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Both attached and suspended lleLa cells swelled in a medium of a hypotonic osmolality o1' 235 mosmol/kg H,O. When the 
osmohdity was further decreased to 166 mosmol/kg H20, attached cells instantly swelled and then rapidly lost water alld K', 
followed by slow gains of them. Suspended cells instantly swelled and then K' loss and regulatory volume decrease (RVD) 
occurred. Neither 0.1 mM ouabain nor 10 mM TEA changed the water loss of attached cells, whereas ouabain inhibited RVD of 
suspended cells. Quinine (I raM) inhibited water losses from both cells and comparison of the losses implies stronger activation 
of K ÷ channel in attached cells than in suspended cells. Omission of medium Ca 2. or addition of 10 mM BaCI 2 inhibited RVD 
in part. These results st:ggest that hyposmotic stress induces net water loss from attached cells, associated with K' release 
through thc Ca-'*-dependent K ÷ channel. Suspended cells osmotically swell, followed by RVD with K ' and Na ~ releases 
through the K ' channel and Na '-pump, respectively. The different patterns of volume changes may relate to the difference of 
activity or time of activation of the K * channel between both cells. 

Introduction 

Cell volumes of many types of cells increase rapidly 
after incubation in hyposmotic media, followed by their 
gradual decrease, i.e., regulatory volume decrease 
(RVD). Among the cells, some are known almost com- 
pletely to restore their volumes to normal levels. These 
include human lymphocytes [1,2], mouse lymphoma 
cells [3], mouse ascites tutnor cells [4], opossum renal 
cells [5], rabbit medullary thick ascending limb cells [6], 
Chinese hamster ovary cells [7], Amphhona red cells [8] 
and human intestine 407 cells [9]. RVD occurs also in 
other types of cells including rabbit red cells [10], but 
their volumes do not completely return to the normal 
values. In a few types of cells such as human red cells 
and rat red cells [IlL RVD is not observed after the 
hyposmotic swelling. The occurrence of RVD has been 
reported not only for the separated cells but al';o for 
rabbit proximal nephron perfused with a hyposmotic 
solution [12]. Moreover, the presence of high concen- 
trations of highly permeable substances such as urea 
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and KCI in isosmotic media is known to induce RVD 
of isolated toad bladder cells [13] and HeLa cells [14], 
respectively. Therefore, RVD seems to be a phe- 
nomenon common to different types of cells and prob- 
ably tissue:; except a few limited types of cells, but the 
degree of volume recovery would dift'er depending on 
cell types and incubation conditions. 

In contrast to the hyposmotic exposures, certain 
types of cells are known immediately to shrink under 
hyperosmotic conditions, followed by gradual increase 
in cell volumes, i.e., regulatory volume increase (RVi). 
This has been reported for duck red cells [15], Amphi- 
urea red cells [8] and rat red cells [11]. In some other 
cells including mouse ascites tumor cells [16] and opos- 
sum renal cells [17], RV! is not found in hyperosmotic 
media, but the similar process of volume increase oc- 
curs upon medium replacement with isosmotic media 
after an exposure to hyposmotic conditions, 

The mechanism of RVD involves water extrusion 
accompanied with K ÷ loss, after cell swelling caused by 
the difference of osmotic pressure. The K'  efflux may 
be carried out through either activated K + channels 
coupled with CI- efflux via CI- channel or parallel 
K * / H *  and C I - / H C O 3  exchangers. The former sys- 
tem is reported for HeLa cells in high-K + media [14] 
and mouse ascites tumor cells [4], while the latter is 
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found in Amphiuma red cells [8]. On the other hand, 
RVI is related to water gain accompanied with Na + 
influx through either activ'~ted Na+/K+/Cl--cotrans - 
port as in duck red cells [15] or parallel Na+/H + and 
CI-/HCO~ exchanges in ituman lymphocytes [2]. 

HeLa cells in suspensions have been reported rapidly 
to swell in hyposmotic media and shrink in hyperos- 
motic media. Their volume does not change any fur- 
ther in these media for following 30 min [18]. The 
similar rapid swelling of suspended HeLa cells was 
observed in hyposmotic media of various osmolalities 
in the present study, but RVD occurred after the 
swelling. The difference between the reported and the 
present results of HeLa cells would be attributed to 
different incubation conditions. The same cells when 
attached to culture dishes swelled similarly in a hypos- 
motic medium of the osmolarity of 235 mosmol/kg 
H.,O as ideal osmometers, without any succeeding 
change in the cellular water content. Conversely, the 
attached cells rapidly lost water, when osmolality of the 
medium was further reduced to 166 mosmol/kg H,O 
or le~. This was followed by water gain seemingly like 
RVI reported for other cells in hyperosmotic solutions. 

In the present paper, we showed distinctive behav- 
iors of attached and suspended HeLa cells with respect 
to volume chan~e in hyposmotic media, and intended 
to elucidate the mechanisms of membrane water and 
cation transports supporting the different patterns of 
volume change. 

Materials and Methods 

Cell cultures. HeLa $3 cells purchased from Flow 
Laboratories were serially cultivated in glass culture 
flasks containing 10 ml of a modified Eagle's minimum 
e~ential medium (mMEM) [19] supplemented with 
10% (v/v) calf serum. The cells in growing cultures 
were dispersed with 0.5% trypsin and resuspended 
with the same culture medium at a density of 5.10 '1 
cells/ml and inoculated in plastic culture dishes (69 
mm diameter, Coming) containing 5 ml of the same 
culture medium. These dishes were placed at 37°C for 
another period of 2 days in a CO: incubator in humid 
air containing 5% CO,. 

Cell incubations in hyposmotic media, lsosmotic and 
hyposmotic media had the same composition of inor- 
ganic salts with mMEM, except that the media con- 
tained different concentrations of NaCI, and KC! in 
the absence of amino acids, vitamins and bicarbonate. 
The concentrations of NaCI and KCI in the isosmotic 
medium were 145 and 5 mM, while the hyposmotic 
media consisted of the two cation concentrations of 
3/4, 1/2 and 1/4 those of the isosmotic medium. The 
osmolalities of the isosmotic and the hyposmotic media 
were 30!. 235, 166 and 95 mosmol/kg H20 , as deter- 

mined with an osmometer (Osmostat OM-6020, Kyot9 
Daiichi Kagaku). The cells attached to the culture 
dishes were once washed with either one of the hypos- 
motic media and incubated in 5 ml of the same medium. 
For making cell suspensions, the attached cells were 
gently washed with Dulbecco's phosphate-buffered 
saline (PBS) and dispersed by tryptic digestion. The 
cells were washed once by centrifugation at 12.6 ×g  
for 3 min. They were reincubated with the conditioned 
medium and allowed to stand for 30 rain at 37°C to 
stabilize the cell membrane [20]. Thereafter, they were 
again washed with the isosmotic medium by centrifuga- 
tion, rcsuspended with the same medium and left, for 
another 30 min at 37°C. Fir~aily, the cells were cen- 
trifuged and resuspcnded in the isosmotic or the hy- 
posmotic medium. All the media used for cell washing 
and incubations contained 20 mM Hepes (pH 7.2). 

To deprive intracellular Ca 2+, the attached cells 
were incubated for 10 min with the Ca2÷-frce isosmotic 
medium containing 1 mM EGTA and 10/zM BAPTA- 
AM. The medium was then replaced with the Ca-' ÷-free 
hyposmotic medium in the presence of 1 mM EGTA. 

Determinations of cell water and cell t,olume. The 
water contents of attached cells were determined with 
[~4C]urea (specific activity 1.9.4 GBq/mmol, Amer- 
sham) by the procedures described in a previous paper 
[14]. The radioactive isotope was diluted to the activity 
of 2/zCi/ml with the isosmotic or hyposmotic medium 
before use. interference of extracellular water was 
preliminarily tested by double-labeling with 1.5 p.Ci/ml 
of ['~lt]sucrose (specific activity 495.8 GBq/mmol, 
NEN) and 2 p.Ci/ml of [~4C]urea (see above). Result 
showed that extracellular water was almost removed by 
washings and did not significantly interfere with deter- 
mination of the cellular water content. Only the water 
contents of suspended cells shown in Fig. 4A were 
determined by the radioactive urea. Also, there ~as no 
significant contamination of extracellular water in this 
case, as checked by the double-labeling method used 
together with centrifugation in the presence of silicone 
oil (see below). The water contents were expressed as 
p l /mg of cell protein. 

To detect quick change in cell volume of the at- 
tached cells in a short period within 2 rain, micropho- 
tographs of the cells were taken serially at an interval 
of 3-5 s. Cell volume was determined semi-quantita- 
tively by measuring surface areas of the cells and 
expressed as the ratio of value of (surface area) 3/2 at 
any time to that at time zero. 

Cell volume of suspended cells was assayed elec- 
tronically with a new system developed in collaboration 
with Department of Electric and Electronic Engineer- 
ing of our university. The system consisted of an elec- 
tronic cell counter (Sysmex F-300, T e A  Medical Elec- 
tronics) modified and equipped with a constant voltage 
source, an A / D  converter, an interface board and a 



personal computer (PC9801UX, NEC) with a software 
for analyzing cell volume and related parameters. For 
determining diameters and volumes of the cells, the 
system was calibrated with polybead-polystyrene mi- 
croshperes of various mean diameters between 5.55 
and 25.7/zm (Polysciences) and pollens of paper mul- 
berry (15.9 /~m mean diameter, Polysciences) sus- 
pended in PBS. SD of the means were also taken into 
consideration for the calibration. Mean + S.D. of di- 
ameters of the particles in each group was preliminar- 
ily determined by measuring more than I00 particles 
with a microscopic apparatus (OSM-D2, Olympus Op- 
tics) and mean cell volume and its S.D. were calcu- 
lated. The cell density suitable for the electronic assay 
was 104-105/ml. Mean diameters of the ceils sus- 
pended in the hyposmotic media were also determined 
by the microscopic method to compare with results 
obtained by the electronic systetn. Statistic analysts by 
Student's t-test showed that diameters measured by 
the two different methods were not significantly differ- 
ent. 

Assays of cations and protehz. When Na + and K + of 
attached cells were assayed, the culture medium was 
discarded and cells were washed six times with cold 
LiNO 3 solutions in less than 15 s by the similar proce- 
dures described in a previous paper [21], except that 
various concentrations of the nitrate salt was used in 
the present study. Because, the osmolalities of LiNO.~ 
must be adjusted to equal those of the incubation 
media, i.e., 301, 235, 166 and 95 mosmol/kg H20. 
After the washing, the cells were scraped off by a 
silicon rubber policeman and suspended in 3.5 ml cold 
double-distilled water. A 2 ml part of the cell suspen- 
sion was left at least overnight at room temperature to 
lyze the cells completely and was used for assay of the 
cations. Another 1 ml aliquot was used for protein 
assay. 

For assaying Na + and K + of suspended cells, cell 
densities were increased to about 8.10"~/ml. The sus- 
pensions were first chilled in an ice-bath and 1 ml 
aliquots of the suspensions were overlaid on 1.5 ml of 
an ice.cold silicone oil (about 3 cm depth) placed in 
centrifuge tubes. The suitable oil was a 1 : 13 mixture of 
two different silicone oils (pure grade, Shin Etu), i.e., 
one was of 0.82 and 1 cps and the other was of 1.02 
and 1000 cps in specific gravity and viscosity, respec- 
tively. The chilling was necessary to arrest the process 
of RVD and keep the suitable difference of specific 
gravities between the cells and the silicone oil. The 
cells were separated from the media and precipitated 
befow the oil by centrifugation at 1257 x g for 1.5 min 
at ,t°C. They were collected and resuspended in 3 ml 
cold double-distilled water. A 2 ml part and a 1 ml part 
of each suspension were used for assaying the cations 
and protein, respectively. A preliminary test showed 
that deionized water was not contaminated with Na + 
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of the silicone oil, after 1-2 ml of the water was passed 
through the silicone layer by centrifugation. 

The cations were assayed by flamephotometry as 
reported in another paper [22]. Protein was determine.d 
by the method of Lowry et al. [23] using bovine serum 
albumin as the standard. 

Reagents and other substances. Especially pure grade 
of inorganic salts and tetraethylammonium chloride 
(TEA) were purchased from Wako Pure; calf serum 
was from Nacalai Tesque; ouabain, quinine, furose- 
mide, 1,2-bis(2-aminophenoxy)ethane.N,N,N ',N '- 
tetraacetic acid tetraacetoxymethyl ester (BAPTA- 
AM), bovine serum albumin (fraction 'V), N-2-hydro- 
oxyethylplperadine-N'-2-ethanesulfonic acid (Hepes) 
were from Sigma; trypsin (1:250) was from Difco Lab- 
oratories; concentrated mixtures of amino acids (50 × ) 
and vitamins (100 x ) purchased from Gibco Laborato- 
ries were used to prepare the mMEM. 

R e s u l t s  

Changes hz cell t,olume, and the cellular contents of 
water and cations at different osmolalities 

Upon incubation of attached HeLa ceils in the hy- 
posmotic medium of the osmolality of 235 mosmol/kg 
H20, the cellular water content increased by more 
than 30% in 2 min and then remained at the elevated 
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Fig. !. Time-dependent changes in the contents of water and cations 
of FleLa cells attached to culture dishes alter incubation in hypos- 
motic media of different osmolalities. (A) The water contents, e, 2.t5; 
&, 166; i ,  95 mosm(d/kg HzO. (B) The cation cont~:nt.~. (C) Th,: 
cellular cation concentrations calculated from data shown in A and 
B. Symbols in B and C correspond to those in A, but closed and 
open symbols indicate K + and Na ', respectively. Points and bars are 

means and S.D. values. 
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level for as long as 60 min (Fig. 1A). The cellular K" 
content seemed very slightly to decrease in 10 min, but 
the Na + content did not markedly alter (Fig. 1B). 
When the osmolality was decreased to 166 mosmol/kg 
H 20, cellular water was lost. This was followed by slow 
gain of water, causing cell swelling in 30 min. In 
parallel with the initial loss of water, cellular K + 
decreased in 2 rain, followed by its gain in 30 rain. The 
Na + content did not change. We also studied the 
time-dependent change in cell volume semiquantita- 
tively by microphotography (see Materials and Meth- 
ods). Result shows that the cells started to swell 15 s 
after the medium replacement and attained a maxi- 
mum volume at 20 s. The cell volume decreased to the 
normal level in g0 s and ti~ereafter continued to shrink. 
When the osmolality was further decreased to 95 
mosmol/kg H;O, the cells lost water more markedly 
(Fig, IB), The water content dropped by more than 
30% and reached a minimum in 4 rain and then 
increased until 10 rain and thereafter the content ap- 
proached the normal level in 60 min. Accompanied 
with the water loss, the cellular K + content signifi- 
cantly decreased in 2 rain and then did not significantly 
change in 60 rain. The Na + content seemed to increase 
slightly in l0 rain. The cellular cation concentrations 
shown in Fig. IC were calculated from the results in 
Figs. IA and lB. The cellular K + concentration de- 
creased rapidly after the hyposmotic exposures and 
became steady after 2-8 rain. The steady levels wcrc 
about 120 mM and almost the same at 235 and 166 
mosmol/kg H,O, while the level was decreased to 
about 81} mM at 95 mosmol/kg H,O. The attached 
cells seemed simply to swell in the medium of 235 
mosmol/kg H ,O and behaved as ideal osmomctcrs, 
judged from application of the cellular water content at 
the steady level to the Boylc-Van't Hoff equation. In 
contrast, the cells rapidly shrank and gained water 
later on in the more hyposmotic media of 160 and 95 
mosmol/kg H,O. 

Upon incubation of suspended HeLa cells at 235 
mosmol/kg H :O, mean cell volume increased by about 
23% to a peak value in 20 s and then decreased with 
time in 60 rain to a level of slightly higher than the 
normal value (Fig. 2A), In the more hyposmotic 
medium of 166 mosmol/kg H,O,  cell volume instantly 
increased by about 5(|%, being about twice the increase 
at 235 mosmol/kg H,O, Regulatory volume decrease 
(RVD) was more marked and cell volume was reduced 
to a similar level to that attained at 235 mosmoi/kg 
H;O in 60 rain, Time required for the volume to attain 
the peak value somewhat delayed and the rate of RVD 
was slowed at 95 mosmol/kg H:O. Applying the peak 
values of cell volume to the Boyle-Van't Hoff equation, 
we found that the suspended cells also behave like 
ideal osmometers at 235 mosmo!/kg H20. However, 
the peak values at 166 and 95 mosmol/kg H20, were 
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Fig. 2. Timc-dcpcndcn! changes in cell volume and the contents of 
call,ms of suspended HcLa cells after incubation in hyposmotic 
media of dift'~rcnt {)smolalitics, (A) ('ell v{)lumc, c~, ,t{11: 4 ,235;  n ,  
I(')6; v.  95 m()sm~)I/kg H~O. (B) The cation c~mtcnts. S,,. )l)ols 
corrcsl~)nd to those in A, but closed syml~)Is indicate th~ K '  and 
(~pT.,, Nyr~lhols the Na ' contents. Po!nts and bars are means and S.D. 

fi~r lower than those expected when assumed to bc 
ideal osmomctcrs. Alter replacement of the ~:ondi- 
tioncd medium with the fresh isotonic medium, cell 
volume only slightly decreased in 60 min. Due to 
technical difficultics, wc assayed cellular cations sepa- 
rately from cellular water. The cellular K * comcnt was 
not significantly influenced by mcdium replacement 
with the isosmotic medium (Fig. 2B). The K + content 
decreased by about 17% in 2 rain after exposure to the 
osmolality of 235 mosmol/kg H:O, and then the con- 
tent wa,,, unchanged. Wilcn incubated at 166 and 95 
mosmol/kg H:O,  the K + contents dropped by about 
35% and 50%, respectively', followed by staying at the 
reduced levels. The initial value of ccUular Na + con- 
tent was significantly higher than that of attached cells. 
This was an after-effect of trypsinization. The Na + 
content was unchanged upon incubation in the isos- 
motic medium, but was decreased with time after re- 
placement with the hyposmotic media. 

Because of the different patterns of changes in the 
cellular water contents at 166 mosmol/kg H20 be- 
tween attached and suspended cells (compare Figs. 1 
and 2), we used only this medium in the following 
experiments. 

Effects of transport inhibitors 
Effects of 0.1 mM ouabain, 1 mM quinine and 10 

mM TEA on cellular water and/or  cation contents of 
attached cells incubated at 166 mosmol/kg H20 were 
tested (Fig. 3). Initial rapid decrease and gradual re- 
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Fip. 3. Effects of inhibitors (m lime-dcpendcn! changes in the con- 
tents of water and cations of ! leLa cells attached to or, lit,re dishes, 
after incubation in i, hyposmotic medium of the. ~ osmoh, lity of 166 
mosmol/kg H zO. (A} Effects of ouahain and quinine on the water 
contents, o, control; A, II.! mM ouabain; I I ,  I mM quinine. (B) 
Effects of ouabain on the cation contents. Control: e, K ~ ; o, Na +; O, 
K + plus Na ÷. Ouabain (ill raM): A, K+: ix, Na ' ;  A,  K* plus 
Na ' .  (C) Effects of quinine and TEA on the cation contents. 
Control: e, K ' ;  o,  Na '. Quinine (I mM): II, K~; r-I, Na +. TEA (10 
raM): v,  K+; v ,  Na ' .  Points and bars are means and S.D. values. 
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Changes in the water content and mean cell volume 
of the suspended cells were compared in Figs. 4A and 
B. The cells used i:l Fig. 4A were obtained by 
trypsinization of replicate cultures of those used in Fig. 
3A. Hence, the experiments shown in Figs. 4A and B 
were made independently. Though experimental error 
was larger for determination of cell water than for 
assay of cell volume, the results clearly demonstrates a 
common pattern of changes in the two parameters, 
i.e.,: immediate increases after medium change to the 
hyposmotic medium followed by slow decreases. Dif- 
ferent from the ineffectiveness of ouabain on the at- 
tached cells, addition of 0.1 mM ouabain significantly 
inhibited RVD. The ouabain-sensitive fraction of RVD 
was similar to the fraction sensitive to 1 mM quir~ine. 
Though these fractions were somewhat different in 
another experiment (data not shown), the sums of the 
two l'ractions covered nearly total RVD in the two 
experiments. 

The sums of the K '  and Na ~ contents showed the 
similar patterns (ff time-dependent changes between 
the suspended cells and the attached cells in the ab- 
sence of inhibitor (compare Fig. 5 with Fig. 3B). Addi- 
tion of quinine suppressed the decrease in cellular K + 
similarly to attached cells. Treatment with 0.1 mM 
ouabain also slowed the rate of decrease in the sums of 
both cations in the suspended cells, consistent with the 
delay of RVD (data not shown). The Na + content at 

cover3' of the water content of control cells shown in 
Fig. IA were reproduced, but the final steady level was 
similar to the normal value in this case (Fig. 3A). 
Addition of ouabain did not significantly influence the 
water content (Fig. 3A}, but the cellular K + content 
decreased and the Na + content increased with time 
(Fig. 3B). However, the sums of the Na + and K + 
contents that are known to control the cellular water 
contents were not significantly different from those of 
control cells. The rapid loss of cellular water was 
prevented by addition of quinine and the water was 
rather increased (Fig. 3A). The water content attained 
a maximum of about 50% hisher than the normal value 
in 7 min, followed by decrease nearly to the normal 
value in 30 min. The rate of drop in the cellular K ÷ 
content as observed for control cells was slowed down 
by the addition of quinine (Fig. 3C). Then, the K ÷ 
content gradually decreased in 40 min nearly to the 
control level of about 25% below the normal value. 
The cellular Na + content was not markedly changed. 
Addition of TEA did not significantly influence the 
change in the cellular K ÷ content a ,d  cellular Na ÷ 
was not affected at all. Also, the changes in these 
cations were not influenced by addition of 0.2 mM 
furosemide (data not shown). 
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Fig. 4. Effects of inhibitors on time-dependent changes in tile cellu- 
lar contents of water and ct:ll volume o1" :~uspended HcLa cells, after 
incubalion in a hyposmotic medium of the osmoh,lily of 166 
mosmol/kg H20. (A) Effects of quinine on the water content, e. 
control:, I ,  I mM quinine. The cells used in A was obtained by 
tlypsin treatment of replicas of the cultures used in Fig. 3A. (B) 
Effects of ouab~in and quinine on cell volume, o, control; zx, 0.1 
mM ouabain; [7, I mM quinine. Points and bars are means and S.D. 

values. 
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Fill. 5. Effects of quinine on time-de~ndent changes in the cellular 
cation contents of suspended HeLa cells after replace~tent with a 
h~ou~otlc medium (166 mosmol/kg H,O). Contmh e, K+; o, Na+; 
G, K÷ plus Na ÷. Quinine (1 raM): II, K+; O. Na÷; Is, K * plus 

Ha +. Points and bats are means and S.D. values. 

time 0, i.e., before the medium replacement, was again 
relatively high in suspended cells as in the present 
case. 

Effects of BAPTA 
We tested the effects of Ca2+-deprivation from the 

medium and/or cytoplasm and Ba 2+. For these pur- 
poses, we added 10 mM BaCI2 to the hyposmotic 
medit~m (166 mosmol/kg H20) or a permeable Ca z+ 
chelating agent BAPTA-AM (10/~M) to the Ca2+-free 
medium of the same osmolality. 

Simple removal of Ca 2+ from the medium in the 
presence of 1 mM EGTA partially inhibited the rapid 
decrease in the K + content of the attached cells (Fig. 
6). Addition of BAPTA or BaC! 2 suppressed the initial 
rapid decrease completely. 

RVD of the suspended cells in Ca-' +-free medium in 
the presence of 1 mM EGTA was significantly sup- 
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Fig, 6, Effects of addition of BaCl-`, omi~ion of medium Ca -̀ + and 
addition of BAPTA to the Cae÷-free medium on time-dependent 
chang~ in the cation contents of HeLa cells attached to culture 
dishes, after incubation in a hyposmotic medium. The medium 
coataincd I mM EGTA in the absence of Ca-" + and its osmolality 
was 166 Inosnlol/kg H-`O. Control: e, K+; o,  Na +. BaCI~ (10 mM): 
v ,  K+; v ,  Na +. Ca2~'.deficiency: a, K+; ,~, Na +. BAP'I:A-AM (10 
/AM):. II, K÷; O, Na*. Points and bars are means and S.D. values. 
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Fig. 7. Effects of omission of medium Ca-' ÷ and addition of BAPTA 
to the Ca 2 +-free medium on time-dependent changes in cell volume 
of suspended HeLa cells, after incubatkm in a hytmsmotic medium 
(166 mosmol/kg H 20). (A) Effects of omission of medium Ca ~ + and 
addition of BAPTA. o,  control; A 1 mM EGTA in the absence of 
Ca 2 +; D, BAPTA-AM (10 ~tM). (B) Effects of addition of BaCI 2. o,  

control; v ,  10 mM BaCI 2. 

pressed (Fig. 7A). Addition of 10 ~M BAPTA to the 
medium did not enhance the inhibition in the Ca-' +-free 
medium any further. The similar inhibition was ob- 
served upon addition of 10 mM BaCI 2 to the medium 
containing Ca -'+ (Fig. 7B). 

Discussion 

Different patterns of time-dependent volume 
changes between attached and suspended HeLa cells 
were found upon exposure to hyposmotic conditions. 

Attached HeLa cells 
Attached HeLa cells incubated in the hyposmotic 

medium of 235 mosmol/kg H 20 instantly gained water 
and behaved like ideal osmometers without any further 
change in the water content. The occurrence of cell 
swelling has been reported for suspended HeLa cells 
incubated in a medium of the same osmolarity [18]. 
However, the reported cells do not behave as the 
osmometers in the hyposmotic media. Rapid increase 
in cell height corresponding to the gain of water occurs 
in monolayer of MDCK cells by incubation in a more 
hyposmotic medium of 125 mosmol/kg H 2 0  , and any 
decrease in the height is not observed for following 20 
min [24]. However, when the osmolality was decreased 
to 166 mosmol/kg H20 or less, instant cell swelling 
took place; which was followed by simultaneous de- 
creases in cellular water and K ÷. This resembles K + 
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release reported for attached HeLa cells in a hypotonic 
medium [18]. The decreases were followed by their 
gradual increases seemingly like RVI. 

Addition of quinine did not only prevent the shrink- 
age but even caused swelling of the cells, which was 
accompanied by marked inhibition of K + loss from the 
cells. The same inhibition of K + loss was shown in the 
Ca2+-free medium especially on addition of BAPTA to 
the medium or simple addition BaC! 2. But, any inhibi- 
tion of cell shrinkage was not detected when treated 
with ouabain, TEA or furosemide. These results imply 
that attached HeLa cells are expected to gain water 
due to the difference of osmotic pressure in any hypos- 
motic media. But the gain is overcome by water loss 
associated with K + efflux through activated Ca2+-de - 
pendent K + channel at the osmolality of 166 
mosmol/kg H20 or less, resulting in net loss of cellu- 
lar water. The mechanism of the loss of water is similar 
to fhat of the secondary active transport of water 
reported for choroid plexus epithelium of Necturus 
[25]. The K + efflux would depend on the transmem- 
brane gradient of electrochemical potential of K +. A 
considerably greater swelling of the perfused ral~bi" 
proximal nephron has been reported in the presence 
than the absence of quinine after hyposmotic stress 
[12]. 

The activation of the K + channel of attached HeLa 
cells by the hyposmotic stress would be transient and 
does not persist, so that entry of water begins after the 
initial shrinkage driven by the gradient of osmotic 
pressure like an oscillatory phenomenon. The inward 
water movement secondarily induces K + influx. There- 
fore, the volume increase in the hyposmotic media 
takes place by entirely different mechanisms from those 
of RV! reported for other cells in hyperosmotic media 
[15,26]. Because, RVI is closely related with Na + in- 
flux. 

Suspozded HeLa cells 
The suspended cells showed immediate increase in 

cell volume upon incubation in the hyposmotic media. 
The increased cell volume gradually decreased with 
time. The peak value of cell volume at the osmolality 
of 235 mosmol/kg H20 suggested that the cells be- 
have as ideal osmometers like the attached cells. The 
increase in cell volume was greater in the media of 166 
and 95 mosmol/kg H20. However, the cells did not 
behave as the osmometers at the lower osmolarities. 
Their volumes were smaller than those expected when 
they behave as ideal osmometers. The incomplete 
swelling at 166 mosmoi/kg H20 could not be at- 
tributed to K + efflux mediated by the K + channel, 
because addition of quinine had no influence to the 
peak value of cell volume. Loss of K + and RVD 
occurred after the cell swelling, which were signifi- 
cantly inhibited by cae+-deprivation and addition of 

quinine. However, addition of BAPTA-AM did not 
enhance the inhibition by deprivation of medium Ca e +, 
implying that deficiency of medium Ca 2+ sufficiently 
decreases intracellular Ca 2+. Addition of ouabain in- 
hibited RVD. Therefore, Na+-pump also participates 
in RVD of the suspended cells. The similar ouabain 
inhibition of RVD has been reported for the rabbit 
thin descending limb of Henle's loop [27]. 

These results suggest that hyposmotic exposure of 
suspended HeLa cells induces rapid gain of water due 
to the transmembrane gradient of osmotic pressure, 
resulting in cell swelling. Then, K + efflux may be 
stimulated as found in other cells [5,6,9,28,29]. How- 
ever, K + effiux would be insufficient to overcome the 
cell swelling in the suspended cells. The activation of 
K + effiux by hyposmotic stress has been reported for 
chicken entrcrocytes [29] and isolated rat liver [30]. 
Human lymphocytes also show activation of net K + 
release [I]. Moreover, the relatively high initial Na + 
concentration of suspended HeLa cells as an after- 
effect of trypsinization must stimulate Na+-pump and 
increase Na + release [22]. The sums of the parts of 
RVD sensitive to quinine and ouabain seemed almost 
to equal total RVD. 

Comparison of the attached and suspended HeLa cells 
We consider that the distinctive patterns of volume 

changes between attached and suspended HeLa cells 
are mainly based on the difference of activity or time 
of activation of the K + channel upon hyposmotic expo- 
sure. The activation of the K + channel would be 
quicker and stronger in attached than in suspended 
HeLa cells. This can be noticed from larger quinine- 
sensitive loss of water from the attached cells than 
from the suspended cells as shown in Figs. 3A and 4A. 
The underlying mechanism(s) causing the difference is 
not known. Hyposmotic stress given to extended sur- 
face of attached cells might relate to the rapid and 
strong activation of the channel, based on the larger 
number of active K + channels than suspended cells. 
Stretch of the patch membrane of medullary ascending 
limb cells by negative pressure has been reported to 
increase the open probability of Ca:' 4 -activated K + 
channel [31]. Therefore, the number of active channels 
may be larger in the attached cells, which would induce 
instant K + release and cell shrinkage upon hyposmofi¢ 
exposure. In contrast, K + release may start after 
swelling due to stretch of the cell membrane in the 
suspended cells, resulted in RVD. RVD have been 
reported in various types of suspended cells. These 
cells include mouse ascites tumor cells [4] and human 
lymphocytes [~,2], which are naturally suspended in 
media, implying that the pattern of RVD is a common 
phenomenr, n in suspended cells and not necessarily be 
attributed to trypsin treatment. However, a possibility 
of partial inactivation of the K + channel by the treat- 
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ment cannot fully be ignored. Stimulation of Na +-pump 
possibly related to the increased cellular Na + concen- 
tration may also contribute RVD of the suspended 
cells. 

Attached HeLa cells and peak value of cell volume 
of suspended HeLa cells suggested that they behaved 
as ideal osmometers at the. osraolaiity of 235 
mosmoi/kg H20, but they markedly lost K + in the 
more hyposmotic medium of 166 mosmol/kg H.,O or 
less. Therefore, the osmolality thresholds with respect 
to activation of the K + channels may not so differ 
between both cells, regardless of the differences of 
culture conditions and activity of the channels. 

Finally, we came to the following conclusions. Sim- 
ple swelling of attached HeLa cells occurred in a 
hyposmotic medium at the osmolality of 235 mosmol/ 
kg H:O. When the medium osmolality was reduced to 
166 mosmol/kg H,O or less, the cells instantly swelled 
and then rapidly shrank. Following the shrinkage, cell 
volume started to increase. Suspended HcLa cells 
showed transient swelling, followed by RVD. The dis- 
tinctive patterns of cell volume change may depend on 
the difference of either activity or time of activation of 
Ca: +.dependent K + channel between the attached and 
suspended cells. Stimulation of Na+-pump may also 
contribute RVD of the suspended cells. 

Acknowledsements 

The electronic system for measuring particle diame- 
ter and volume was developed by Dr. Y. Kinouchi, Dr. 
T. lritani and Mr. T. Togawa of Department of Elec- 
tric and Electronic Engineering, Faculty of Engineer- 
ing of this universffy. The authors thank Ms. Y. 
Hisakawa for technical assistance, This study was sup- 
ported in part by a Grant-in-Aid for scientific research 
(No, 02807(XI91 given from Japanese Ministry of Edu- 
cation, Science and Culture. 

Keteren~s 

I Bui, A,lt, and Wiley, J,S. (19811 J. Cell, Physiol. 1(]8, 47-54. 
2 Grinstein, S,, Rothstein, A., Sarcadi, B, and Gelfand, E,W. (1~841 

Am, J, Physiol, 246, C204-C21";, 
3 Rot} Rot}, L,W, and Rothsteir, A. (19731 Exp. Cell Res. 7~L 

295-311L 

4 Hoffmann, E.K., Simonsen, L.O. and Lambert, I.H. (19841 J. 
Membr. Biol. 78, 211-222. 

5 Knoblauch, C., Montrose, M,H. and Murer, H. (19891 Am. J. 
Physiol. 256, C252-C259. 

6 Montrose-Rafizadeh, C. and Guggino, W.B. (1991) Am. J. Phys- 
iol. 260, F402-F409. 

7 Sarkadi, B., Attisano, U, Grinstein, S,  Buchwald, M. and Roth- 
stein, A. (1984) Biochim. Biophys, Acta 774, 15q-168, 

8 Cala, P.M,, Mandel, L,J. and Murphy, E. (19861 Am. J, Physiol. 
250, C423-C429, 

9 Hazama, A. and Okada, Y. (1988) J. Physiol. 402, 687-702. 
10 Jennings, M.L. and AI-Rohil, N. (19901 J. Gen. Physiol. 95, 

! 021 - ! 040. 
II Orlov, S.N., Pokudin, N.I., Kotelcvtsev, Y.V. and Gulak, P.V. 

(1989) J. Membr. Biol. 107, 105-117. 
12 Kirk, K.L., Dibona, D.R. and Schafcr, J.A. (1987) Am. J. Physiol. 

252, F933- F942. 
13 Wong, S.M.E, and Chase, Jr. II.S. (1986) Am. J. Physiol. 250. 

C841 -C852. 
14 Ikehara, T., Yamaguchi, Ii,, Sakai, T. and Miyamoto, I!. (1'184) 

Biochin). lliophys. A¢la 775, 297-307. 
15 Schmklt, Ill, W.F. and MeManus, T.J. (19771 ,I. Gen. Physiol. 71|, 

5*}-79. 
I{~ ![offmann, E.K., Sjoholm, C. and Simonsen, L.O. (19831 J. 

Membr. Biol. 76, 269-280. 
17 Montrose, M.it., Knoblauch, C. and Murer, I!. (1988) Am. J. 

Physiol. 255, C76-('85, 
18 Tivcy, D,R., Simnmn~, N.L. and Alton, J.F. (19851 J. Memhr. 

Biol, 87, t)3-105. 
19 Miyamoto, ti., Rasmussen, L. and Zevthen, E. (19710 in Methods 

in Cell Biology (Prescott, D.M,, ed), Vol, 13, pp. 15-27, Aca- 
demic Press, New Yo=k, 

20 Lamb, J,F, and MacKinnon, M,G.A, (19711 J. Physiol. 213, 665- 
h82. 

21 Ikehara, T,, Takahashi, A., Yamaguehi, !!,, l losokawa, K., Ma- 
suya, T, and Miyamoto, I1. (Igt}l) Biochim. Biophys. Acla 1l)68, 

22 Ikehara, T., Sakai, T., Miyamolo, I!. and Kaniike, K. (19821Jpn. 
J. Physiol. 32, 13-24. 

23 Lowry, 0.11., Rosebrough, N.J., Farr, A.L. and Randall, R.J. 
(1'1511 J. Biol. Chem. 1'o3, 2h5-275. 

24 Roy, G. and Sauvd, R. (19871 J. Membr. Biol. IIXI, 83-9h. 
25 Zuuthen, T, (19911 J. Physiol. 444. 153-173. 
26 Kregenow, F,M., Ca.>'k, T. and Siehens, A.W. (1'185) J. Gen. 

Physiol. 86, 565-584. 
27 Lopes, A.G,, Amzel, L.M,. Markakis, D. and Guggino. W.B. 

(19881 Prec. Natl. Acad, Sci. USA 85, 2873-2877. 
28 Hoffmann, E.K., Lambert, I.M. and Simonsen. L.O. (1986) J 

Membr. Biol. 91,227-244. 
29 Montero, M.C. and llundfiin. A. (1~}891 Bioehim. Biophys. Ac(a 

979, 2¢~9- 271. 
3(| Itaddad, P, and Graf, J. (19891 Am. ,I. Physiol. 257, G357-G363. 
31 raniguchi, J. and Guggino, W.B. (19891 Am. J. Physiol. 257, 

F347- F352, 


