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Summary. Exposure of Ehrlich cells to isotonic Na+-propionate 
medium induces a rapid cell swelling. This treatment is likely to 
impose an acid load on the cells. Cell swelling is absent in K +- 
propionate medium but may be induced by the ionophore nigeri- 
cin, which mediates K+/H * exchange. Cell swelling in Na*-pro - 
pionate medium is blocked by amiloride, but an alternative 
pathway is introduced by addition of the ionophore monensin, 
which mediates Na+/H + exchange. Consequently, swelling of 
Ehrlich cells in Na+-propionate medium is due to the operation 
of an amiloride-sensitive, Na+-specific mechanism. It is con- 
cluded that this mechanism is a Na+/H + exchange system, acti- 
vated by cytoplasmic acidification. We have previously demon- 
strated that the heavy metal salt CuSO4 in micromolar 
concentrations inhibits regulatory volume decrease (RVD) of 
Ehrlich cells following hypotonic swelling. The present work 
shows that CuSO4 inhibits RVD as a result of a net uptake of 
sodium, of which the major part is sensitive to amiloride. Mea- 
surements of intracellular pH show that CuSO4 causes significant 
cytoplasmic alkalinization, which is abolished by amiloride. 
Concomitantly, CuSO4 causes an amiloride-sensitive net proton 
efflux from the cells. The combined results confirm that a Na+/ 
H + exchange system exists in Ehrlich cells and demonstrate that 
the heavy metal salt CuSO4 activates this Na+/H + exchange 
system. 

Key Words Ehrlich ascites tumor cells �9 pH regulation �9 Na ' /  
H + exchange �9 volume regulation �9 hypotonic shock . cupric 
sulphate �9 cytoplasmic acidification �9 phorbol ester �9 TPA. 

Introduction 

It has been demonstrated that an electroneutral 
Na+-H + antiport system or Na+/H § exchange is 
present in the plasma membrane of virtually all ver- 
tebrate cells and plays a central role in cell homeo- 
stasis. The Na+/H § exchanger seems to be impli- 
cated in a variety of cell functions, e.g. cell 
proliferation and pH regulation. This has been ex- 
tensively reviewed in a collection of reviews edited 
by Aronson and Boron (1986), and in reviews by 
Frelin et al., (1986), and by Grinstein & Rothstein 
(1986). Recently, Na+/H § exchange has also been 

reported in Ehrlich ascites tumor cells (Doppler, 
Maly & Grunicke, 1986; Wiener, Dubyak & Scarpa, 
1986). The Na+/H + exchange seems to be silent at 
normal physiological pH in Ehrlich cells, but it is 
activated after cytoplasmic acidification (Doppler et 
al., 1986; KramhCft, Lambert & Hoffmann, 1987a) 
and following treatment of the cells with ATP or 
with the phorbol ester, TPA (Wiener et al., 1986). 
With respect to the effects of cytoplasmic acidifica- 
tion and TPA, Ehrlich cells thus respond like all 
other cells in which this has been investigated. 

Many cells are capable of regaining their origi- 
nal volume after osmotic shrinkage. This regulatory 
volume increase (RVI) can be mediated by two dif- 
ferent modes. In the majority of investigated cells it 
has been shown that osmotic shrinkage activates 
Na+/H + exchange, which together with the simulta- 
neous operation of C1-/HCOy exchange causes pri- 
marily a net uptake of NaC1 and osmotic-obliged 
water, by which the cells regain their original vol- 
ume. This is the case in, e.g., lymphocytes (Grin- 
stein, Clarke & Rothstein, 1983), Arnph iuma  red 
cells (Cala, 1985; 1986), dog red blood cells (Parker, 
1983) and rabbit red blood cells (Jennings, Douglas 
& McAndrew, 1986). For a more complete list see 

Grinstein & Rothstein (1986). Other cells, among 
which is the Ehrlich cell, perform RVI by a net 
uptake of NaC1 caused by the activation of a 
Na+,C1 - cotransport system (Kregenow, 1981; 
Hoffmann, SjCholm & Simonsen, 1983; Geck & 
Pfeiffer, 1985) For a recent review see Hoffmann 
(1987). The present report shows that cytoplasmic 
acidification of Ehrlich cells results in amiloride- 
sensitive cell swelling, indicating the activation of 
Na+/H + exchange following decreased cytoplasmic 
pH. Furthermore, it is confirmed that osmotic 
shrinkage activates Na+,C1 - cotransport rather 
than Na+/H + exchange. This shows that regulatory 
swelling of Ehrlich cells can be brought about by 
two distinct mechanisms. 
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The existence of inducible Na+/H + exchange in 
Ehrlich cells has thrown light upon previously re- 
ported inhibitory effects of the heavy metal salt 
CuSO4 on regulatory volume decrease (RVD) in 
hypotonically swollen Ehrlich cells (Lambert, 
KramhCft & Hoffmann, 1984). RVD by Ehrlich 
cells is due to the activation of separate, CaZ+-sensi - 
tive, K + and C1--channels whereby the cells lose 
KC1 and water (Hoffmann, Lambert & Simonsen, 
1986). The Na + permeability was reported not to be 
affected (Hoffmann, 1978). Impairment of RVD 
must reflect either an inhibition of K + and/or C1- 
channels or an increased permeability of the cells to 
Na +. A reduction of the C1- permeability by copper 
has been observed in warm-adapted frogs by 
Koefoed-Johnsen and Ussing (1973), whereas cold 
adapted frogs showed an increased Na + permeabil- 
ity in the presence of copper. In our previous work 
it was shown that inhibition of RVD by CuSO4 re- 
quired the presence of extracellular Na + (Lambert 
et al., 1984), and we suggested that an increased 
Na + permeability was involved in the inhibition of 
RVD. The present study provides evidence that the 
primary effect of CuSO4 is an activation of the Na+/ 
H + exchange system in Ehrlich cells. When Na+/H + 
exchange is operating, a net influx of Na + occurs, 
which is responsible for the impairment of RVD in 
the presence of C0804, Preliminary results of this 
study have previously been published (KramhCft, 
Lambert & Hoffmann, 1987a,b). 

ate hypotonic solution or by centrifugation (700 • g, 45 sec) of 
isotonic cell suspensions (cytocrit 4-8%) followed by resuspen- 
sion in hypotonic medium. In all experiments with amiloride the 
cells were pretreated with amiloride for about 1 rain prior to 
transfer to the experimental medium containing amiloride. Tem- 
perature was kept at 37~ throughout experiments except when 
otherwise indicated. 

CELL VOLUME MEASUREMENTS 

Cell volumes were measured on cultures (cytocrit 4%), diluted 
200-300 times with experimental incubation media, using a Coul- 
ter counter model ZB equipped with a Coulter channellyzer (C- 
1000). The mean cell volume (in fl, i.e., 10 -~5 liter) was calculated 
as the median from volume distribution curves after calibration 
with latex beads (12.9 txm, Coulter Electronics, England). Tube 
orifice was 100 p~m. 

MEASUREMENTS OF ION CONTENT 

The cellular contents of Na + and K + were measured in cells from 
1 ml cell suspension (cytocrit 5-8%L separated from the incuba- 
tion medium by centrifugation (1 rain, 20,000 x g), lysed in dis- 
tilled water and deproteinized as previously described (Hoff- 
mann et al., 1983). Na + and K + were measured by atomic ab- 
sorption flame photometry using a Perkin Elmer atomic absorp- 
tion spectrophotometer model 2380. Cellular ion content was 
corrected for trapped extracellular medium, defined as 3H-inulin 
space, as described previously (Hoffmann et al., 1983). 

MEASUREMENT OF INTRACELLULAR p H  

Materials and Methods 

CELL SUSPENSIONS AND INCUBATION MEDIA 

Ehrlich ascites tumor cells (hyperdiploid strain), maintained by 
serial intraperitoneal transplantation in white Theiller mice, were 
harvested 7-8 days after transplantation in standard incubation 
medium containing heparin (2.5 IU/ml). The cells were then 
washed twice (700 x g, 45 sec) with the same medium without 
heparin and incubated at a cytocrit of 4-8% for about 30 min 
prior to experimental treatment. The composition of standard 
incubation medium was (raM): NaC1, 150; KC1, 5; MgSO4, 1; 
CaCI2, 1; NazHPO4, 1; MOPS, 3.3; TES, 3.3; and HEPES, 3.3. 
The pH was adjusted to 7.4 or 7.0 (see below). Hypotonic, half- 
strength medium, was prepared by dilution of standard medium 
with distilled water containing buffers alone. In propionate me- 
dia 150 mM Na + or K+-propionate was substituted for NaCI. The 
pH of the propionate media was adjusted to 6.6. When the effect 
of bumetanide was studied, CaC12 was omitted from the medium 
in order to avoid precipitation of bumetanide. KC1 media were 
prepared by isosmotic substitution of KC1 for NaCI. Nominally 
unbuffered medium was standard incubation medium without 
MOPS, TES and HEPES. Media used for measurements of cell 
volume in a Coulter counter (see below) were filtered through 
Millipore filters (0.45 p,m) prior to experiments. Hypoosmotic 
conditions were established either by dilution with the appropri- 

General Outline 

Cell suspensions (3-4 ml, cytocrit 4%) were incubated with the 
acetoxymethylester of a fluorescent probe (BCECF-AM), final 
concentration 3.6 tLN, for about 30 rain at 37~ One ml of this 
suspension was then washed twice in isotonic medium contain- 
ing bovine serum albumin (BSA, 1 mg/ml) in order to remove 
excess probe, resuspended in 0.5 ml BSA medium, and subse- 
quently incubated at 25~ The fluorescence was recorded after 
50-fold dilution of the cell suspension in a thermostated (25~ 
and magnetically stirred cuvette (2 ml) using a Perkin Elmer LS-5 
luminiscence spectrometer with excitation at 495 nm (slitwidth, 5 
nm) and emission at 525 nm (slitwidth, 5 nm). The fluorimeter 
was connected to a recorder (Perkin Elmer R 100 A). A tempera- 
ture of 25~ was chosen in order to minimize leakage of the 
intracellularily trapped BCECF from the cells. The degree of 
BCECF leakage was assessed in separate experiments, in which 
the BSA-washed cells were kept thermostated at 25, 30 and 37~ 
respectively. At appropriate time points 40 ~1 of the cell suspen- 
sion were transferred to 2 ml medium placed in the cuvette. The 
fluorescence was quickly read and the cells rapidly removed by 
centrifugation. The fluorescence remaining in the supernatant 
was then recorded. It was found that the amount ef fluorescent 
probe in the supernatant increased in a linear fashion with time 
after wash with BSA medium. Furthermore, the degree of leak- 
age was dependent on the incubation temperature as shown in 
Fig. 1, upper panel. Figure 1, lower panel, shows the rate of 
BCECF leakage as a function of the incubation temperature, 
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Fig. 1. (Upper panel) Leakage of BCECF from the cells as a 
function of time. Cells were loaded with BCECF-AM for 30 �9  
Excess probe was removed by centrifugation and the ceils incu- 
bated at the temperatures indicated (see Materials and Meth- 
ods). At appropriate time points after removal of the probe, cells 
were transferred to a thermostated cuvette. Total fluorescence 
and fluorescence remaining in the cuvette after removal of the 
cells (extracellular fluorescence) were measured. The figure 
shows the amount of extracellular BCECF as a function of time 
after the BSA wash at 25~ (11), 30~ (O) and 37 ~ (~), respec- 
tively. (Lower panel) Rate of BCECF-leakage as a function of 
the incubation temperature. The rate of leakage was calculated 
as the slopes of plots like the ones shown in the upper panel. The 
figure represents two experiments at 25~ and 30~ respec- 
tively, and four experiments at 37~ Symbols are as above 

calculated from curves like the ones shown in Fig. 1, upper 
panel. The rate of leakage is given as per cent increase per min of 
extracellular fluorescence as a function of incubation tempera- 
ture. It was concluded that the rate of leakage was acceptable 
(0.2%/�9 at an incubation temperature of 25~ At this temper- 
ature total extracellular fluorescence increased from about 18% 
at time zero (see below) to about 27% of the total fluorescence 
during 45 min. Changes in ionic gradients due to the temperature 
shift are negligible (Hoffmann, Simonsen & SjCholm, 1979). At 
all three temperatures it was found that immediately after the 
BSA wash, 17.7 • 2.6% (--+SEM, n = 8), of 2, 2 and 4 experiments 

at 25, 30 and 37~ respectively, of the total fluorescence was 
extracellular. Extracellular fluorescence was not corrected for in 
the present study. It should be noted that acetoxymethylesters 
release formaldehyde, which decrease the cellular ATP level 
(Tiffert, Garcia-Sancho & Lew, 1984). Thus, formaldehyde poi- 
soning of the cells might present a serious problem. On the other 
hand, according to Tiffert and coworkers (Tiffert et al., 1984) red 
blood cells may be used for 3-6 hr after having been loaded with 
the acetoxymethyl ester of a Ca 2+ indicator without meaningful 
ATP depletion. Under the present experimental conditions the 
cells were only incubated with acetoxymethylester for about 30 
min. Significant adverse effects arising from ester hydrolysis are, 
therefore, not likely. 

Calibration 

Calibration was carried out after each pair of experiments ac- 
cording to the method of Thomas et al. (1979) in KC1 media (KCI 
substituted for NaCI) of the same osmolarity and pH as that of 
the experimental solutions. After addition of the K+/H + 
ionophore nigericin (5/xM), which renders intracellular pH equal 
to extracellular pH, pH was manipulated by addition of small 
amounts of saturated solutions of Tris (increase in pH) or TES 
(decrease in pH). A calibration curve was obtained by simulta- 
neous recordings of pH in the cuvette with a combined electrode 
(Ingold, Switzerland) and fluorescence. CuSO4 had no significant 
influence on the calibration curves (Students' t test, four inde- 
pendent paired experiments). Calibration of amiloride experi- 
ments was always carried out in the presence of amiloride, be- 
cause amiloride was found to reduce the fluorescence by about 
10%. 

Comparison with Other Methods 

A comparison of intracellular pH values (pHi) measured in the 
present study with previous measurements on Ehrlich cells using 
different techniques gave the following results: At an extracellu- 
lar pH (pHo) of 7.0 we found a pHi of 7.12 -+ 0.02 (• n = 14), 
compared to 7.1 found by Gillies et al. (1982) and Bowen and 
Levinson (1984). At pHo 7.4 the present study gave pH~ = 7.34 -+ 
0.02 (--+SEM, n = 9) compared to 7.39 and 7.36 reported by Gillies 
et al. (1982) and Bowen and Levinson (1984), respectively. Thus, 
excellent agreement exists between the pH~ values obtained with 
the present technique and the techniques applied in previous 
studies of pHi in Ehrlich cells. 

MEASUREMENTS OF EXTRACELLULAR p H  

Changes in extracellular pH was followed using a standard pH 
meter (PHM 82, Radiometer, Denmark) equipped with a com- 
bined electrode (Radiometer, Denmark). Immediately prior to 
the pH measurements 10 ml cell suspension (cytocrit 8%) was 
centrifuged (45 sec, 700 • g) and subsequently resuspended in 
nominally buffer free standard incubation medium. The pH was 
kept around 7.0 by manual addition of known amounts of KOH. 
The amount of H + expelled by the cells was calculated from the 
added amount of KOH and corrected for buffering capacity of 
the medium using a titration curve made in cell-free medium. 
After each experimental run, samples were removed for the de- 
termination of cell dry weight. 
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C u S O 4 - - E X P E R I M E N T S  

At pH 7.4 cupric salts precipitate as Cu(OH)2. Therefore, a pH of 
7.0 was chosen for the experiments with CuSO4 as previously 
described (Lambert et al., 1984). Cells to be treated with CuSO4 
were equilibrated at pH 7.0 for 30 min prior to experimental 
treatment. The concentrations of CuSO4 given in this paper are 
the concentration of CuSO4 added to the cell suspension. From 
standard curves in standard medium and in unbuffered NaNO3 
solutions (pH 6.0) with the same ionic strength it was previously 
found (Lambert et al., 1984) that only about half the amount of 
the added CuSO4 could be found in the medium after removal of 
the cells and that only 1-3% of the total amount of measured 
copper existed as free cupric ions. Copper is taken up by mam- 
malian cells (Schmitt et al., 1983). It may, however, be calcu- 
lated from their data that this uptake will not cause a measurable 
reduction in the extracellular copper concentration. The disap- 
pearance of CuSO4 from the medium, therefore, probably re- 
flects unspecific adsorption of CuSO4 to the cell coat (glyco- 
calyx), a labile structure covering the surface of Ehrlich cells 
(Rinenhouse, Rittenhouse & Takemoto, 1978). 

REAGENTS 

All reagents were analytical grade. Quinine, amiloride, monen- 
sin, nigericin and TPA were from Sigma (St. Louis, Mo.). Quinine 
(1 N), monensin (1 mg/ml), nigericin (1 mg/ml) and TPA (0.2 raM) 
were dissolved in ethanol and kept as stock solutions at -20~ 
Amiloride (10 mN) was dissolved in water and kept frozen. Bu- 
metanide, kindly donated by P.W. Felt, Leo Pharmaceuticals, 
Ballerup, Denmark, and pimozide, a gift from Lundbeck and 
Co., Copenhagen, Denmark, were dissolved in ethanol at a con- 
centration of 5 and 1 mM, respectively, and kept at -20~ 3H- 
inulin was from Amersham or New England Nuclear, both Eng- 
land. BCECF-AM was purchased at Molecular Probes, Junction 
City, Or., and dissolved in dry DMSO at a concentration of 1 mg/ 
ml. Stocks were kept in 25-30 ~1 portions at -20~ 

MISCELLANEOUS 

Except when otherwise indicated all figures are representative of 
at least three separately conducted experiments. 

LIST OF ABBREVIATIONS 

MOPS: 
TES: 

HEPES: 

BCECF-AM: 

BCECF: 
DIDS: 
DMSO: 
BSA: 
Tris: 
TPA: 

3-(N-morpholino)propanesulfonic acid 
N-tris(hydroxymethyl)methyl-2-aminoethane- 
sulfonic acid 
N - 2 - hydroxyethylpiperazine - N' - 2 - ethane - 
sulfonic acid 
2' ,7' - bis - (2 - carboxyethyl) - 5 (and - 6)carboxy - 
fluorescein, tetraacetoxymethyl ester 
free acid of BCECF-AM 
4,4'-diisothiocyano-2,2'-stilbene-disulfonic acid 
dimethylsulfoxide 
bovine serum albumine, fraction V 
tris(hydroxymethyl) aminomethane 
12-O-tetradecanoylphorbol 13-acetate 
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Results 

EFFECT OF CYTOPLASMIC ACIDIFICATION 

Amiloride-Sensitive Cell Swelling 

The operation of the Na+/H + exchanger can be ex- 
plored by monitoring the pHi recovery following an 
acute acid load. This is often done by monitoring 
changes in cell volume after exposure of the cells to 
a weak organic ac id--a  technique introduced and 
described in detail by Grinstein and coworkers 
(Grinstein et al., 1984b). 

Cytoplasmic acidification by propionic acid in- 
duces Na+-dependent and amiloride-sensitive cell 
swelling in Ehrlich ascites tumor cells as shown in 
Fig. 2, left panel. It is seen that in Na+-propionate 
medium (control) the cells swell rapidly during the 
first 5 min, whereafter the swelling ceases. Ami- 
loride, which is a specific blocker of Na+/H + ex- 
change (Benos, 1982), completely blocks cell swell- 
ing in Na+-propionate medium at a concentration of 
0.1 mM. Figure 2, right panel (lower part) shows 
that the inhibition of Na+-propionate induced cell 
swelling by amiloride is bypassed upon addition of 
monensin. Monensin is an ionophore which pro- 
motes electroneutral exchange of H + for Na +. Only 
a slight increase in cell volume is seen in cells tran- 
ferred to isotonic K+-propionate medium (Fig. 2, 
left panel). Figure 2, right panel (upper part) shows 
that in K§ medium considerable cell 
swelling is provoked after addition of the K+/H + 
ionophore nigericin. Thus, cells transferred to pro- 
pionate media swell when the appropriate electro- 
neutral cation/H + exchange system is introduced. 
By analogy with the results reported for lympho- 
cytes and platelets (Grinstein et al., 1984b; Grin- 
stein & Furuya, 1986), the results shown in Fig. 2 
suggest that a Na + dependent and amiloride-sensi- 
tive mechanism, i.e., a Na+/H § exchanger, is re- 
sponsible for the acid-induced swelling of Ehrlich 
cells. 

It has been reported for thymocytes that the 
activity of the Na+/H + exchange system increases 
with decreasing intracellular pH (pHi)  but is, at the 
same time, inhibited as extracellular pH (pHo) de- 
creases because H + competes with Na + at the ex- 
ternal site of the Na+/H + exchanger (Grinstein et 
al., 1984b). In experiments like the ones shown in 
Fig. 2, pH; is dependent on the amount of free pro- 
pionic acid in the medium, which according to the 
Hasselbalch-Henderson relationship for a weak 
acid in turn is dependent on the pHo. Consequently, 
an optimal pHo for acid loading is expected. The 
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Fig. 2. Swelling of Ehrlich 
ascites tumor cells as a function 
of time after cytoplasmic 
acidification in propionate media. 
Cells suspended in isotonic 
standard incubation medium 
were diluted 200- to 300-fold in 
isotonic propionate medium (pH 
6.6) at zero time. Left panel 
shows the cell swelling in 
Na+-medium without (O) or with 
(A) 0.1 mM amiloride and in 
K+-medium ([]). Right panel, 
upper part shows that the 
inhibition of cell swelling in 
K+-medium ([]) can be 
overcome by addition of the 
K+/H+-ionophore nigericin 
(1 ~M, m). Right panel, lower 
part shows that the inhibition of 
cell swelling by amiloride (zS) in 
Na+-medium can be bypassed by 
addition of the Na+/H+-ionophore 
monensin (5/xM, A) 
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Fig. 3. Cell swelling in Na*-propionate medium as a function of 
external pH. At time zero cells in standard isotonic medium were 
transferred by dilution (200- to 300-fold) to isotonic Na+-propio - 
nate media at the pH values indicated, and the cell volumes were 
measured at time 5 rain. The Na+-dependent cell swelling was 
calculated by subtracting the cell volumes in K+-propionate me- 
dia from cell volumes in Na + media measured at the same pH 
values 

dependence  o f  N a + - d e p e n d e n t  cell swelling on pHo 
is seen in Fig. 3, which  shows the increase in cell 
vo lume  measu red  5 rain after t ransfer  of  cells to 
Na+-prop iona te  medium.  Cell vo lumes  are cor-  
rec ted  for  the pass ive  swelling, measured  in parallel 
in isotonic  K+-prop iona te  media  at the same pHo 
values.  The  pass ive  swelling in K+-propiona te  
never  exceeded  10% of  the original cell volume.  It  
appears  f rom Fig. 3 that  a m a x i m u m  of  ac id- induced 
cell swelling occu r s  at pHo 6.6. This is in good  
ag reement  with the opt imal  p H  value for  acid load- 
ing o f  platelets  and l eucocy tes  repor ted  by  Grin- 
stein and coworke r s  (Grinstein et al., 1984b). 
Hence ,  this p H  was  chosen  th roughou t  the experi-  
ments  descr ibed  in this section.  

In  l y m p h o c y t e s  Na+ /H  + exchange  is ac t ivated 
both  after  cy top la smic  acidification and after cell 
shr inkage fol lowing hype rosmo t i c  t rea tment  (Grin- 
stein et al., 1983, 1984c). Ac t iva t ion  o f  the ami- 
lor ide-sensi t ive N a + / H  + exchange  in shrunken lym- 
p h o c y t e s  permits  the re-uptake  o f  ions and water  
usually deno ted  Regu la to ry  Volume Increase  
(RVI).  R V I  in l y m p h o c y t e s  is therefore  Na+-depen  - 
dent  and inhibitable with amiloride.  Ehrl ich cells 
also pe r fo rm R V I  after  hyperosmot ica l ly  induced 
cell shrinkage.  H o w e v e r ,  R V I  in Ehrl ich cells as 
well as in l y m p h o c y t e s  is only  initiated if the cells 
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Fig. 4. Effect of bumetanide and amiloride upon regulatory volume increase, RVI, (left panel) and upon cell swelling in Na*- 
propionate medium (right panel) in Ehrlich ascites tumor cells. (Left panel): The cells were pretreated by exposure to low external 
osmolarity (225 mOsm) for 15 rain. At time zero a sample of the cell suspension was diluted 200- to 300-fold with isotonic (300 mOsm) 
medium, and the cell volume was followed with time. Control: �9 Cells in 20 ~M bumetanide: I .  Cells in 0.1 mM amiloride: O. (Right 
panel): At time zero a sample of a cell suspension in isotonic standard incubation medium was diluted 200- to 300-fold in isotonic Na +- 
propionate medium (pH 6.6), and the cell volume was followed with time. Control: (D. Cells in 20 ~M bumetanide: I .  Cells in 0.1 mM 
amiloride: �9 

have been through a hypotonic pretreatment (com- 
pare Hendil & Hoffmann,  1974, with Hoffmann et 
al., 1983. See also Grinstein et al., 1984c). This is 
seen in Fig. 4, left panel, where cells after hypo- 
tonic challenge are returned to isotonic medium at 
time zero following the protocol described in Hoff- 
mann et al. (1983). After an initial shrinkage (not 
shown) the cells swell again due to an activation of a 
cotransport  of  Na + with C1-. RVI in Ehrlich cells is 
therefore also Na* dependent  (Hoffmann et al., 
1983), but in contrast  with lymphocytes ,  RVI in 
Ehrlich cells is only slightly affected by amiloride 
as shown in Fig. 4, left panel. Instead, RVI in 
Ehrlich cells is completely inhibitable with the loop 
diuretic bumetanide (Fig. 4, left panel). This con- 
firms previous results showing that RVI in Ehrlich 
cells is mediated by cotransport  of Na § and C1- 
(Hoffmann et al., 1983). Thus, in contrast  to lym- 
phocytes,  Na+/H + exchange does not seem to play 
any significant role for RVI in Ehrlich cells. 

Figure 4, right panel, shows Na+-propionate in- 
duced cell swelling in the presence of the same con- 
centrations of bumetanide and amiloride as before. 
It is seen that bumetanide has only a weak effect on 
acid-induced cell swelling in Na+-propionate me- 
dium, whereas amiloride, as also shown above (Fig. 
2), completely blocks this cell swelling. Conse- 
quently, reswelling after osmotic-induced shrinkage 
and swelling following an acid-load of  Ehrlich cells 
occurs by two distinct mechanisms, which are both 
Na+-dependent but respond differently to inhibi- 
tors. 

Volume Regulation After Acid-Induced 
Cell Swelling 

Grinstein and coworkers (Grinstein et al., 1984b) 
reported that rat lymphocytes  swell continuously 
for at least 15 rain after transfer to Na+-propionate - 
medium. As shown in Fig. 2 (left panel), Ehrlich 
cells behave differently because swelling ceases af- 
ter about 5 min. In some experiments the period of 
swelling was followed by slow shrinkage. It is well 
known that Ehrlich cells respond to hypoosmotic  
swelling by activation of independent K + and C1- 
channels, thereby regaining their original volume by 
loss of KC1 and cell water  (Hoffmann, 1978; see 
Hoffmann et al., 1986). The possibility, therefore, 
exists that acid-induced cell swelling in Ehrlich cells 
could be partially offset by a swelling-induced acti- 
vation of K + and C1 channels also under the 
present experimental  conditions. It has previously 
been shown that the anti-calmodulin drug, pimo- 
zide, and the K+-channel blocker, quinine, inhibit 
volume regulation by hypotonically swollen Ehrlich 
cells (Hoffmann, Simonsen & Lambert ,  1984; 
Hoffmann et al., 1986). Figure 5 shows the effect of 
pimozide and quinine on the acid-induced volume 
response in Ehrlich cells. It is seen that while pimo- 
zide does not seem to affect the rate of cell swelling, 
the extent  to which the cells swell is considerably 
increased. This result suggests that cells swollen in 
isotonic medium after cytoplasmic acidification 
possess a capacity for volume regulation via the 
pimozide-sensitive K + and C1- channels. In con- 
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Fig. g. The effect of pimozide and quinine on acid-induced cell 
swelling in Ehrlich ceils. For experimental protocol see legend to 
Fig. 3. Pimozide (5 ~g) and quinine (0.25 mM) were added at 
time zero. Control: C). Cells in pimozide: O, Cells in quinine: [] 

trast,  quinine reduces the rate of  acid-induced cell 
swelling as shown in Fig. 5. A dose-response  rela- 
tion for the quinine inhibition was established and is 
shown in Fig. 6. It can be seen f rom Fig. 6 that half- 
maximal  inhibition (ICs0) of  acid-induced cell swell- 
ing occurs  at a quinine concentrat ion of about 0.25 
raM. Since quinine inhibits amiloride-sensitive cell 
swelling, it is likely to inhibit Na+/H + exchange. 
Qu in id ine - - a  close analogue to qu in ine- -has  previ- 
ously been  repor ted  to inhibit Na+/H + exchange in 
dog red blood cells (Parker,  1983). Quinine (and 
quinidine), therefore,  seems to be a rather unspe- 
cific inhibitor of  t ransport  processes .  

ACTIVATION OF Na+/H + EXCHANGE BY CuSO 4 

Inhibition o f  RVD by CuS04 

The previous section confirms, although indirectly, 
that a Na+/H + exchange sys tem exists in Ehrlich 
cells as in numerous  other  cell sys tems and that this 
sys tem is act ivated after cytoplasmic acidification 
of  cells in isotonic medium (Doppler  et al., 1986; 
Wiener  et al., 1986). The present  section presents  
direct evidence that  a Na+/H + exchange sys tem is 
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Fig. 6. Inhibition of acid-induced cell swelling by quinine as a 
function of the quinine concentration. For experimental protocol 
see legend to Fig. 3. The inhibitory effect of quinine was calcu- 
lated in per cent from the cell volumes measured in the presence 
and in the absence of quinine at time 5 min after transfer of the 
ceils to Na+-propionate medium at pH 6.6. Cell swelling in cells 
without quinine at time 5 min was taken as 100%. The vertical 
bars represent SEM of three experiments. The other points show 
values from single experiments 

act ivated under  hypotonic  as well as under isotonic 
conditions after t rea tment  of  the cells with the 
heavy-meta l  salt CuSO4. 

When Ehrlich cells are t ransferred f rom iso- 
tonic to hypotonic  conditions, they swell initially as 
nearly perfect  osmometers .  This is followed by a 
shrinkage phase  (10-15 rain) during which they 
gradually approach  their original volume. This 
phase,  designated Regulatory Volume Decrease  
(RVD), is due to a cellular loss of  KC1 through sepa- 
rate, conduct ive  K + and CI-  channels, activated by 
cell swelling (Hendil & Hoffmann,  1974; Hoffmann 
et al., 1986). Cellular permeabil i ty to Na  + was re- 
ported to be practically unchanged under  these con- 
ditions (Hoffmann,  1978). 

We have previously shown that low concentra-  
tions of  CuSO4 (about 0.5 ppm) added to Ehrlich 
cells undergoing RVD inhibited volume regulation 
(Lamber t  et al., 1984). Full inhibition was observed 
at concentrat ions above  1 ppm of  CuSO4. This is 
equal to 16/XM CuSO4 and corresponds  to about 0.5 
/xM of free Cu 2+ ions as measured with a Cu2+-spe - 
cific electrode (see Lamber t  et al., 1984). It  was 
shown that CuSO4 inhibited RVD only in the pres- 
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Fig. 7. The effect of CuSO4 and/or amiloride on regulatory vol- 
ume decrease (RVD) of Ehrlich cells after hypotonic challenge. 
Cells were diluted 200- to 300-fold with hypotonic medium (150 
mOsm) at time zero, and the changes in cell volume were fol- 
lowed with time. CuSO4 (40 /xM) was added at time 0.80 rain. 
Control with 0.1 mM amiloride: O. CuSO4: Q. Amiloride plus 
CuSO4: �9 

ence of extracellular Na + and that the inhibition was 
anion-independent. It was argued that the CuSO4- 
induced inhibition of volume regulation resulted 
from an increased permeability of the cell mem- 
brane to Na + as suggested by Riisg~trd and co- 
workers (RiisgSrd, 1979; Riisg&rd, NCrgfird-Nielsen 
& SCg&rd-Jensen, 1980) for similar observations in 
the marine flagellate Dunaliella marina. Figure 7 
confirms that CuSO4 strongly inhibits RVD. Figure 
7 also shows that amiloride, added 1 rain prior to the 
osmotic shock, practically abolishes the effect of 
CuSO4 on RVD. Control cells were also treated 
with amiloride. It is generally accepted that the free 
Cu 2+ ion is the most toxic of the various copper 
species found in aqueous solutions (Florence & 
Batley, 1977). As a control, it was demonstrated 
that amiloride had no effect on the concentration of 
free cupric ions as measured with a CuSO4-specific 
electrode. Assuming that CuSO4 impairs RVD by 
increasing cellular permeability to Na +, the result 
shown in Fig. 7 strongly suggests that CuSO4 
induces or activates an amiloride-sensitive influx 
of Na +. 
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Fig. 8. Net Na~-uptake by hypotonically treated Ehrlich cells 
without or with CuSO4 and/or amiloride. Na*-content (/,eq/g dry 
wt) was measured 10 min after transfer to hypotonic medium 
(150 mOsm). The net Na + uptake was calculated as the differ- 
ence between Na + content in the hypotonically treated cells and 
isotonic control cells. Amiloride was used at a concentration of 
0.5 mM. The vertical bars indicate SEM of three independent 
experiments 

This suggestion is confirmed by measurements 
of net Na + transport during RVD in the absence and 
presence of CuSO4 and with or without amiloride. 
Figure 8 shows the changes in cellular Na ~ content 
(/xeq/g dry wt) measured 10 rain after transfer of 
cells from isotonic to hypotonic conditions with 
three different concentrations of CuSO4. In the con- 
trol groups the net Na + uptake was small both with 
and without amiloride. Addition of CuSO4 causes a 
considerable net uptake of Na +, the extent of which 
is dependent on the concentration of CuSO4 added. 
However, amiloride added prior to experimental 
treatment greatly reduces the CuSO4-induced Na + 
uptake. At 80 /XM CuSO4 (i.e., about 1 /*M free 
Cu 2+, see Materials and Methods) 67% of the 
CuSO4-induced Na + uptake is amiloride sensitive. 
The present results, therefore, confirm the sugges- 
tion that CuSO4 activates a Na + influx, of which the 
major part is amiloride inhibitable. 

CuSO4 caused an excess loss of K + compared 
to the K + loss seen during RVD in untreated cells 
(data not shown). The magnitude of the CuSO4-in- 
duced K + loss was, however, less than the concom- 
mitant Na + uptake. The C1- loss during RVD in the 
presence of CuSO4 was reduced to the same extent 
as the Na + uptake exceeded the additional K + loss. 
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Table 1. The effect of  CuSO4 and/or  amiloride on the NPS con- 
tent in Ehrlich cells after a hypoosmot ic  shock.  

Medium NPS content  
0xmol/g dry wt) 

Isotonic 325 + 14 (n = 12) 
Hypotonic  

Control (no additions) 225 + 8 (n = 6) 
80 /xMCuSO4 243 + 9 (n = 6) 
0.1 mM amiloride 193 -+ 6 (n = 6) 
0.1 mM amiloride,  80 p~M CuSO4 211 -+ 9 (n = 6) 

Cells in isotonic s tandard medium (300 mOsm)  were transferred 
to hypoosmot ic  condit ions (150 mOsm)  by centrifugation. The 
NPS content  was measu red  using taurine as a s tandard on sam- 
ples removed  jus t  prior to and 10 min after the reduction in 
osmolari ty.  Figures are average -+ SEN of  n independent  experi- 
ments .  

Consequently, the net eff.ct was an inhibition 
of RVD. 

It has previously been shown (Hoffmann & 
Hendil, 1976; Hoffmann & Lambert, 1983) that a 
net loss of amino acids, mainly taurine, takes place 
during RVD. Consequently, the possibility exists 
that CuSO4, in addition to its effects on Na +, might 
also inhibit amino acid loss during RVD. As shown 
in Table 1 this is, however, not the case. Table 1 
shows measurements of the cellular content of 
Ninhydrin-Positive Substances (NPS) measured 
with taurine as a standard in isotonic cells and 10 
rain after a hypoosmotic treatment without and with 
CuSO4 and/or amiloride. Confirming previous 
results (Hoffmann & Hendil, 1976; Hoffman & 
Lambert, t983), it is seen that untreated cells lose 
about 30% of their NPS content during the first 10 
min of RVD. Neither CuSO4, nor amiloride or both 
in combination had any significant effect on the 
net loss of NPS (Student's t test, P < 0.01), show- 
ing that the effect of CuSO4 on RVD does not in- 
volve NPS. 

Effects o f  CuS04 on Intracellular p H  

The results presented above show that the major 
cause of the CuSO4-induced inhibition of RVD in 
Ehrlich cells is an amiloride-sensitive uptake of 
Na +. Amiloride being a specific blocker of Na+/H + 
exchange (Benos, 1982), this suggests that CuSO4 
possesses a capability of activation of a Na+/H + 
exchange system. If this is true, then cells treated 
with CuSO4 should expel H + from the cytoplasm 
with a resultant cytoplasmic alkalinization. Figure 9 
shows changes with time of intracellular pH (pHi) 
after a hypoosmotic shock imposed at time zero 
without and with 50 /xM CuSO4 (For absolute phi 
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Fig. 9. Changes  in intracellular pH (pHi) of  Ehrlich cells as a 
function of  t ime after t ransfer  to hypotonic conditions (150 
mOsm).  CuSO4 (50/xM) was added at t ime 0.25 min and record- 
ing was initiated at t ime 0.50 min after the osmotic  shock.  Ami- 
loride (right panel) was present  at a concentrat ion of 0.2 raM. The 
pH~ measured  at t ime 0.50 rain was in controls  without and with 
amiloride 7.23 -+ 0.12 (+- SD, n = 6) and 7.24 -+ 0.12 (-+ SD, n = 
4), respectively.  In the presence  of CuSO4 the equivalent p h i  
values were 7.14 +- 0.06 (+- SD, n = 6) and 7.19 -+ 0.12 (-+ SD, n = 
4), respectively.  The rate of  acidification of controls was esti- 
mated  at 0.011 -+ 0.001 pH units/rain (+ SD, n = 6). In the 
presence of CuSO4 the reduced rate (measured  between time 
0.50 and t ime 5 min) was 0.004 -+ 0.001 (+ SD, n = 6). The rates 
of  acidification of  amiloride-treated cells were 0.014 -+ 0.006 and 
0.012 -+ 0.003 pH units/rain (-+ SD, n = 4) without and with 
CuSO4, respect ively 

values, see legend to Fig. 9). Amiloride was present 
in the experiments shown in the right panel, pHi 
was measured fluorometrically with the fluorescent 
pHi indicator BCECF (see Materials and Methods). 
The traces are representative of six paired experi- 
ments without amiloride and of four paired experi- 
ments with 0.2 mM amiloride. As shown in Fig. 9, 
left panel, a gradual decrease of cellular pH with 
time is seen after a hypoosmotic shock in accor- 
dance with the results of Livne and Hoffmann 
(1988). Addition of CuSO4 (at time 0.25 rain) 
strongly reduces the rate of cytoplasmic acidifica- 
tion during the first 5 rain after the osmotic shock. It 
may be estimated from the slopes of the traces in 
Fig. 9, left panel, that CuSO4 reduces the rate of 
cytoplasmic acidification to about 25% of the rate 
seen in untreated cells. After this time period the 
rate of acidification again increases. In cells treated 
with amiloride, cytoplasmic acidification was ob- 
served both in the presence and absence of CuSO4 
after the osmotic shock and to the same extent as 
that seen in untreated controls (Fig. 9, right panel). 
That hypotonicity results in a decrease in cytoplas- 
mic pH is in agreement with Livne and Hoffmann 
(1988). They also found an increased acidification in 
the presence of amiloride when the initial degree of 
swelling was 1.9. This was interpreted as a result of 
an activation of Na+/H + exchange by the pH reduc- 
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Fig. 10. Changes  in intracellular pH of Ehrlich cells in isotonic 
s tandard incubation medium as a function of t ime after t ransfer  
of  the cells to the cuvette.  CuSO4 (20 b~M) was added immedi- 
ately after t ransfer  of  the cells (time zero), and recording was 
initiated at t ime 0.50 min. Amiloride (right panel) was present  at 
a concentrat ion of  0.2 raM. The initial pH~ (time 0.50 rain) value 
in isotonic cells was 7.12 -+ 0.02 (-+ SEM, n = 14), both without 
and with amiloride. In the presence of  CuSO4 the initial pHi value 
was 7.04 -+ 0.02 (-+ SEM, n = 6), with and without amiloride 

tion. In the present experiments the initial swelling 
was only 1.7, and the resulting acidification was 
also smaller. Hence, no activation of Na+/H + ex- 
change seems to occur under the present experi- 
mental conditions. It is concluded from Fig. 9 that 
addition of CuSO4 to hypotonically treated cells 
causes, however transiently, a re la t ive  alkaliniza- 
tion of the cytoplasm which is sensitive to ami- 
loride. 

The results shown in Fig. 9 were obtained on a 
background of strong cytoplasmic acidification oc- 
curing during RVD. In order to avoid a possible 
interference with the results from events attributed 
to nonsteady-state cells undergoing RVD, e.g. 
changes in cell volume, similar experiments were 
carried out with steady-state cells under isotonic 
conditions. CuSO4 has no effect on the cell volume 
of isotonic cells under the present experimental 
conditions (Lambert et al., 1984). The results are 
shown in Fig. 10, which depicts changes in pHi with 
time after addition of CuSO4 (For absolute pHi val- 
ues, s ee  legend to Fig. 10). Amiloride was present in 
the experiments shown in the right panel. Figure 10, 
left panel, shows that control cells maintain a prac- 
tically constant phi  throughout the experimental 
period. In contrast, addition of CuSO4 provokes an 
increase in cytoplasmic pH amounting to about 0.1 
pH unit in the course of the first 10 rain. As shown 
in Fig. 10 (right panel), amiloride completely abol- 
ishes the cytoplasmic alkalinization induced by 
CuSO4. In contrast a slight acidification of the cyto- 
plasm is seen both with and without added CuSO4. 
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Table 2. The effect of  CuSO4 and/or  amiloride on intracellular 
pH of  Ehrlich cells under  isotonic conditions 

Change in p h i l 0  rain 

Control -0 .010  -+ 0.010 (n = 6) 
20/zM CuSO4 +0.087 -+ 0.004 (n = 7) 
0.2 m~A amiloride -0 .054  -+ 0.007 (n = 5) 
Amiloride, CuSO4 -0 .058  -+ 0,003 (n = 4) 

The changes  in pHi within the first 10 min were est imated from 
the change in f luorescence occurring within the first 10 min after 
t ransfer  of  the cells to the f luorescence cuvette.  Figures are aver- 
age -+ SEM of  n independent  exper iments .  

Table 3. The effect of  CuSO4 on H + excretion by Ehrlich cells 

/xeq H+/g dry wt/10 rain 

Control 19.5 _+ 1.6 (n = 4) 
0.2 mM amiloride 22.7 -+ 0.3 (n = 3) 
60/xM CuSO~ 40.7 _+ 4.9 (n = 3) 
0.2 mM amiloride, 60 IxM CuSO4 21.0 -+ 3.1 (n = 3) 

H § production was followed during the first 10 min after t ransfer  
of  the cells to weakly buffered medium. In two of the experi- 
ments  I00 /xM DIDS was added in order to prevent  possible 
interference on pH shifts from C1 /HCO3 exchange.  There was 
no difference between values of  H + excret ion with or without 
DIDS present .  Figures are average -+ SEM of n exper iments .  

The rates of pHi changes in a number of experi- 
ments like the ones shown in Fig. 10 have been 
summarized in Table 2. In conclusion: the results 
shown in Figs. 9 and 10 and Table 2 show that treat- 
ment of cells with CuSO4 causes an amiloride-sensi- 
tive cytoplasmic alkalinization. 

Parallel to alkalinization of the cytoplasm the 
operation of a Na+/H + exchange system promotes 
excretion of H + from the cells, which will cause 
acidification of the extracellular medium if this is 
only weakly buffered. It has been found by Heinz, 
Sachs and Schafer (1981) that Ehrlich cells, even in 
the absence of glucose, excrete protons, causing 
acidification of the extracellular medium. This is 
confirmed in Table 3, from which it is seen that 
untreated cells excrete acid equivalents at a rate 
equal to 18/xeq/g dry wt/10 min. Addition of CuSO4 
(60 tx~) causes a doubling in the rate of H + excre- 
tion, and this increase is completely abolished by 
amiloride. Accordingly, CuSO4 causes a transmem- 
brahe flux of H § which is amiloride-sensitive. We, 
therefore, conclude that addition of CuSO4 to 
Ehrlich cells promotes the activation of a Na+/H + 
exchange system, which is the cause of inhibition of 
volume regulation after a hypoosmotic shock. 
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EFFECT OF A PHORBOL ESTER 

In many cells tumor-promoting phorbol esters such 
as TPA are shown to activate Na§ § exchange 
(Moolenaar, Tertoolen & deLaat, 1984; Moolenaar, 
1986; Grinstein & Rothstein, 1986). A weak effect 
of TPA on the pHi of Ehrlich cells was recently 
demonstrated by Wiener and coworkers (Wiener et 
al., 1986). In the present study the effect of TPA on 
pHi of Ehrlich cells was assessed at pHo 7.4 and 7.0, 
respectively. It was found that no measurable 
change in pHi could be demonstrated at pHo 7.4, 
whereas at pHo 7.0 cytoplasmic alkalinization at a 
rate of 0.17 _+ 0.03 pH units/10 min (-+ SEM, n = 4) 
was found. Since pHi is 7.34 and 7.12 at pHo, 7.4 
and 7.0, respectively, the present results suggest a 
pH dependence of the effect of TPA on Ehrlich cells 
similar to that found in lymphocytes (Grinstein & 
Rothstein, t986). 

Discussion 

DEMONSTRATION O F  N a + / H  + EXCHANGE 
ACTIVITY BY ELECTRONIC CELL SIZING 

As seen from Figs. 3, 4 and 5, an amiloride-sensitive 
cell swelling occurs after transfer of Ehrlich cells to 
a medium in which the usual NaC1 has been re- 
placed by the isosmotic amount of the Na salt of a 
weak, organic acid. A similar phenomenon has pre- 
viously been reported for platelets and lymphocytes 
(Grinstein et al., 1984b). In the case of lymphocytes 
and platelets, extensive evidence was provided that 
transfer of cells to Na+-propionate medium im- 
posed an acid load on the cells leading to the activa- 
tion of a Na§ § exchange system. Swelling was a 
consequence of net accumulation of Na§ - 
nate. The present study strongly suggests that a 
similar mechanism operates in Ehrlich cells after 
transfer of the cells to Na+-propionate medium. Ev- 
idences for this hypothesis were: (i) cells swell in 
Na+-propionate but not in K+-propionate (Fig. 2, 
left panel), i.e., cell swelling is Na+-dependent; (ii) 
cell swelling in Na+-propionate medium is com- 
pletely abolished by amiloride, which is known to 
be a specific blocker of Na+/H + exchange in numer- 
ous cell systems (Benos, 1982) (Fig. 2, left panel); 
(iii) the Na+/H + ionophore monensin can bypass the 
amiloride blockage of cell swelling (Fig. 2, right 
panel). This confirms that cell swelling in Na+-pro - 
pionate is by a specific, amiloride-sensitive and 
Na+-dependent pathway and shows that absence of 
cell swelling in the presence of amiloride is not due 
to a collapsed Na + gradient; (iv) addition of the K+/ 

H + ionophore nigericin to cells in K+-propionate 
medium causes considerable cell swelling, demon- 
strating that an outward-going H+-gradient also ex- 
ists in cells in K+-propionate medium (Fig. 2, right 
panel). This observation confirms that cell swelling 
in Na+-propionate is mediated by a Na+-specific 
mechanism. Thus, by the simple cell sizing tech- 
nique, evidence, however indirect, for the activa- 
tion of a Na+/H + exchange system in Ehrlich cells 
after acid loading was obtained. A Na+/H + ex- 
change system in these cells has recently been dem- 
onstrated by Doppler and coworkers (Doppler et 
al., 1986), who demonstrated an amiloride-sensitive 
Na + influx which was strongly dependent on pH;. 
They also found that pHi became more alkaline as 
the extracellular concentration of Na + increased, 
suggesting a Na+-dependent efflux of H + from the 
ceils. Wiener and his group (Wiener et al., 1986) 
showed by measurements of pHi that addition of 
ATP to suspensions of Ehrlich cells caused Na +- 
dependent and amiloride-sensitive cytoplasmic al- 
kalinization. Furthermore, they showed that the 
phorbol ester TPA, which is known to activate Na+/ 
H + exchange in several cell systems (Moolenaar et 
al., 1984; Moolenaar, 1986), also increased phi of 
Ehrlich cells, although the effect was rather small. 
These results taken together with the present study 
has made it reasonable to conclude that an inducible 
Na§ § exchange system exists in Ehrlich ascites 
tumor cells. 

ACTIVATION OF Na+/H + EXCHANGE BY CuSO4 

The effects of CuSO4 on Na + influx and phi of 
Ehrlich cells provide direct evidence for the exis- 
tence of a Na+/H § exchanger in these cells which is 
inducible by treatment of the cells with the heavy- 
metal salt CuSO4. The evidence is the following ob- 
servations: (i) the inhibitory effect of CuSO4 on 
RVD is completely antagonized by amitoride (Fig. 
7); (ii) in cells undergoing RVD, CuSO4 causes a 
large net influx of Na +, of which the major part is 
amiloride-sensitive (Fig. 8); (iii) CuSO4 causes ami- 
loride-sensitive cytoplasmic alkalinization (Figs. 10 
and 11); and (iv) treatment of Ehrlich cells with 
CuSO4 causes a net H + efflux (Table 3). 

In addition to this, CuSO4 also causes an ami- 
loride-insensitive influx of Na § as shown in Fig. 8. 
This is also reflected in Fig. 7, where it is seen that 
only during the first 5 min after the hypoosmotic 
shock amiloride can completely abolish the effect of 
CuSO4. This suggests that, whereas the primary ef- 
fect of CuSO4 seems to be the activation of Na+/H + 
exchange, secondary effects of CuSO4 on Na § 
transport are also seen. Amiloride-insensitive net 
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Na + influx may reflect inhibition of the Na+/K + 
pump or an increase in the diffusional Na + leak per- 
meability of the cytoplasmic membrane by the pres- 
ence of CuSO4. 

STOICHIOMETRIC CONSIDERATIONS 

Isotonic Cells 

The operation of a Na+/H + exchange system with 
the expected 1:1 stoichiometry should result in a net 
proton efflux of the same order of magnitude as the 
simultaneously measured net Na + influx. Under 
isotonic conditions the amiloride-sensitive, CuSOe- 
induced contribution to cellular H + excretion was 
20/xeq H+/g dry wt/10 min at a CuSO4 concentra- 
tion of 60/xM (cf. Table 3). In an additional experi- 
ment (data not shown) an amiloride-sensitive, 
CuSO4-induced net uptake of Na + of 19 and 28/xeq/ 
g dry wt/10 min in 60 and 80 /xM CuSO4, respec- 
tively, was found. Thus, there is good agreement 
between net Na + and net H + fluxes in the presence 
of CuSO4 in isotonic cells. CuSOg-induced net H + 
efflux (see Table 3) should correspond to the mea- 
sured change in phi provided cellular buffering ca- 
pacity is taken into account. From Table 2 it is seen 
that the CuS0g-induced, amiloride-sensitive change 
in pHi is about 0.1 pH units/10 min in 20/xM CuSO4. 
In three additional experiments with 40/xM CuSO4, 
a CuSO4-induced change in pHi of 0.17 pH units/10 
min was found. Thus, a concentration dependence 
of the CuSO4 effect on phi  seems to exist. The net 
H + flux corresponding to a given pHi change may 
be calculated as the product of cellular buffering 
capacity and the phi change (Grinstein, Cohen & 
Rothstein, 1984a). The buffering capacity of Ehrlich 
cells was previously found to be 100/xeq/g dry wt/ 
pH (Bowen & Levinson, 1984). Using this value for 
cellular buffering capacity, a net efflux of 10 and 17 
/xeq H+/g dry wt/10 min in 20 and 40 /xM CuSO4, 
respectively, can be calculated from the measured 
changes in pHi. This is in reasonably good agree- 
ment with the measured efflux of 20 ~eq H+/g dry 
wt/10 rain found in 60 ~M CuSO4, taking the differ- 
ences in CuSO4 concentration and experimental 
conditions into account. Consequently, the present 
estimates strongly support the hypothesis that 
1Na+:IH + exchange can be induced by CuSO4 in 
Ehrlich cells under isotonic conditions. 

Hypotonic Cells 

In hypotonically treated cells the amiloride-sensi- 
tive Na + uptake induced by CuSO4 (Fig. 8) amounts 
to 34, 152, and 233/xeq/g dry wt/10 rain in 40, 60, 

and 80 txM CuSO4, respectively. Assuming that 
CuSO 4 only activates l:t Na+/H + exchange, this 
should lead to an equivalent H + extrusion. An ex- 
trusion of protons of this magnitude should result in 
an increase in pHi of 0.3, 1.5, and 2.3 pH units, 
respectively, again using a cellular buffering capac- 
ity of 100 /xeq/g dry wt/pH. Even taking into ac- 
count that pHi experiments and measurements of 
ion movements can hardly be directly compared be- 
cause of the large differences in the cytocrit be- 
tween these two types of experiments, the calcu- 
lated theoretical pHi changes are not in agreement 
with the observed change (about 0.1 pH units/10 
rain in 50 tZM CuSO4, see Fig. 9). Consequently, it 
may be hypothesized that the observed change in 
pHi is likely to reflect the net result of oppositely 
directed H + movements. The operation of a K+/H + 
exchange system simultaneously with the Na+/H + 
exchange would cause H + movement in the oppo- 
site direction of that caused by the operation of 
the Na+/H + exchange. Following a hypoosmotic 
shock in the presence of CuSO4, a K + loss in excess 
of that seen in untreated controls during RVD was 
observed (data not shown). In 80/XM CuSO4 this K § 
loss was partly inhibited by amiloride. Simulta- 
neous activation of both Na+/H + exchange and 
K+/H + exchange by an exogenous toxic substance 
(the tumor-promoting phorbol ester TPA) has previ- 
ously been reported for Arnphiurna red blood cells 
(Cala, 1986). In this case both alkalimetal/H + ex- 
change systems were inhibitable with amiloride, 
and it was suggested that K+/H § exchange and 
Na+/H + exchange are mediated by the same mem- 
brane protein (Cala, 1986). Thus, the possibility ex- 
ists that CuSO4 in addition to the activation of a 
Na+/H + exchanger also activates a K§ + ex- 
change system in Ehrlich cells under hypotonic 
conditions. As argued above, such a phenomenon, 
however, does not seem to play a significant role in 
CuSO4-treated isotonic cells. Another possibility is 
that CusO4 under hypotonic conditions in addition 
to the activation of Na+/H + exchange also induces 
amiloride-sensitive, conductive Na § channels. 

MECHANISM OF THE ACTIVATION 

OF THE N a + / H  + EXCHANGER 

Activation of Na+/H + exchange has previously 
been reported to occur in numerous cell systems 
when cells are exposed to a variety of stresses. 
These include decrease of cellular pH, exposure to 
increased medium osmolarity and treatment of cells 
with the tumor-promoting phorbol ester TPA (see 
Grinstein & Rothstein, 1986). Induction of Na+/H + 
exchange by CuSO4 has, to our knowledge, not 
previously been reported. 
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Both osmotic shrinkage and treatment with 
TPA shift the pHi dependence of the Na+/H + ex- 
changer in a more alkaline direction in lymphocytes 
(Grinstein et al., 1985b; Grinstein & Rothstein, 
1986), i.e., Na+/H + exchange becomes active at a 
higher pH value in shrunken and TPA-treated lym- 
phocytes than in untreated controls. The effect of 
TPA in Ehrlich cells suggests that a similar phenom- 
enon exists in these cells. As shown in Fig. 10, little 
activity of Na+/H + exchange is seen at pHi 7.12 as 
estimated from the weak cytoplasmic acidification 
seen in the presence of amiloride (Fig. 10, right 
panel). This is consistent with the pHi dependence 
of the Na+/H + exchanger in lymphocytes, where 
the "set-point" is around pHi 7.0-7.2 (see Grinstein 
& Rothstein, 1986). The "set-point" is the pHi be- 
low which Na+/H + exchange can be measured. 
Livne and Hoffmann (1988) have recently deter- 
mined the "set-point" for the Na+/H + exchanger in 
Ehrlich cells to be in the range 7.0-7.1. Treatment 
of Ehrlich cells with TPA at pHo 7.0 (pH/ 7.1) 
results, as mentioned above, in significant cytoplas- 
mic alkalinization, suggesting that Na+/H + ex- 
change is operating. In lymphocytes, TPA is re- 
ported to shift the "set-point" of the exchanger 
about 0.2 pH units in alkaline direction and consid- 
erable activity of Na+/H + exchange is found in 
TPA-treated cells at pHi 7.1 (Grinstein et al., 
1985b). At pHo = 7.4 pHi in Ehrlich cells is 7.3. A 
"set-point" shift by TPA in Ehrlich cells of similar 
magnitude as that seen in lymphocytes may be ex- 
pected to move the "set-point" to pHi 7.2-7.3, and 
this will not suffice to activate the exchanger. This 
is consistent with the observation that no cytoplas- 
mic alkalinization was observed in the present 
study after treatment of Ehrlich cells with TPA at 
pHo 7.4. This probably also explains the rather 
small effect of TPA seen by Wiener and coworkers, 
who performed their experiments at pH 7.4 (Wiener 
et al., 1986). 

The effect of TPA and CuSO4 on intracellular 
pH is additive. Addition of 40 /XM CuSO4 to cells 
already treated with TPA at pHo 7.0 resulted in a 
new rate of cytoplasmic alkalinization of about 0.3 
pH units/10 min (data not shown). Thus, addition 
of CuSO4 after TPA resulted in a doubling of the 
rate of alkalinization. The possibility that CuSO4 in 
analogy with TPA shifts the "set-point" of the ex- 
changer, and in the same direction, is not possible 
to test because of precipitation of Cu(OH)2 when 
pHo is increased above 7.0. As appears from the 
legends to Figs. 9 and 10, CuSO4 apparently causes 
a quick acidification of the cytoplasm of 0.05 to 0.09 
pH units. The possibility that this acidification in 
itself is sufficient to trigger the Na+/H + exchanger 
can, therefore, not be excluded. It is well known 
that TPA activates Na+/H + exchange via the pro- 

tein-kinase C system (Berridge, 1984). The mecha- 
nism by which CuSO4 can activate Na+/H + ex- 
change is at present unknown. Recently, a model 
for the functioning of the renal Na+/H + exchange 
system has been presented which underlines the im- 
portance of a carboxylic group and a histidine group 
on the external site of the exchanger (Igarashi & 
Aronson, 1987). Since copper is known to have high 
affinity to -COOH and -NH2 groups (Passow, 
Rothstein & Clarkson, 1961), it is tempting to sug- 
gest that CuSO4 modifies the exchanger by binding 
to the external site. If this is true, then TPA and 
CuSO4 activate Na+/H + exchange by two distinct 
mechanisms, and this is in agreement with the fact 
that the effects of TPA and CuSO4 are additive. 

In conclusion, the present work has confirmed 
the existence of a Na+/H + exchange system in 
Ehrlich ascites tumor cells which is activated fol- 
lowing a decrease in intracellular pH. Furthermore, 
the exchanger is activated after treatment of the 
cells with the heavy-metal salt CuSO4. Na+/H + ex- 
change is, therefore, responsible for the inhibitory 
effect of CuSO4 on RVD previously reported. 
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