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Summary. Nystatin (50 ug/ml) had strong influence on the intra-
cellular contents and membrane transports of monovalent ions
and water in HeLa cells. The nystatin-induced changes in the
intracellular ion content and cell volume were inhibited by su-
crose, and Donnan and osmotic equilibria were attained. Using
cells under conditions for these equilibria, the concentrations of
intracellular impermeant solutes, their mean valence, the differ-
ences of their intra- and extracellular osmotic concentrations,
and the circumferential tension of the cell membrane were deter-
mined. Stimulation by nystatin of the influx of one cation spe-
cies, e.g. Rb, was inhibited by another cation species, e.g. Na.
The stimulatory effect of nystatin on cation fluxes was reversible
within 1 hr after ionophore addition, and after 1-hr treatment the
intracellular contents of Na and K became proportional to their
extracellular concentrations, provided that the sum of these con-
centrations was constant (300 mm). Similar proportionality was
also observed in the presence of choline, provided that the cho-
line concentration was less than those of the alkali cations. The
implications of these results in relation to the osmotic properties
of cultured cells, and the experimental regulation of alkali cat-
ions in the cells, are discussed.
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Introduction

Ionophores of monovalent cations, including neu-
tral ionophores such as cyclic depsipeptides and
macrocyclic tetralide nactins, carboxylic ion-
ophores and polyene antibiotics, have been very
useful in investigations of basic mechanisms of
transport of ions through artificial lipid bilayer
membranes and of the electrical properties of mem-
branes (Mueller & Rudin, 1967; Pressman, 1968;
Szabo et al., 1969; Cass et al., 1970; McLaughlin et
al., 1972).

These ionophores have been valuable not only
as models of carriers (e.g. depsipeptides and tetra-
lide nactins) and of channels (e.g. polyene antibiot-
ics) but also for stimulation of cation uptake and

change in the intracellular contents of cations in red
cells (Labelle, 1979; Haas et al., 1982) and other
types of cells (Pietrzyk et al., 1978; Smith & Roz-
engurt, 1978; Mendoza et al., 1980). One example
of application of the ion transport-stimulating eftect
of ionophore is the use of one of the polyene antibi-
otics, nystatin, in combination with sucrose to pro-
duce and investigate ionic and osmotic equilibria in
red cells (Freedman & Hoffman, 1979). Another ex-
ample is the development of a technique for control-
ling the intracellular levels of cations in red cells
using nystatin (Cass & Dalmark, 1973). But no simi-
lar technique is available yet for nucleated cells,
including cultured cells, since the intracellular envi-
ronment of monovalent cations in these cells seems
to be more complex than that of red cells (Smith &
Adams, 1977).

In the present study, we demonstrated stronger
influences of the channel-forming ionophore nys-
tatin than of the carrier ionophores, valinomycin and
monensin, on the fluxes and contents of cations in
HelLa cells. Our results indicate that (1) nystatin is a
useful tool for analysis of the dynamic and osmotic
properties of the cell membrane and (2) the cation
contents of the cells can be changed experimentally
by dialyzing the cells in the presence of nystatin.

Materials and Methods

CELL CULTURE

HeLa S3 cells purchased from Flow Lab. were serially cultured
in a modified Eagle’s minimum essential medium (Miyamoto et
al., 1976) supplemented with 10% (vol/vol) calf serum in glass
culture flasks. HEPES was omitted from the culture medium.
Cells in the exponential growth phase were dispersed with 0.5%
trypsin and resuspended in the same culture medium at a density
of 5 to 6 x 10¢ cells/ml. They were then inoculated into plastic
culture dishes (60 mm diameter, Corning Glass Works) and incu-
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bated in a CO, incubator at 37°C in a humid atmosphere of 5%
CO; in air.

CeLL CHILLING

After 48-hr cultivation, the cultures were washed once with cold
medium of the same composition as that used for incubation of
the cells. This medium contained a fixed concentration of either
Na or K or choline ions with or without nystatin. The other
components of the medium were as reported previously (Ikehara
et al., 1984), except that bicarbonate was omitted. Na medium
and K medium were prepared as described previously (Ikehara
et al., 1984), except that the concentrations of NaCl and KCl
were varied. Choline medium contained 1 mMm orthophosphoric
acid instead of phosphate salt and was adjusted to pH 7.2 with 4
M choline; the stock solution of HEPES (1 M) was also adjusted
to pH 7.2 with choline solution, and the concentrations of cho-
line ions were adjusted appropriately with choline chloride. As
the cells had to be incubated for 1 to 5 hr in an ice bath, HEPES
was an essential requirement for preventing their detachment
from the culture dishes.

PREPARATION OF IONOPHORE SOLUTIONS

Appropriate amounts of nystatin were suspended in 15 ml of
redistilled water and then solubilized by adding 0.5 ml of 0.5 N
NaOH or KOH or 0.1 ml of 4 M choline. The concentrations of
the antibiotic in stock solutions were adjusted with redistilled
water to 100 times the final concentrations used for experiments.
Valinomycin and monensin were dissolved at concentrations of
0.1 to 10 mg/ml in 99.5% ethanol, and mixed with an equal
volume of 50% ethanol to give final concentrations of the
ionophores in stock solutions of 0.05 to 5 mg/ml. These concen-
trations were 100 times the final concentrations used for experi-
ments. The same amount of ethanol only was added to controls.

ASSAYS

After incubations, the cells were washed six times in 15 sec as
described elsewhere (Miyamoto et al., 1978) except that 0.15 M
LiNO; was used instead of 0.15 M LiCl, and then 3.5 ml of cold

redistilled water was added to each culture dish. The cells were

scraped off the dishes with a silicone-rubber policeman. Even
when the cells were incubated in hypertonic media, they were
washed rapidly with this LiNOs solution, since we showed previ-
ously that the intracellular composition of alkali cations was not
affected significantly by washing the cells in 15 sec with the
normotonic LiNO; solution.

Then 2 ml of the resulting cell suspension was mixed with 2
ml of 30 mm LiNOs;. The mixture was kept overnight at room
temperature to allow complete lysis of the cells and used for
assay of alkali cations with Li* as an internal standard. The
assay procedures were as reported previously (Ikehara et al.,
1982) except that another type of flame-spectrophotometer
(Model 170-30, Hitachi Ltd.) was used. Cl was determined by
amperometry with NaCl as a standard. A 0.1 ml drop of 0.01 N
CH;COONa was added to 1 ml of the mixture and titration was
carried out with 0.1 to 0.2 mMm AgNOs.

Another 1 ml of the cell suspension was mixed with 1 ml of
1 N~ NaOH and used for assay of protein by the method of Lowry
et al. (1951) with bovine serum albumin as a standard.
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The diameter of the cells was measured microscopically.
For this purpose, the cells were previously trypsinized. The cell
volume of HeLa cells was reported not to be changed by tryp-
sinization (Lamb & McCall, 1972). The cell volume was calcu-
lated from the cell diameter assuming that the cells were
spheroids or ellipsoids. When the cells were greatly swollen,
bubbles formed on their surface. The volume of a bubble was
calculated from its diameter and height assuming that the bubble
represented a portion of a sphere in shape.

The osmotic concentration of the medium was determined
by the freezing point method with a Beckmann thermometer and
sucrose as a standard.

REAGENTS AND MISCELLANEOUS SUBSTANCES

Inorganic salts (specially pure grade) and Folin-phenol reagent
were purchased from Wako Pure Chemical Co.; choline and cho-
line chloride (specially pure grade) and calf serum were from
Nakarai Chemicals; RbCl (superpure) was from Merck; nystatin,
valinomycin, bovine serum albumin (fraction V) and HEPES
were from Sigma Chemical Co.; monensin (sodium salt) was
from Calbiochem-Boehring Corp.; trypsin was from Difco Lab.
Concentrated solutions of vitamins (100x) and amino acids
(50x) purchased from Flow Laboratories were used to prepare
the modified minimum essential medium.

Results
DOSE RESPONSE TO NYSTATIN

On replacement of the normal medium at 0°C by
isotonic medium containing 150 mm NaCl and vari-
ous concentrations of nystatin without K, the intra-
cellular Na (Na;) content increased and the K (K))
content decreased with increase in the nystatin con-
centration above 5 ug/ml (Fig. 1). In the absence of
sucrose, the Na; increased markedly and did not
reach a plateau even with 200 ug/ml nystatin (Fig.
1A). This increase was accompanied by cell swell-
ing, which increased with increase in the nystatin
concentration. In contrast, Na; reached a plateau
with about 50 pg/ml nystatin in the presence of 40
mM sucrose and 130 mM Na (Fig. 1B), indicating
inhibition of cell swelling by the osmotic effect of
sucrose. On increase in the extracellular Na con-
centration to 300 mm, a similar but somewhat
higher plateau of Na; was observed in the presence
of 40 mMm sucrose at nystatin concentrations of more
than 50 ug/ml (data not shown).

TiME COURSE OF EFFECTS OF NYSTATIN

The time-dependent changes in the intracellular
contents of Na and Cl and in the cell volume after
replacement of normal medium by hypertonic media
containing nystatin were examined (Fig. 2). The
contents of Na; and Cl; per mg cell protein, which
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were proportional to the contents per cell, in-
creased rapidly for 1 hr during incubation in media
containing 300 mmM NaCl, 50 wg/ml nystatin and var-
ious concentrations of sucrose (0 to 100 mm). The
ions accumulated further at a lower rate for at least
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Fig. 1. Changes in the intracellular Na and K contents of HeLa
cells as functions of the concentration of nystatin. The cells were
chilled for 2 hr. (A) 150 mM Na without K or sucrose. (B) 130 mm
Na with 40 mmM sucrose and without K. O, Na;; @, K;
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5 hr in the absence of sucrose (Fig. 2A and B). In
contrast, the ion contents remained at constant lev-
els from 2 hr on in the presence of 30 to 40 mm
sucrose and they rather decreased when 100 mm
sucrose was added. In parallel with the increase in
the ion contents, cell swelling occurred markedly in
the absence of sucrose and less in the presence of
30 to 40 mM sucrose, whereas the cells tended to
shrink slightly on addition of 100 mM sucrose (Fig.
2E). The cell swelling occurring with omission of
sucrose was due to a Donnan effect of intracellular
colloidal solutes, which caused a gradient of os-
motic pressure across the cell membrane and conse-
quent entrance of water into the cells. When 30 to
40 mm sucrose was added, the Donnan and osmotic
equilibria could be established after certain in-
creases in the cell volume. The intracellular concen-
trations of Na and Cl in the presence of 30 to 100
mM sucrose reached plateau levels after 2 hr (Fig.
2C and D), and differences in the levels at different
sucrose concentrations were insignificant. In the
absence of sucrose, the ion concentrations in-
creased with time, but were not yet in equilibrium
after 5 hr.

EFFECTS OF SUCROSE CONCENTRATION

As sucrose restrained entry of monovalent ions into
the cells in the presence of nystatin, we re-exam-
ined the effects of the sucrose concentration on the
cell volume and the intracellular concentrations of
the ions at 5 br, i.e. in the plateau phase (Fig. 3). On
addition of 15 to 100 mM sucrose to the hypertonic

Fig. 2. Time-dependent changes in the
intracellular Na and Cl contents and the cell
volume of HeLa cells incubated in chilled media
with 300 mm NaCl and various concentrations of
sucrose in the presence of 50 pg/ml nystatin. (A)
Na content per mg cell protein. {(B) Cl content
per mg cell protein. (C) Na concentration per
liter cell water. (D) Cl concentration per liter cell
water. (E) Cell volume. @, no sucrose; A, 30 mm
sucrosc; W, 40 mM sucrose; €, 100 mM sucrose.
Points and bars in {A) and (B) are means * SD
for 4 to 8 samples. Cell volumes are means for
110 to 140 cells. Intracellular ion concentrations
were calculated from the ion contents per mg
protein assuming that the protein content of
Hela cells is 0.414 ng/cell and the volume of
nonaqueous components corresponds to 17.6% of
the normal cell volume
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Fig. 3. Effects of the sucrose concentration in medium on the
intracellular water content and the concentrations of Na and Cl
in HeLa cells. The cells were chilled for 5 hr in medium with 300
mM NaCl and 50 ug/ml nystatin. (A) Effect on the volume of cell
water. (B) Effect on the product of the sucrose concentration [.S]
and the volume of cell water V. (C) Effect on the intracellular
concentrations of Na and Cl: @, Na; O, Cl. The regression
curves and lines were obtained by the least-squares method. See
legend to Fig. 2 for procedure for calculation of the intracellular
ion concentration

medium containing nystatin, the volume of cell wa-
ter again changed to various extents depending on
the sucrose concentration (Fig. 34). Figure 34 sug-
gests that the cells retained the normal volume of
cell water, 2.421 pl, in the presence of 61 mM su-
crose. The concentrations of Na; and Cl; corre-
sponding to [m]; and [a]; in the Appendix did not
change significantly as functions of the sucrose con-
centration [S] (Fig. 30). If [ST was sufficiently high,
the circumferential tension of the cell membrane 7
disappeared due to loss of cell water. Under such
conditions, Eq. (17) of the Appendix is valid and [.S]
becomes equal to the concentration of cellular im-
permeant solutes [P]. Therefore, [S]V is equal to
[P]V, i.e. the amount of the impermeant solutes per
cell, where V represents the volume of cell water.
This implies that [S]V remains unchanged when [S]
is varied. Such a relation of [STV vs. [S] is demon-
strated in Fig. 3B, indicating that [S]V remains al-
most constant at 0.153 pmol, provided that [S] is
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Table 1. Effect on the intracellular Na (Na,) content of Hela
cells of 5-hr incubation in chilled hypertonic media containing
300 mm NaCl and different concentrations of sucrose and choline
chloride in the presence of 50 wg/ml nystatin®

Solute Osmotic Na; P
concentration (umol/mg protein)
Sucrose Choline  (mQOsM)
(mM) (mM)
0 70 564 3.15+£0.18
4 40 565 2.08 = 0.17 zgg :
100 0 558 1.14 = 0.12 :

* Values are means * sp for the content of Na; in 8 to 16 samples.
The significances of differences between the two neighboring
values were evaluated by Student’s r-test.

higher than a critical concentration of about 84 mm.
Figure 3B also shows that when [$] decreases below
the critical concentration, [S]V decreases. The rela-
tion between [S] and [S]V can be described by the
equation

[SIV = [P1V — (VIRT)27/r,

which is derived from Eq. (15) and reveals that 7
can be estimated by the difference between the
height of the curve at any [S] and that at the plateau
in Fig. 3B. Using the value for the amount of imper-
meant solutes and the data shown in Fig. 34 and B,
we estimated [P], [P] — [S] and 7 for cells with a
normal cell volume as 63.2 and 2.2 mosmol/liter cell
water and 0.022 N/m, respectively. ‘[P] — [S] rep-
resents the difference in the osmotic concentrations
across the cell membrane. Next, we estimated [Na];
~ [Cl];, i.e. [m}; — [a]; in the Appendix, of cells
incubated in the presence of 61 mm sucrose from
the regression lines in Fig. 3C as 62.5 mmol/liter
cell water. We have shown that the cells have a
normal water content at this sucrose concentration.
The osmotic concentrations of hypertonic media
containing 300 mMm NaCl and various concentra-
tions of sucrose were determined previously to be
458, 487, 497 and 558 mOsM at sucrose concentra-
tions of 0, 30, 40 and 100 mM, respectively. This
result reveals that the extracellular concentrations
of Na* and Cl- ions and NaCl molecules, which
correspond to [M*],, [A~]. and [MA] in the Appen-
dix, remain constant at about 160, 160 and 140 mm,
regardless of the sucrose concentration. By intro-
ducing these values into Egs. (13), (14) and (16) we
calculated the concentrations of Na™ and CI~ ions,
the average valence of impermeable solutes, and
the Donnan potential of the cells with a normal cell
volume, as 191 and 129 mM, —0.99 and —5 mV,
respectively.
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Fig. 4. Comparison of net fluxes of Na and K in chilled HeLa
cells in the presence and absence of nystatin. The cells were
preincubated for 3 hr in cold medium containing 300 mm Na or K
without nystatin, and then the medium was changed at zero time
to that containing 300 mm of the counter-cation with or without
nystatin. Both media commonly contained 70 mm sucrose. (A)
Na influx and K efflux. Na(0) = 0.103 wmol/mg protein; Na(ew) =
2.100 pmol/mg protein; K(0) = 1.574 umol/mg protein. (B) Na
efflux and K influx. Na(0) = 0.953 umol/mg protein; K(0) =
0.369 umol/mg protein; K(«) = 2.100 wmol/mg protein. Na;: O,
control; @, with 50 wg/ml nystatin. K;: A, control; A, with 50 ug/
ml nystatin

EFFECT OF CHOLINE

In contrast to sucrose, choline ions did not fully
inhibit accumulation of Na;, suggesting that choline
did not function effectively as an impermeable ion
to counteract the Donnan effect (Table 1).

CATION FLUXES

After incubation of the cells for 3 hr in hypertonic
medium containing 300 mM Na or 300 mm K with or
without 50 pg/ml nystatin, the medium was re-
placed by medium containing the same concentra-
tion of the counter-cation. By this technique we
could simultaneously determine the net influx of
the cation into the cells and the net efflux of the
counter-cation from the cells. The fluxes were ap-
parently described by first-order reactions in rela-
tion to Na; or K; (Fig. 4). In the absence of nystatin,
the curves had constant slopes for at least 60 min.
In the presence of 30 ug/ml nystatin, the fluxes
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Table 2. Stimulatory effect of nystatin on Na and K fluxes
across the membrane of chilled HeLa cells?

Flux Rate constant
Control Nystatin
(%/min) (%/min)
Na influx 0.53 £ 0.27 3.54 + 0.62
Na efflux 0.64 £0.13 3.46 = 0.79
K influx 0.57 £ 0.20 3.49 + 0.71
K efflux 0.87 = 0.25 7.54 = 0.88

# Values are means = sD for the rate constants in 4 to 5 samples.
Rate constants were calculated as the slopes of linear parts of
plots obtained by the procedure shown in Fig. 4. The parameters
used in calculations were as follows: Na(0) = 1.093 = 0.187
pmol/mg protein (197 = 34 mm); Na() = 2.100 = 0.141 pumol/
mg protein (394 = 26 mm); K(0) = 1.474 = 0.115 umol/mg pro-
tein (266 = 21 mm); K(e) = 2.100 = 0.100 wmol/mg protein (394
* 19 mm).

Table 3. Effect of time of preincubation with 50 wg/ml nystatin
on Rb influx into HeLa cells chilled for 3 hr in hypertonic me-
dium containing 150 mM Na and K and 70 mM sucrose?

Rb influx
(nmol/mg protein per min)

Preincubation time
{min)

0 32.02 £ 1.76
10 . 54.35 £ 499
20 58.60 + 5.36
30 68.40 = 2.82
45 67.56 = 4.05
60 67.48 = 2.32

2 Values are means = sp for four samples. Rb influx was assayed
for 5 min. The assay medium contained 150 mMm Na, 100 mMm K,
50 mM Rb and 70 mM sucrose in addition to nystatin.

were significantly accelerated and the slopes be-
came constant after a lag period of 10 to 20 min. The
apparent rate constants of the fluxes were calcu-
lated by the least-squares method from the slopes of
the linear parts of the curves. In the absence of
nystatin, the influxes of the two cations were similar
and K efflux was faster than the influxes of the two
cations and Na efflux (Table 2). On addition of 50
ug/ml nystatin, the rate constants of Na influx, Na
efflux and K influx increased about sixfold and that
of K efflux increased about ninefold.

The flux rates seemed to become constant
within 20 min after addition of nystatin, as calcu-
lated from the net changes in the intracellular cation
contents. However, 30 min was required for unidi-
rectional influx of one cation species, e.g. Rb, to
reach a constant rate of more than double the rate
determined without nystatin preincubation (Table
3). This lag time may be partly related to unstirred
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Fig. 5. Nystatin-stimulated part of Rb influx into HeLa cells in
relation to the Rb concentration in medium containing various
concentrations of Na. The cells were preincubated in chilled
medium containing 150 mmM Na, 150 mMm K and 100 mM sucrose
for 2 hr. Then, for assaying Rb influx, they were incubated for 10
min in chilled medium containing 150 mMm K and various concen-
trations of Rb, Na and sucrose with or without 50 wg/ml nystatin.
The nystatin-stimulated fraction of Rb influx was calculated by
subtracting Rb influx in the absence of nystatin from that in the
presence of nystatin. The sum of the concentrations of alkali
cations plus half the sucrose concentration in the incubation me-
dium was kept at 350 mMm. @, Na-free; O, with 50 mM Na; A,
with 100 mMm Na; O, with 150 mM Na

layers, but is probably mainly the time necessary
for nystatin molecules to become fully arranged in
the membrane and act constantly.

CATION INFLUX
IN RELATION TO CONCENTRATION

The relation between the nystatin-stimulated frac-
tion of influx of a cation species and its extracellular
concentration, and the effect on this influx of an-
other cation species were investigated (Fig. 5). Rb
was chosen as the cation species, since low concen-
trations of this ion could be determined easily. The
media used in this experiment all contained 150 mm
K and various concentrations of sucrose of at least
50 mmM to prevent cell swelling. In the absence of
Na, nystatin-stimulated Rb influx was proportional
to the Rb concentration up to 50 mM. When the
Na concentration was increased to 50 to 100 mm,
the linear curve was shifted to the right, which indi-
cated that Na inhibited Rb influx at Rb concentra-
tions of below 5 mmM. On incubation with 150 mm
Na, Rb influx at Rb concentrations below 20 mM
was completely inhibited. These results imply that
influx of one cation species through the channels
formed by nystatin is inhibited by another cation
species depending on the relative concentrations of
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Table 4. Reversibility of effect of 50 ug/ml nystatin on cation
fluxes across the membrane of HelLa cells®

Preincubation  Nystatin Rate constant
time
(hr) Preincu-  Incubation Nainflux K efflux
bation (%/min)  (%/min)
1 - — 0.53 0.80
+ — 0.76 0.94
+ + 4.03 5.86
2 - - 0.95 L7
+ — 3.60 4.01
+ + 9.55 12.32
3 - - 0.69 1.38
+ - 10.26 3.35
+ + 14.82 23.43

* The preincubation and incubation media contained 300 mMm K
or 300 mMm Na and 70 mm sucrose. The symbols + and — indicate
the presence and absence of nystatin in these media. The rate
constants of cation fluxes were determined as shown in Fig. 4.

the two cations. However, the results do not show
whether the channels can distinguish one alkali cat-
ion from another.

REVERSIBILITY OF NYSTATIN EFFECT

Next we studied the maximum time of preincuba-
tion with nystatin after which either the antibiotic
was hard to wash away or its stimulatory action on
cation fluxes became irreversible, and hence, the
increased permeability remained unchanged on re-
moval of the antibiotic. Results showed that the rate
constants of Na influx and K efflux returned to al-
most normal values when the preincubation time
was limited to within 1 hr (Table 4); with longer
preincubation times, the effects of nystatin on the
fluxes of both cations became irreversible.

EFFECTS OF NYSTATIN ON Na; AND K;

The relations of the intracellular cation contents to
the extracellular concentrations of the cations in the
presence of nystatin and sucrose were investigated
(Fig. 6). Although Na; and probably also K; were
not in equilibrium after incubation for 1 hr (Fig. 24),
the incubation time was fixed at 1 hr in these experi-
ments because the effect of nystatin was reversible
within 1 hr (Table 4). When the sum of the Na and K
concentrations in the medium was held at 300 mM
but the concentrations of Na and K were changed,
linear relations were observed between the contents
of Na; and K; and the extracellular concentrations
of these cations, and the slopes of the two linear



T. Ikehara et al.: Nystatin Effects on Cell Ions and Water

237

Fig. 6. Intracellular contents of Na and K in
chilled HeLa cells in relation to the extracellular
concentrations of the cations in the presence of

50 pg/ml nystatin and 70 mM sucrose. (A) and (B)
The sum of the extracellular concentrations of Na
and K was fixed at 300 mM. (C) and (D) The sum
of the extracellular concentrations of Na, K and
choline ions was kept at 300 mM. O, Ng,; and @,
K, in the absence and presence of low
concentrations of choline (=150 mm) in the
media. A, Na; and A, K; in the presence of high
concentrations of choline (=200 mMm) in the
media. The cells were incubated in these cold

media for | hr
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plots were not significantly different (Fig. 64 and
B). Next, we used choline ions in addition to Na and
K, keeping the sum of the extracellular concentra-
tions of the three cations at 300 mmM, but changing
the concentrations of Na and K independently.
Again, proportional relations of the contents of Na;
and K; to their extracellular concentrations were
observed (Fig. 6C and D). However, when the
concentration of choline ions exceeded 200 mM,
plots of Na; and K, deviated upward from linearity.

EFFECTS OF OTHER IONOPHORES

Valinomycin at concentrations of more than 0.5 ug/
ml seemed to stimulate Na influx and K efflux, but
its effect was very weak and was saturated at 5 ug/
ml (data not shown). Monensin (0.5 to 50 ug/mb)
had no influence on Na influx but slightly stimulated
K efflux from HelLa cells (data not shown).

Discussion

The present study was undertaken to obtain basic
data necessary for analyzing the osmotic properties
of cultured cells and developing a suitable tech-
nique to regulate the intracellular levels of mono-
valent cations in the cells. The channel-forming
ionophore, nystatin, was very useful for such
studies.

Addition of nystatin induces swelling of red
cells, which can be prevented by the presence of
impermeant sucrose, resulting in rapid equilibration
of Na and K (Freedman & Hoffman, 1979). Similar
swelling of HeLa cells was observed upon addition

of nystatin due to a Donnan effect of intracellular
colloidal macromolecules with negative valences.
This cell swelling was prevented to various extents
by sucrose depending on its concentration in the
medium. Although addition of 30 to 40 mm sucrose
did not fully inhibit cell swelling, Donnan and os-
motic equilibria were attained after certain in-
creases in the cell volume. In contrast, the cells
tended to shrink in the presence of 70 to 100 mm
sucrose. The appropriate sucrose concentration for
causing these equilibria without changing the cell
volume was estimated to be about 60 mMm. This is
higher than the concentration of 33 mm reported for
red cells incubated in isotonic medium containing
nystatin (Freedman & Hoffman, 1979). The discrep-
ancy is probably due to a difference in the intracel-
lular conditions of impermeant solutes, especially
colloidal anions, of the two types of cells. The intra-
cellular concentration of impermeant solutes has
been estimated to be about 20 mM in nystatin-
treated red cells (Freedman & Hoffman, 1979),
whereas it is about 60 mm in HeLa cells (see
Results). Our results were obtained in the presence
of nystatin. However, they obviously show that the
cells maintain a normal volume by keeping the in-
tracellular osmotic concentration about 2 mOsMm
higher than that of the medium. This difference in
osmotic pressures would be counteracted and bal-
anced by the circumferential tension of the cell
membrane of about 0.02 N/m.

Experimental regulation of the intracellular lev-
els of alkali cations is essential for analysis of the
mechanisms of transport of cations across the cell
membrane. So far, this has been achieved with red
blood cells. When Hela cells are chilled in medium
with various concentrations of Na and K, the infra-
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cellular contents of the cations change dependent
on their external concentrations (Ikehara et al.,
1984). However, the intracellular cation contents do
not change in proportion to their external concen-
trations, and so cannot be regulated exactly by this
chilling technique. Since dialysis of red cells in the
presence of nystatin has been demonstrated to be a
very good way of regulating the intracellular con-
centrations of monovalent ions (Cass & Dalmark,
1973), we tested this procedure on HeLa cells using
three types of ionophores: valinomycin (a neutral
ionophore), monensin (a carboxylic ionophore) and
nystatin (a polyene antibiotic). We found that va-
linomycin and monensin had only slight effects, but
that nystatin caused rapid and marked changes in
fluxes and in the intracellular levels of alkali cat-
ions. The ineffectiveness of valinomycin and mo-
nensin was unexpected in contrast to reports of sig-
nificant effects on cation permeability of valinomy-
cin in Ehrlich ascites cells (Pietrzyk et al., 1978) and
of monensin in various other cultured cells (Men-
doza et al., 1980).

Addition of a derivative of ammonium, choline,
enabled us to change the Na and K concentrations
in the medium independently without great change
in the osmotic pressure. Choline did not inhibit the
nystatin-induced increase in the Na content of
HelLa cells (Table 1), suggesting that choline ions
can penetrate the cell membrane. This is not consis-
tent with a report that with red cells, another deriv-
ative, tetramethyl ammonium, acts as an imper-
meant compound like sucrose (Joiner & Lauf,
1978). However, choline ions seemed to penetrate
the membrane of HeLa cells less readily than alkali
cations, because a temporary overshoot of the in-
tracellular contents of the alkali cations was ob-
served for 1 to 2 hr after medium change to hyper-
tonic media containing a high concentration of
choline (=200 mM) and low concentration of alkali
cation (=100 mM), especially Na with later decrease
to a steady level, probably due to slower entry of
choline ions into the cells (data not shown). The
temporary increase in the cation contents could
result from a compensatory increase in loss of cell
water and decrease in net cation efflux in response
first to increase in the osmotic pressure of the me-
dium due to the relatively impermeable solute and
second to presumable hyperpolarization of the
membrane. This increase in the intracellular cation
contents was shown as an upward deviation from
linearity in the plots in Fig. 6 and could be avoided
by use of a more readily permeable derivative than
choline.

Distinct cation selectivity of neutral and car-
boxylic ionophores, including valinomycin, nonac-
tin-type carriers and monensin, has been observed
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in artificial systems (Pressman, 1968; Krasne &
Eisenman, 1976), but low selectivity was reported
with polyene antibiotics in lipid membranes (An-
dreoli & Monahan, 1968; Cass et al., 1970). Simi-
larly, the effluxes of Na and K across the mem-
branes of amphotericin B-treated red cells were
reported not to be significantly different (Deuticke
et al., 1973). No significant difference was found
between the influxes of the two cations into nys-
tatin-treated HeLa cells (Table 2), whereas K efflux
was significantly greater than Na efflux. Since K
efflux was slightly faster than K influx, even in con-
trol cells, there seemed to be a small difference in
the native vectorial characters of the cell membrane
in K transport. However, the difference was inade-
quate to explain the great difference between the
two K fluxes in the presence of nystatin, which
rather suggests asymmetric interaction of the
ionophore molecules with membrane components
on the two sides of the membrane. In all experi-
ments, the cells were treated with nystatin at 0°C,
which is the temperature at which K leakage from
liposomes is maximally stimulated by the antibiotic
(De Kruijff et al., 1974). In nystatin-treated frog
skin, K efflux was not explained by K loss from the
cells, suggesting that the efflux may be related in
part to active transport (Nielsen, 1971). These
results seem similar to those on Hel a cells, but the
mechanisms of increased K efflux may be different,
since the Na/K-pump activity was completely sup-

" pressed in chilled HeLa cells (Ikehara et al., 1982).

The increases in permeability of red cells to mono-
valent ions induced by nystatin returned to normal
values on removal of the antibiotic after treatment
for 1 hr (Cass & Dalmark, 1973). The action of nys-
tatin on HeLa cells was also reversible when the
treatment time was limited to within 1 hr. On treat-
ment for more than 2 hr, the cation fluxes increased
and the effect of nystatin was hard to eliminate or
became irreversible, indicating progressive change
of the membrane.

Finally, we conclude that the dynamic and os-
motic characters of the cell membrane of HeLa
cells can be accurately analyzed and the contents of
alkali cations in the cells are controlled by the tech-
nique of cell dialysis again nystatin.

We thank Mr. T. Masuya and Ms. R. Sato for technical assis-
tance.
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Appendix

Subscripts i and e refer to intra- and extracellular compartments
separated by the cell membrane, which is permeable to monova-
lent ions M* and A~ and their neutral complex MA, but imperme-
able to an intracellular colloidal solute P and an extracellular
neutral solute S (Fig. 7).

When the Donnan equilibrium is established for the diffus-
ible solutes, we obtain the equations

[MTI{A] = [M*1.[A7]., ¢y
[MA); = [MA]. = [MA], @

where ‘[ ]" indicates the concentration of a solute. As the condi-
tions for electroneutrality hold,

! ]
- [ )

Fig. 7. Schematic presentation of distribution of permeable and
impermeable solutes on both sides of the membrane of a spheroid
cell
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[M*]; = [A7] + 2[P] = 0, (€)]
M), = [A7). = C, @

where z is the valence of P. Substitution of Eq. (4) into Eq. (1)
gives

[M1A) = C2 (5)

If the difference between the osmotic pressures of the two com-
partments is balanced by the circumferential tension 7 of the cell
membrane, then

M) + AL + [P) — (IM*], + 1A ] + {S]) = (VRT)21/r, (6)

where r is the radius of the spheroidal cell. Let

[m]; = [M*); + I[MA], (7)
la), = [A7]; + [MA], 8)
Then

[m]; — la}; = [M*]; — [A]. )

Equations (5) and (9) lead to
[M*]} = (Im]; — [al) + [M*]; — C* = 0.
Solution of this quadratic equation gives

(M*]; = [(Im]; — [al) + {(Im]; — [al)? + 4C?}")12. (10
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Also

[A7]: = [=(m]); = [al) + {(Im]; — [a))* + 4CHP]12. (amn
By introduction of Egs. (10) and (11) into Eq. (6), [P] is written
[Pl = 2C + [S] + (/RT)27/r — {(lm]; — lal ) + 4C?}'", (12)
Introduction of Egs. (10), (11) and (12) into Eq. (3) gives

z = =(lm); = [a])12C + [S} + (VRT)27/r — {(Im]; — [a))
+ 4c3e),

Assuming that ([m]; — [a])? is negligibly smaller than 4C2, the
above values can be approximated to

[M*]; = Q2C + Im]; — la}y/2, (13)
[A7]; = 2C — [m]; + [a]/2, (14)
[P| = [S] + (VRT)27/r, (15)
7= —(lm); — [a])ALS] + (VRT)2r/r}. {16)

When 7 becomes zero in the presence of a sufficiently high con-
centration of sucrose, Egs. (15) and (16) are simplified as

[P] = [S], 17
and

=~ —(Im]; — lal)/LS]. (18)



