initial cell volume, and V 5 the cell volume measured 5 min after the change 
in osmolarity. The expt. shown in the right panel demonstrates the net K + and C1- loss during regulatory volume decrease 
in the presence of irreversibly bound DIDS. The cells were pretreated with DIDS, 20 gM for 40 min in low chloride medium 
(15 mM C1 ). After the DIDS treatment the cells were washed and resuspended in standard incubation medium (150 mM C1-) 
and pre-incubated for 25 min before the reduction of external osmolarity. For exptl, protocol see Fig. 1 
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& Ferreira, 1978) and in Ehrlich cells (Valdeolmil- 
los et al., 1982). In the present experiments the ex- 
ternal K + concentration was 4 m~  which may 
have reduced quinine inhibition (see Reichstein & 
Rothstein, 1981). 

Consistent with the low conductive C1- perme- 
ability in Ehrlich cells (Heinz et al., 1975; Simon- 
sen et al., 1976; Hoffmann et al., 1979), the valino- 
mycin-induced net loss of  cell K + in steady state 
as shown in Fig. 5 was balanced mainly by a net 
gain of Na + with only a minor net loss of cell 
C1- and a minor reduction of cell volume. Similar 
findings have recently been reported by Valdeol- 
millos et al. (1982) following propranolol-induced 
activation of the Ca2+-dependent K + channel. 
During the regulatory volume decrease the uni- 
directional C1- fluxes are substantially increased 
(Hoffmann, 1978, 1982). The unidirectional 36C1 
effiux was increased about twofold (data not 
shown) in Ehrlich cells swollen in high K +- 
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Fig. 4. Effect of quinine and anion substitution on regulatory 
volume decrease in Ehrlich ascites cells. The cells were pre- 
incubated in 300 mOsm chloride or nitrate medium for 40 min 
or more and diluted with hypotonic (150 mOsm) chloride (�9 

o ,  o) or nitrate ( '9  medium. The cell volume was followed 
with time using a Coulter counter (for details see legend to 
Fig. 3). In the expts, in the presence of quinine, 1 mM (v) or 
0.5 mM (a, A), the inhibitor was added to the 150 mOsm chlo- 
ride medium. The Figure shows curves from three typical expts. 
marked individually (open, semiclosed or closed symbols, re- 
spectively). The cell volumes are given relative to those mea- 
sured for a parallel sample diluted in 300 mOsm chloride or 
nitrate medium. Quinine in the range 0.05 to 0.25 mM showed 
a significant but somewhat reduced inhibition of the regulatory 
volume decrease. Quinidine, 1 mM, had a similar effect to qui- 
nine, 1 m~l (data not shown) 

Ringer's. The experiment of Fig. 6 shows that dur- 
ing regulatory volume decrease the volume recov- 
ery was accelerated by valinomycin. The contrast 
between the effect of  valinomycin in steady state 
and during regulatory volume decrease shows that 
the conductive CI- permeability is increased dur- 
ing volume recovery in parallel with and even more 
than the K + permeability, resulting in the latter 
being rate limiting. Increasing the K + permeability 
by activation of the Ca 2 +-dependent K + channel 
using the Ca 2 + ionophore A23187 also accelerated 
the volume recovery during regulatory volume de- 
crease (Fig. 7, left panel). A similar effect can be 
seen after a sudden rise in the external Ca 2 + con- 
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Fig. 5. Effect of valinomycin under steady-state conditions on 
cell water and ion content of Ehrlich ascites cells. After pre- 
incubation for 30 min the cell suspension was split into three 
parallel groups, with addition of valinomycin, 0.3 pM (e) or 
1.5 pM (-,) or without additions (control, o), and the cell water 
and ion content was followed with time. The Na § data for 
the experiment with 1.5 gM valinomycin are not shown; the 
Na § uptake was similar but slightly slower. A similar net K § 
loss and Na § gain was observed after addition of 0.025 gM 
valinomycin (data not shown). The Figure is representative of 
three independent expts, each testing two valinomycin concen- 
trations in the range 0.025to 2.3 gM 
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Fig. 6. Effect of valinomycin on regulatory volume decrease 
in Ehrlich ascites cells. Experimental protocol for control cells 
(o) as in Fig. 3. Valinomycin was added to the hypotonic 
(150 mOsm) chloride medium in a concentration of 1.6 btM at 
zero time (e), and in a concentration of 3 gM 1.4 min after 
the change in osmolarity (m). The perfect osmometer value was 
calculated based on a cell water content of 0.82 ml/ml ceils 
(see legend to Fig. 9). The volume recovery in the presence 
of valinomycin is representative of six groups in three indepen- 
dent experiments. The volume recovery after 5 rain (using the 
perfect osmometer value as reference) was significantly in- 
creased relative to control (1.31 +__0.058, n=6).  In two groups 
(in one expt.) no effect of valinomycin on regulatory volume 
decrease could be detected 

centration during regulatory volume decrease 
(Fig. 7, right panel). In the experiments of Fig. 7, 
Ca 2+ or ionophore A23187 was added near the 
time of maximal swelling, about 1 min after the 
change in osmolarity. The initial swelling was con- 
siderably reduced when the addition was made at 
the time of exposure to the hypotonic medium: 
When 1.5 to 5 gM A23187 was added at zero time 
the initial swelling was reduced to 35 + 3% (n - 5) 
of  the initial swelling in control cells. 

Addition of the ionophore A23187 to Ehrlich 
cells in steady state in the presence of external 
Ca 2 + resulted as shown in Fig. 8 in a considerable 
cell shrinkage, in striking contrast to the effect of  
valinomycin in steady state (see Fig. 5). The addi- 
tion of A23187 in the presence of extracellular 
Ca 2+ has previously been shown in Ehrlich cells 
to induce a net loss of K + which was proposed 
to be balanced by uptake of Na +, secondary to 

Table i .  Net movements of water, K +, Na +, C1- across the 
membrane of Ehrlich ascites cells following addition of iono- 
phore A23187 ~ 

HzO K + Na + C1- 
(ml/g dry wt) 

gmol/g dry wt 

Control 3.42• b 611+__10 28+4  191• 
A23187 3.09___0.08 531• 68•  151_+4 
Net movement ~ -0 .33+0 .04  - 8 0 •  + 3 9 •  -40_+1 

The cells were incubated in 300 mOsm saline with J mM 
Ca 2+ and 0.15 mM Mg z+. At zero time 7 to 15 btM ionophore 
A23187 was added. Cell water and electrolytes were measured 
before ionophore addition (control), and again between 1.0 and 
1.4 min after ionophore A23187 addition. 
b The values are given as mean • SEM from four independent 
experiments. 
~ Paired analysis. 

the membrane hyperpolarization induced by the 
increase in K + permeability (Valdeolmillos et al., 
1982). As seen in Table 1 only about half the net 
loss of cell K + was balanced by Na + uptake, and 
a definite net loss of KC1 followed by water could 
be demonstrated. The observed cell shrinkage (see 
Fig. 8) therefore represents a net loss of  KC1, indi- 
cating a Ca z +-dependent increase of C1- perme- 
ability in parallel with the increase in K + perme- 
ability. A similar cell shrinkage following addition 
of ionophore A23187 to Ehrlich cells under steady- 
state conditions was observed in C a  2 +-free media 
with 0.1 mM EGTA (data not shown). This effect 
was blocked by pimozide, 10 ~tM (cf. Table 4). 

The ce l l sh r inkage  induced by ionophore 
A23187 was transient (see Fig. 8). A fast and tran- 
sient net loss of cell K + induced by A23187 has 
previously been reported by Valdeolmillos et al. 
(1982) in Ehrlich ascites cells. Cell shrinkage has 
recently been proposed to activate a bumetanide- 
sensitive Na+, C1- cotransport system with subse- 
quent replacement of Na + by K + via the Na +/K + 
pump (Hoffmann et al., 1983). The more persistent 
cell shrinkage observed in the presence of bume- 
tan• (see Fig. 8) could well point to the involve- 
ment of the Na+, C1- cotransport system in the 
transient response. 

The absence of external Ca 2 + during regulato- 
ry volume decrease had no effect on the volume 
recovery. After 5 rain the volume recovery was 
0.46+0.02 (n =20) in the presence of 0.5 mM Ca 2+ 
and 0.56_+0.03 (n=8)  in CaZ+-free medium 
(0.5 mM EGTA). This might indicate that the Ca 2 + 
which is presumed to be involved in the regulatory 
volume decrease is released from internal stores. 
The experiments of Table 2 were designed to ex- 
plore the effect of depletion of internal Ca z+ 
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Fig. 7. Effect of  the Ca z + ionophore A23187 and of external Ca ~ + on regulatory volume decrease in Ehrlich ascites cells. Experimen- 
tal protocol as in Fig. 3. Left frame: The cells were pre-incubated in 300 mOsm medium with 1 mM Ca 2§ and 0.1 mM Mg 2+, 
and transferred to 150 mOsm medium with half  the Ca 2 + and Mg 2 + concentration. In the experimental group the ionophore 
A23187 (2 gM) was added to the hypotonic medium I rain after the transfer (o). Right frame: The cells were preincubated in 
300 mOsm medium with 0.1 mN EGTA and 0A 5 mM Mg 2+, and transferred to 150 mOsm medium with half the Mg 2§ concentra- 
tion, without EGTA. In the experimental group Ca z+, I mM was added to the hypotonic medium 1.2 rain after the transfer 
(o). The experiments are representative of 15 experiments with addition of A23187 and four with addition of external Ca 2 + 

stores. Following pre-incubation in excess EGTA 
plus ionophore A23187 a slight inhibition of vol- 
ume recovery was observed. Stronger inhibition 
was achieved by repeating the regulatory volume 
response in hypotonic medium, expecially when no 
external Ca 2 + was present. In the latter case the 
second response was reduced to 57%, suggesting 
depletion of internal Ca 2 + stores during the first 
response. During the second response in the pres- 
ence of Ca 2+, addition of ionophore A23187 was 
found in a single experiment to accelerate the vol- 
ume recovery similar to the effect observed during 
the first response (cf. Fig. 7). 

The Ca 2 § increase in K § permeability 
has in Amphiuma and human red cells been found 
to be pH-sensitive (Lassen, Lew, Pape & Simonsen, 
1977; Pape, 1982). Table 3 shows that the volume 
response in Ehrlich cells was also pH-dependent, 
being accelerated at alkaline pH and inhibited at 
low pH. The pH effect was of similar magnitude 
in the presence and absence of external Ca § during 
the hypotonic exposure (see Table 3). 

Figures 9, 10 and Table 4 show the inhibition 
of the regulatory volume decrease by a number 
of antipsychotic drugs reported to inactivate the 
Ca2§ protein calmodulin (Weiss et al., 
1980). As seen in Table 4 the inhibitory effect of 
the anti-calmodulin drugs tested was roughly par- 
allel to the inhibitory effect of  the drugs on the 
calmodulin-activated phosphodiesterase reported 
by Weiss et al. (1980). The inhibitory effect of  flu- 
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Fig. 8. Effect of the ionophore A23187 on the volume of Ehrlich 
ascites cells under steady-state conditions in the presence of 
external Ca 2 +. After pre-incubation for 30 min in 300 mOsm 
saline with 1.0 mM Ca 2+ and 0.15 mM Mg 2+ a sample of the 
cell suspension was diluted 1000-fold in the same incubation 
medium and the cell volume recorded using a Coulter counter. 
At  time zero the ionophore A23187, 2 12M was added to the 
diluted cell suspension and the cell volume followed with time. 
The cell volume (ordinate) is given relative to the cell volume 
recorded before addition of ionophore. The curve (o) is repre- 
sentative of five experiments, showing an initial cell shrinkage 
of 27 • 1.2% (n = 5). In a parallel group (e) bumetanide, 50 laM 
was present during 10 min pre-incubation and after diluting 
the cell suspension in the Coulter counter. In this group the 
cell volume was reduced by about  5% during the 10 rain pre- 
incubation before addition of ionophore. The curve (e) is repre- 
sentative of four experiments giving similar results 
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Table 2. Inhibitory effect of Ca 2 § depletion on volume recovery 
in Ehrlich ascites cells during regulatory volume decrease in 
hypotonic saline ~ 

Pretreatment 5-mitt volume 
recovery (relative 
to control) 

Isotonic pretreatment in the presence of: 
Ca 2 + (control) 
EGTA plus A23187 

Hypotonic pretreatment in the presence of: 
Ca 2 + 
EGTA plus A23187 

1.0 
0.84• (4) b 

0.72• (3) 
0.57_+0.05 (7) 

a A suspension of Ehrlich cells was split into four parallel 
groups and exposed to hypotonic or isotonic pretreatment in 
the presence of either 0.5 to 1 mM Ca 2+ or 0.5 mM EGTA plus 
2 gM A23187. Two groups were exposed to hypotonic pretreat- 
ment by incubation in 150 mM chloride medium for 15 min 
followed by incubation in 300 mOsm chloride medium for 
15 rain. The two other groups were incubated in 300 mOsm 
chloride medium only, but in most experiments carried through 
an equal number  of washes. 

After the hypotonic or isotonic pretreatment a sample of 
cell suspension was transferred to 150 mOsm chloride medium 
with either Ca 2 § or EGTA as indicated, and the volume recov- 
ery monitored in a Coulter counter. The volume recovery after 
5 min was read from curves similar to those of Figs. 3 and 
4, using the curve peak value as reference. The values are given 
relative the 5-min volume recovery in the parallel group of 
cells pretreated in isotonic saline with Ca z + (control). 
b The values are given as mean • SEM with the number of inde- 
pendent experiments in brackets. 

Table 3. Effect of pH on volume recovery in Ehrlich ascites 
cells during regulatory volume decrease in hypotonic saline in 
the presence and absence of external Ca 2 + a 

pH 3-min volume recovery in hypotonic saline 

with Ca z + Ca z + free 

6.6 0.13+_0.01 (4) b 0.17+_0.01 (3) 
7.4 0.34___0.05 (4) 0.37_+0.07 (3) 
8.2 0.54+0.02 (4) 0.58• (3) 

a The cells were pre-incubated in 300 mOsm saline with 1 mM 
Ca 2 +, and exposed to hypotonic (150 mOsm) saline with or 
without Ca 2+ (0.5 m Ca 2+ or 0.1 mM EGTA, respectively) at 
the pH values indicated. The Mg 1+ concentration in both 
groups was 0.15 mM during pre-incubation, and 0.075 m g  dur- 
ing hypotonic exposure. The cell volume was monitored in a 
Coulter counter and the volume recovery measured after 3 rain 
from curves similar to those of Figs. 3 and 4, using the curve 
peak value as reference. 
b The values are given as mean • SEM with the number  of inde- 
pendent experiments in brackets. 

pentixol on the regulatory volume decrease in Ehr- 
lich cells showed, however, a definite stereospecifi- 
city (see Table 4), in striking contrast to the inhibi- 
tory effect on the calmodulin-activated phosphodi-  
esterase and to the binding of flupentixol to calmo- 
dulin (Weiss et al., 1980). Pimozide also blocked 
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Fig. 9. Inhibition by pimozide of regulatory volume decrease 
in Ehrlich ascites cells. Experimental protocol for control cells 
(o) as in Fig. 3. In the expt. in the presence of pimozide (e) 
the inhibitor was added at a concentration of 4 gM to the hypo- 
tonic (150 mOsm) chloride medium. The perfect osmometer 
value (indicated by the broken line) is 1.82 x the original cell 
volume, calculated based on the measured cell water content 
of 3.38 ml/g dry wt, corresponding to 0.82 ml/ml cells. The data 
for a total of six pimozide concentrations tested in two indepen- 
dent experiments are summarized in Fig. 10 

(data not shown) the effect of a sudden increase 
of external C a  2+ during regulatory volume de- 
crease (cf. Fig. 7). 

Discussion 

The regulatory volume decrease in Ehrlich ascites 
cells was in the present experiments found to be 
unaffected by substitution of nitrate for CI-  (see 
Figs. 1 and 4), and also insensitive to bumetanide 
(Fig. 2). This is in sharp contrast with the C1- re- 
quirement and the sensitivity to cotransport  inhibi- 
tots found for the anion-dependent cation trans- 
port  in red cells from various species (for refs. see 
Introduction) and the finding argues against the 
involvement of K +, C1- cotransport  in the regula- 
tory volume decrease in Ehrlich ascites cells. The 
insensitivity to bumetanide and the lack of anion 
selectivity are also in contrast to the properties of  
the K +, CI- cotransport  system reported in Ehr- 
lich ascites cells by Aull (198/, 1982), the K +, Na § 
2 C1- cotransport  system reported by Geck et al. 
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Table 4. Inhibitory effect of anti-calmodulin drugs on volume 
recovery during regulatory volume decrease in Ehrtich ascites 
cells, compared to the effect on calmodulin-activated phospho- 
diesterase 

Inhibitor n ICso for ICso for 
volume calmodulin- 
recovery activated 
in Ehrlich phospho- 
cells" diesterase b 

Pimozide 6 3.4 7 
Cis-flupentixol 8 8 25 
Trans-flupentixot 4 > 20 c 15 
Trifluoperazine 7 10 10 
Chlorpromazine 5 40 42 

a For each inhibitor the concentration required for 50% inhi- 
bition of the 5-min volume recovery (IC5o) was read from 
curves similar to those of Fig. 10. n is the number  of determina- 
tions of volume recovery at varying inhibitor concentrations. 
b Data  from Weiss et al. (1980). ICso gives the inhibitor con- 
centration required for 50% inhibition. 
c At  the highest concentration tested (20 gM) the inhibition 
was 20 to 35%. 

(1980), and the Na +, C1- cotransport system re- 
cently proposed to be involved in the regulatory 
volume increase in these cells (Hoffmann et al., 
1983). The lack of discrimination between C1- and 
nitrate during regulatory volume decrease in Ehr- 
lich ascites ceils is, however, in line with the recent 
finding of a rather unselective anion pathway dur- 
ing regulatory volume decrease in human lympho- 
cytes (Grinstein et al., 1982a). 

A simultaneous operation of a K+/H + ex- 
change and a C1-/HCO~- (or C1- /OH-)  exchange 
as found in Arnphiuma red cells (Cala, 1980; Kre- 
genow, 1981) seems to be unlikely in Ehrlich ascites 
cells because the hypotonic volume response was 
unaffected by inhibition of anion exchange by 
DIDS (see Fig. 3), in contrast to the finding in 
Arnphiuma red cells (Cala, 1980). 

The inhibition of the volume recovery of Ehr- 
lich ascites cells in hypotonic media by quinine 
and quinidine (Fig. 4) as well as the acceleration 
of the volume response by addition of ionophore 
A23187 in the presence of external Ca 2+ (Fig. 7), 
suggest the involvement of the Ca2+-dependent 
K + channel, consistent with the findings in human 
lymphocytes recently reported by Grinstein et al. 
(1982c). Bui and Wiley (1981), however, have re- 
ported the increase in K + permeability observed 
during regulatory volume decrease in human lym- 
phocytes to be quinine-insensitive, and have pro- 
posed the involvement of a carrier-mediated pro- 
cess rather than the Ca 2 +-dependent K + channel, 
based upon deviation of the observed K + flux ratio 
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Fig. 10. Inhibitory effect of pimozide on regulatory volume de- 
crease in Ehrlich ascites cells. The volume recovery after 5 min 
for the experimental group and for the control group was read 
from curves similar to those of Fig. 9 using the perfect os- 
mometer value as reference. The ordinate shows the 5-min vol- 
ume recovery at varying pimozide concentrations (abcissa), 
given relative to control. In the control group the 5-rain volume 
recovery was about  half  the initial osmotic swelling (49_+ 2% 
(n=  13)). ICso was read from the curve as the inhibitor concen- 
tration required for 50% inhibition of volume recovery. Data  
from two independent experiments, marked individually 

from the value predicted by the Ussing flux ratio 
equation. The volume-dependent K +, C1- cotrans- 
port in LK sheep red cells is not Ca 2 +-dependent 
and is quinine-insensitive (Ellory & Dunham, 
1980). 

A sudden increase in the external Ca 2 + concen- 
tration has been reported to induce a transient in- 
crease in the K + permeability in Amphiuma and 
human red cells (Lassen et al., 1977; Pape, 1982). 
In the present experiments a sudden increase of 
the external Ca 2 + concentration was found to ac- 
celerate the regulatory volume decrease (see 
Fig. 7). The volume response in hypotonic medium 
was inhibited at low pH and accelerated at high 
pH (see Table 3). A similar pH-dependence has 
been reported for the increase in K + permeabilty 
induced by external Ca 2+ in Amphiuma and hu- 
man red blood cells (Lassen et al., 1977; Pape, 
1982), and for the Ca 2 +-induced K + efflux from 
ATP-depleted red cells (Hoffman et al., 1980). The 
effect in the present experiments of a sudden in- 
crease in external Ca 2+ and the pH-dependence 
add circumstantial evidence that the Ca2+-depen - 
dent K + channel is involved in the volume recov- 
ery. The finding that the pH effect is of  similar 
magnitude both in the presence and in the absence 
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of external C a  2 + (see Table 3) suggests that it re- 
flects modulation of the CaZ+-sensitivity of the 
C a  2+ dependent K + channel rather than changes 
in the passive influx of Ca 2 +. 

The finding that the volume recovery is unaf- 
fected by the absence of external Ca 2 + but slightly 
inhibited following prolonged pre-incubation in 
C a  2 +- f ree ,  EGTA plus ionophore A23187 contain- 
ing media (see Table 2) suggests the involvement 
of intracellular Ca 2+ stores. Similar results have 
recently been reported in human lymphocytes by 
Grinstein et al. (1982c). The significant reduction 
of the second regulatory volume response, in par- 
ticular following a first response in Ca z +-free me- 
dium (see Table 2), also suggests a release of inter- 
nal Ca 2 + during the first period of regulatory vol- 
ume decrease, followed by a reduction of the cell 
Ca 2 + content via the C a  2 + pump. Addition of ion- 
ophore A23187 induced a net loss of KC1 even 
in the absence of external Ca 2 +, at variance with 
the findings in human lymphocytes (Grinstein 
et al., 1982c). This suggests that Ca ~+ from inter- 
nat stores can be released in Ehrlich cells by the 
ionophore as well as by cell swelling. The finding 
that a sudden increase in external Ca 2 + concentra- 
tion accelerates the regulatory volume decrease 
(see Fig. 7) indicates, however, that C a  2+ m o v e -  

m e n t s  through the cell membrane in experiments 
where external Ca z + is present should not be en- 
tirely ruled out. 

The volume recovery in hypotonic media was 
inhibited by anti-calmodulin drugs (pimozide, cis- 
flupentixol, trifluoperazine and chlorpromazine) 
with the inhibitory potency correlating with their 
inhibitory effect on the calmodulin-activated phos- 
phodiesterase (Figs. 9, 10 and Table 4). This find- 
ing suggests the involvement of calmodulin in the 
regulatory volume decrease. Similar findings have 
recently been reported by Grinstein et al. (1982c) 
for human lymphocytes, although in their experi- 
ments pimozide and chlorpromazine were far more 
effective as inhibitors of the regulatory volume de- 
crease than as calmodulin antagonists. The in- 
volvement of calmodulin in the regulation of the 
CaZ+-dependent K + channel in red cells has been 
proposed by Lassen, Pape and Vestergaard-Bogind 
(1980). Conflicting results have been reported, 
however, concerning the effect of anti-calmodulin 
drugs on the Ca 2 § K § channel in red 
cells. Hoffman et al. (1980) and Lackington and 
Orrego (1981) reported marked inhibition of 
CaZ+-dependent K § efflux, whereas Plishker, Ap- 
pel, Dedman and Means (1980) reported stimula- 
tion of Ca2+-dependent K + efflux by phenothia- 
zines. Lew, Muallem and Seymour (1982) and Gar- 

cia-Sancho, Sanchez and Herreros (1982) reported 
no effect of calmodulin on Ca 2+ activated 86Rb 
transport in inside-out vesicles from red cells. 

The finding of stereospecificity in flupentixol 
inhibition of the regulatory volume decrease (see 
Table 4) is in contrast to the lack of stereospecifi- 
city in the inhibitory effect on calmodulin-acti- 
vated phosphodiesterase and in the binding of flu- 
pentixol to calmodulin (Weiss et al., 1980). Stereo- 
specificity has been demonstrated, however, for the 
binding of flupentixol to dopamine receptors and 
to dopamine-stimulated adenylate cyclase (Hyttel, 
1978). The finding of stereospecificity in flupen- 
tixol inhibition of the volume response in the pres- 
ent experiments may suggest the involvement of 
adenylate cyclase in the regulatory volume de- 
crease in Ehrlich cells. Activation of adenylate cyc- 
lase resulting in release of internal Ca 2+ and in 
subsequent activation of the C a  2 + - d e p e n d e n t  K + 
channel has recently been proposed to be involved 
in the synaptic hyperpolarization in Helix neurons 
(Christoffersen & Simonsen, 1983). 

Consistent with the low conductive C1- perme- 
ability in Ehrlich ascites cells, the addition ofvalin- 
omycin under steady-state conditions failed to in- 
duce a significant net loss of KC1 and cell water 
(see Fig. 5). Under similar conditions addition of 
valinomycin caused a marked reduction of cellular 
volume in human red cells (Knauf, Fuhrmann, 
Rothstein & Rothstein, 1977). The finding that ad- 
dition of valinomycin during regulatory volume 
decrease accelerates the volume recovery (see 
Fig. 6) indicates that the net loss of KC1 is limited 
by the K + permeability. This means that during 
the regulatory volume decrease the C1- permeabili- 
ty is increased in parallel with and even more than 
the K § permeability. An increase in unidirectional 
C1- fluxes in hypotonic media has recently been 
reported in human lymphocytes by Grinstein et al. 
(1982a, b). 

The addition of ionophore A23187 in the pres- 
ence of external Ca a + during the regulatory vol- 
ume increase accelerates the volume recovery (see 
Fig. 7), consistent with the involvement of the 
Ca2+-dependent K + channel. Moreover, under 
steady-state conditions the addition of A23187 (see 
Fig. 8) induces a net loss of KC1, in contrast to 
the effect of valinomycin, implying that an increase 
in intracellular Ca 2 § concentration increases anion 
permeability as well as the K + permeability. Evi- 
dence of an increase in anion permeability brought 
about by an increased intracetlular Ca 2 + concen- 
tration has also been presented for human lympho- 
cytes (Grinstein et al., 1982a, b). The water perme- 
ability of the cell membrane of Ehrlich ascites cells 
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is high (Hempling, 1960). Therefore, the reduction 
of the initial swelling in hypotonic media, observed 
when ionophore A23187 plus Ca 2+ are added at 
the time of  exposure to hypotonic conditions 
points to a very substantial increase in K + and 
C1- permeabilities during regulatory volume de- 
crease. 

In summary the present findings suggest that 
the net loss of  KC1 during regulatory volume de- 
crease takes place via separate K § and CI-  chan- 
nels which are activated by release of  Ca 2 + from 
internal stores. There is some evidence that the 
effect of  Ca 2 § is mediated by calmodulin, but the 
mechanism by which cell volume changes trigger 
internal Ca 2 § release is unknown. 
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