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Summary. Na* transport was characterized in normal human
fibroblasts and neoplastic H.Ep.2 cells in order to investigate the
role of the endogenous peptidic factor ‘inhibitin’ that is secreted
by a variety of neoplastic cells (including H.Ep.2) and inhibits
Na*/Na* exchange in human erythrocytes. Although active
(Na*,K*-ATPase mediated) Na* fluxes were similar in the two
cell types, H.Ep.2 cells maintained higher intracellular Na* con-
centration (26 mM) compared to fibroblasts (12 mm). An analysis
of passive Na™ fluxes showed a difference in the handling of Na*
via ouabain and bumetanide-insensitive transport between the
two cell types: H.Ep.2 cells achieved net Na* influx via an amil-
oride-sensitive pathway that was only demonstrated in fibro-
blasts when 10% fetal calf serum (FCS) was present. Kinetic
studies were undertaken to investigate the interaction between
Na* flux via Na*/H* and Na*/Na* exchanges. For this purpose,
an outwardly directed Na* gradient was created by loading the
cells with Na* (Na; > 100 mM) to activate the reverse functioning
of Na*/H* exchange (i.e., Nag, Hi.). The rates of ouabain- and
bumetanide-insensitive Na* efflux were measured over a range
of extracellular Na* concentrations (Na! 14-140 mM). In the
presence of 10% FCS, the two cell types showed different re-
sponses: in fibroblasts the Na* efflux rate showed an inverse
correlation with extracellular Na* concentration, while H.Ep.2
cells significantly increased their rate of Na* efflux as extracellu-
lar Na* concentration increased. So although the thermody-
namic force would direct net Na* efflux when Na' > Na,,
H.Ep.2 cells were under kinetic control to perform Na*/Na*
exchange.

When exogenous inhibitin was tested on fibroblasts, the
steady-state intracellular Na* concentration increased from 14 to
19 mM (p < 0.01). In Na*-loaded fibroblasts, serum-stimulated
Na* efflux was partially inhibitin sensitive and the maximal in-
hibitory effect was seen when extracellular Na* concentration
was 14 mm and presumably the Na*/H* exchanger operating in
the reverse mode. This study demonstrated that, in contrast to
fibroblasts, H.Ep.2 cells have a modified Na*/H* exchange sys-
tem whereby it acts in the Naj, Hy,, mode without exogenous
growth factor activation and resists functioning in the reversed
mode. It is proposed that inhibitin is the endogenous modifier of
this transport system in H.Ep.2 cells with the result that H.Ep.2
cells maintain a higher concentration of intracellular Na* com-
pared to fibroblasts.
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Introduction

The animal cell is in osmotic but not electrochemi-
cal equilibrium with its surroundings. An unequal
distribution of ions causes the cell to be electroneg-
ative with respect to the plasma, and this is
achieved by the outward transport of Na* (the prin-
cipal plasma cation) in exchange for K* (the princi-
pal intracellular cation) mediated by the enzyme,
Na*, K*-ATPase commonly known as the Na*
pump [20, 47]. Other forms of transmembrane Na*
and K™ movement are collectively termed as ‘pas-
sive’ transport and include: exchange diffusion
which is the bidirectional flux of Na* and K* with-
out any net transport [17, 30, 31], Na*, K* cotrans-
port is the coupled Na™ and K™ movement sensitive
to the loop-diuretics [2, 19, 32, 49, 65], Na*/H*
countertransport couples the ‘downhill’ influx of
Na* to the ‘uphill’ extrusion of H* [1, 43], and there
is evidence to show that this represents an alterna-
tive mode to Na*/Na* exchange [3, 6, 25]. Electro-
diffusional leak is the passage of Na* and K* down
their respective concentration gradients and is de-
pendent on the ion permeability of the cell mem-
brane [20].

The regulation of intracellular Na* and K* con-
centrations plays many important roles. The poten-
tial energy stored by the Na* gradient is utilized to
drive other transport systems such as glucose and
amino acid uptake [16, 62], and Na*, K* cotrans-
port is thought to contribute to the regulation of cell
volume [19]. Changes in monovalent ion fluxes are
important events following growth factor activation
of quiescent cells in culture [7, 52, 54, 56]. Na*/H"
exchange is the principal pathway that plays a piv-
otal role [35, 36, 37, 48] in causing an increase in
Na® influx; which in turn stimulates the Na* pump
[33, 57, 591, thereby increasing intracellular K* con-
centration required for protein synthesis during the
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replicative phase [28, 29]. In addition, a rise in H*
efflux causes intracellular alkalinization [13, 53],
which can cause major changes in enzyme activity
[10, 23].

There is evidence to suggest that these changes
in ion transport are of fundamental importance in
neoplastic cells; alterations in membrane Na* per-
meability and increased Na* pump activity have
been observed in the transformed phenotype [11,
22, 24, 55]. A variety of cultured malignant cells
have been found to secrete a peptidic factor (inhi-
bitin) that specifically inhibits Na*/Na* exchange in
red blood cells [40-42]. These studies have sug-
gested the intriguing possibility that this factor must
play a role in the Na* handling of the secreting
cells. This study was designed to explore this ques-
tion and to characterize the Na* transport pathways
in normal human fibroblasts and in an inhibitin-se-
creting neoplastic cell line, H.Ep.2 cells [41], to in-
vestigate whether any intrinsic differences in Na™
handling could be attributable to the endogenous
production of inhibitin. Purified inhibitin was also
tested on Na™ transport of fibroblasts. These stud-
ies were carried out in the absence and presence of
serum to monitor the effect of growth factor activa-
tion of Na™ transport and to ascertain the possible
role of inhibitin under these conditions.

Materials and Methods

Growth media and plastic ware for cell cultures were obtained
from Flow Laboratories (Irvine, Scotland). 2?Na was purchased
from Amersham International PLC (Amersham, Buckingham-
shire). Ouabain, amiloride and spectrosol trifluoroacetic acid
(TFA) were obtained from Sigma Chemical Co. (Poole, Dorset)
and bumetanide was from Leo Laboratories (Princes Ris-
borough, Buckinghamshire). Sep-Pak Cg cartridges were pur-
chased from Waters Associates (Milford, MA) and the Hypersil
ODS 5 um reverse-phase high performance liquid chromatogra-
phy (HPLC) column from Jones Chromatography (Llanbradach,
Mid Glamorgan). HPLC grade S acetonitrile (MeCN) was from
Rathburn Chemicals (Walkerburn, Scotland), HPLC/spectro-
grade heptofluorobutyric acid (HFBA) was purchased from
Pierce UK Ltd (Cambridgeshire). All other chemicals used were
Analar Grade from BDH Chemicals (Poole, Dorset).

CeLL CULTURES

1) Human fibroblasts: These cells were grown from small sec-
tions of human foreskin as previously described [59]. For so-
dium transport studies the cells were seeded in plastic petri
dishes (50 mm diameter) at a density of 1 x 10° cells/ml (3 ml
total volume). After 8 days with one change of medium, the
fibroblasts were confluent and used for transport experiments.

2) H.Ep.2 cells (human carcinoma of the larynx): A stock cul-
ture of H.Ep.2 cells were originally purchased from Flow Lab-
oratories (Irvine, Scotland). The cells were maintained in
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RPMI 1640 supplemented with 10% fetal calf serum, 2 mm L-
glutamine, 100 units/ml penicillin and 100 ug/ml streptomycin
and grown at 37°C in an atmosphere of 5% CO, in air. For
sodium transport studies the cells were trypsinized (0.25% wt/
vol trypsin) and seeded into plastic petri-dishes (50 mm) at a
density of 1 X 10* cells/ml (3 ml total volume). After 4 days,
the H.Ep.2 cells had formed a confluent monolayer and were
used for transport experiments.

A limited number of experiments was carried out on the follow-

ing cell lines:

3) Wi-38 (human embryonic lung). These cells have a finite life
span and fibroblast morphology.

4) W1-38 VAI13. These are W1-38 cells that have been trans-
formed by SV-40 virus resulting in an epithelial morphology
and continuous life span.

5) MDCK (dog kidney). These cells have an epithelial morphol-
ogy and grow continuously.

6) HT1080 (human fibrosarcoma). These cells have an epithelial
morphology and grow continuously.

7) LI32 (human lung}. These cells have an epithelial morphology
and grow continuously.

8) T4TD (human breast). These cells have an epithelial morphol-
ogy and grow continuously.

9) Hypothalamic cells (fetal rat hypothalamus). These cells have
fibroblast morphology and have a finite life span.

Cell lines 3-6 were originally purchased from Flow Laborato-

ries, Irvine, Scotland. Cell lines 7 and 8 were kindly supplied by

Dr. N. Thomas, Biomedical Division, Amersham International

PLC, Whitchurch, Cardiff, and the hypothalamic cell line (9) was

a gift from Mr. J. Kendall, Department of Medicine, University

of Wales College of Medicine, Cardiff. All these cell lines were

maintained in RPM1-1640, supplemented as described for

H.Ep.2 cells. The preparation of the cells for transport experi-

ments was as described for fibroblasts and H.Ep.2 cells.

TRANSPORT STUDIES

All sodium transport studies on cultured cells were carried out in
medium based on Hank’s balanced salt solution (HBSS (in mm):
NaCl 137, CaCl, 1.26, MgSO, 0.4, MgCl, 0.49, Na,HPO, 0.17,
KH,PO, 0.44, glucose 5.5, KCl 5.4, HEPES 20, pH 7.4). The
various modifications of this physiological medium are described
below.

Sodium Efflux

This method has been previously described [S8, 59]. The culture
medium was removed and the cells were washed three times with
5 ml of HBSS + ChCl (91 mm choline chloride had been substi-
tuted for 91 mm NaCl). The dishes of cells were then incubated in
2 ml of HBSS + ChCl + 1 uCi ®Na. The purpose of substituting
choline for sodium was to increase the specific activity of the
loading medium. Preliminary studies had shown that with HBBS
it was difficult to incorporate sufficient ?Na intracellularly for
accurate efflux measurements but by adopting this substituted
medium, enough counts were incorporated without raising the
intracellular sodium concentration.

After 2 hr incubation at 37°C, the radioactive medium was
removed and the cells were washed and incubated in 3 ml of
efflux medium (the composition of which depended on the trans-
port process being measured and is outlined under the appropri-
ate heading in Results). After various time intervals up to 10 min,
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the dishes of cells were rapidly washed with 3 x 5 ml of ice-cold
choline chloride solution (ChCl 151 mm, MgCl, 1 mM, pH 7.4)
and then the cells were solubilized in 2 ml of 0.4 M NaOH,
counted for radioactivity and subsequently estimated for protein
content [27]. For each time point and for each set of efflux condi-
tions, quadruplicate sets of petri dish cultures were used.

The first-order rate constant (the fraction of intracellular
isotope lost from the cells per unit of time) was derived from log
cpm/mg protein vs. efflux time in min. The sodium efflux rate has
been shown to remain linear during the period of study [58]. The
slope was calculated by the method of least squares, and the half-
time (t,5) was derived from this. Sodium efflux rate constant
(°Kna+) was calculated from the equation:

0.693

fos

Kna+ =

The ‘total’ sodium efflux rate constant °K%,+ (¢) was obtained
when efflux was measured in the absence of ouabain. The ‘pas-
sive’ or ouabain-insensitive rate constant °KSL+ (b) was calcu-
lated from the efflux measured in the presence of 0.5 mM ouabain
and the ‘active’ or ouabain-sensitive sodium efflux rate constant
°K%- (c) was calculated by subtracting b from a. To express
sodium efflux as umol sodium/g protein/min, the following equa-
tion was used:

Efflux = °Ky.+ - (Na})

and (Na;) was the internal sodium content obtained from

cpm/mg protein at t = 0

al) =
(Na;) SA.

and SA,, was the specific activity of the extracellular medium
(cpm/umol sodium).

2ZNa* Influx

For sodium influx measurement the cells were preincubated for 2
hr in HBSS + ChCl. This ensured that the cells were in the same
physiological state as those used for efflux measurements. 2 ml
of HBSS containing 1 mM ouabain (to prevent sodium efflux via
the sodium pump) and 1 pCi 2Na* =+ inhibitors and serum, as
described in Results, were added to the cells and left for 4 min.
The radioactive medium was then removed and the cells were
rapidly washed, counted for radioactivity and estimated for pro-
tein content as described for 2Na* efflux estimation. The ?Na+*
uptake was expressed as umol Na*/g protein/min and calculated
by the following equation:

dRc/dt
SAex

influx =

where dRc/dt represents the uptake (cpm of #?Na* taken up per
gram of protein per min).

Measurement of Nat/Na™ exchange
in Human Erythrocytes

This method is based on that of Canessa et al. [12]. Briefly, 10 ml
of fresh heparinized blood was washed X 3 (K* wash buffer-140
mm KCI, 0.15 mm MgCl,, 10 mm MOPS, pH 7.4 with Tris-
HCI). 2 mi of packed erythrocytes were resuspended in 10 ml of
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Na* loading solution (10 mm NaCl, 130 mm KCl, 50 mM sucrose,
pH 7.4 with Tris-HCI) containing nystatin [30 pg/ml] and feft at
4°C in the dark for 20 min. The inclusion of this Na*-specific
ionophore enabled rapid equilibration between intra- and extra-
cellular Na*. After spinning out the cells, a further 2 ml of Na*
loading solution was added containing 20 «Ci Na and left for a
further 20 min at 4°C. The nystatin was removed by washing the
cells X 4 in ‘nystatin-wash solution’ (10 mm NaCl, 130 mm KCl,
50 mm sucrose, 1 mm K,HPO,, 10 mM glucose, 0.1% bovine
serum albumin, pH 7.4 with Tris-HCI) followed by three
washes in K* wash solution. The final pellet was adjusted to a
hematocrit of 0.5. 200 ui of ?Na loaded red cell suspension was
added to 10 ml of ‘efflux medium’ [either Na* efflux medium (in
mmMm): 150 NaCl, 0.15 MgCls, 0.1 ouabain, 10 glucose, 0.01 bume-
tanide, 10 MOPS, pH 7.4 with Tris-HCI, or K* efflux medium
where 150 mM NaCl had been replaced by 150 mmM KCl] and
incubated at 37°C. At times 0, 30 and 60 min, triplicate 1-ml
aliquots were removed, centrifuged and 800 w! of supernatant
was counted for radioactivity and the rate of Na* efflux deter-
mined (mm Na*/liter cells/hr). The value obtained in the absence
of external Na* (i.e., in K* flux media) was subtracted from the
value obtained in the presence of external Na* (i.e., in Na* efflux
media) to give a value for Na*/Na* exchange.

ISOLATION OF INHIBITIN

Inhibitin was prepared from the culture medium of H.Ep.2 cells
as previously described [41]. Briefly, 10-ml aliquots of culture
medium were injected onto a Waters C;3 Sep-Pak cartridge
which had been prewetted with 5 ml of MeCN containing 0.1%
TFA. After washing the cartridge with 5 ml of 0.1% TFA, the
inhibitin eluted with 309% MeCN containing 0.1% TFA. The
eluent was evaporated to dryness under vacuum and purified
further on two sequential reverse-phase HPLC steps using a
hypersil ODS 5 um column on a LDC CCM gradient system
(Laboratory Data Control, Riviera Beach, FL). The solvent sys-
tem employed was: phase A, 0.1% TFA in water and phase B,
0.1% TFA in 90% acetonitrile/10% water. Gradient elution over
a period of 45 min at a flow rate of 1 m}/min from 1-30% phase B
was used to develop the chromatogram after an initial isocratic
elution for 5 min with 1% phase B. The fractions eluting at 30-36
min were pooled and further purified by chromatography on the
same column processed in the presence of HFBA. Inhibitin was
collected as a single sharp peak with a retention time of 28-29
min. Approximately 1-2 ug of inhibitin was obtained from 11 of
culture medium. The molecular weight of inhibitin was estimated
to be 2,600 daltons [40], so the concentration of inhibitin in the
culture medium was = 1 x 10~ M. When used in the Na* trans-
port assays inhibitin was reconstituted in a volume equivalent to
one-tenth the original volume of culture medium from which it
was isolated (final concentration of inhibitin = 1 x 10~% M).

ESTIMATION OF CELL VOLUME

The cell volume of fibroblasts and H.Ep.2 cells were estimated
using a coulter counter (Coulter Electronics Ltd., Luton, Beds)
that had been calibrated with latex beads of a known diameter
(13.5 pm).

STATISTICAL METHODS

All data are presented as means + 1 sp. Student’s 7 test was used
to determine significance between measurements in fibroblasts
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Table 1. Total, ouabain-insensitive and ouabain-sensitive Na* efflux measured in fibroblasts and H.Ep.2 cells in HBSS + 10% FCS»

Cell type Na; +/—= Total Ouabain insensitive Ouabain sensitive
10% FCS
Rate constant  Absolute Rate constant  Absolute Rate constant  Absolute
per min flux per min flux per min flux
0.043 - 0.231 = 0.034 992 = 1.45 0.080 = 0.009 3.44 = 0.37 0.151 = 0.031 6.48 = 1.35
Fibroblasts +
0.01s + 0.785 = 0.155 33.73 = 6.65 0.306 = 0.031 13.17 = 1.33 0.478 = 0.148 20.57 + 6.37
Serum-stimulated Na* efflux 0.554 = 0.151 2381 = 6.50 0.226 =0.039 973 =170 0.328 = 0.140 14.08 = 6.04
0.075 - 0.196 += 0.031  15.50 = 1.22 0.103 = 0.008 7.90 = 1.47 0.090 = 0.009  6.90 = 1.120
H.Ep.2 cells =
0.008 + 0.547 = 0.126  42.40 = 13.00 0.312 = 0.050 24.20 = 3.80 0.290 = 0.061 22.30 = 4.10
Serum-stimulated Na* efflux 0.351 £ 0.113  30.50 = 6.80 0.209 = 0.049 16.10 = 3.10 0.200 = 0.058 15.10 = 3.90

* Results are mean + 1 sD for six separate estimations. Absolute flux = wmol Na'/g protein/min.

Na; = intracellular Na* = pmol Na*/mg protein

and H.Ep.2 cells, and between the effects of various inhibitors
and serum.

Results

BREAKDOWN OF Na™ EFFLUX INTO ACTIVE AND
PassiveE EFFLUXES IN FIBROBLASTS AND
H.Ep. 2 cELLS

Nat efflux was measured in HBSS + 0.5 mm oua-
bain = 10% FCS in fibroblasts and H.Ep.2 cells,
and the results are presented in Table 1. H.Ep.2
cells consistently showed higher values for intracel-
lular Na* content with a mean of 0.075 =+ 0.008
pmol Nat/mg protein compared with that in fibro-
blasts (0.043 = 0.015 wmol Na*/mg protein; P <
0.001). In the absence of serum, H.Ep.2 cells
showed significantly higher rates of total and pas-
sive Na* efflux (P < 0.001), but there was no signifi-
cant difference in the active (ouabain-sensitive) Na*
efflux between the two cell types. In the presence of
10% FCS, both the active and passive Na* effluxes
increased. In fibroblasts the basal level of active
Na' efflux, 6.48 = 1.35 wmol Na'/g protein/min,
increased to 20.57 + 6.37 umol Na*/g protein/min
(P < 0.005) and the passive component of 3.44 =
0.37 rose to 13.17 = 1.33 umol Nat/g protein/min (P
< 0.001). In H.Ep.2 cells the basal and serum stim-
ulated values for the active components were 6.9 =+
1.12 and 22.3 = 4.1 umol Na*/g protein/min (P <
0.003), respectively, while the passive increased
from 7.9 = 1.47 to 24.2 = 3.8 umol Na'/g protein/
min (P < 0.0035) in the presence of 10% FCS. As
described in Materials and Methods, the absolute
flux rate is the product of the intracellular Na* con-

tent and the efflux rate constant. In order to estab-
lish whether this difference in Na* content (ex-
pressed as umol Na*/mg protein) was due to a
lower protein content and/or larger cell volumes in
H.Ep.2 cells, the number of cells representing I mg
of cellular protein and the relative cell volumes
were determined. Protein estimations carried out on
known numbers of fibroblasts and H.Ep.2 cells
showed that fibroblasts contained 4.9 x 107% ug
protein/cell and H.Ep.2 cells contained 5.6 x 104
wng protein/cell. The relative cell volumes, esti-
mated with a coulter counter, were 1670 and 1574
pum?® in fibroblasts and H.Ep.2 cells, respectively.
From these data the intracellular Na*™ concentration
of fibroblasts was estimated at 12 mM and that of
H.Ep.2 cells at 26 mM.

BREAKDOWN OF PASSIVE Nat TRANSPORT IN
FiBroBLASTS AND H.Ep.2 CELLS

Na* fluxes were measured on the two cell types to
quantify the proportion of passive (ouabain-insensi-
tive) transport attributable to Na*™,K* cotransport
(bumetanide-sensitive), Na'/H" exchange (amil-
oride-sensitive) and Na*/Na' exchange (measured
as the difference in Na* efflux in 140 mm Na' and
14 mM Na* containing mediums). The measure-
ments were made in the absence and presence of
10% FCS to establish which passive transport pro-
cess was stimulated by serum. The results are
shown in Table 2. In both cell types there were
small components of both Na* influx and efflux that
were sensitive to 0.1 mM bumetanide. These did not
change significantly in the presence of 10% FCS or
contribute to net flux. When amiloride (1 mm) was
tested on fibroblasts in the absence of serum, there
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Table 2. Breakdown of passive {ouabain-insensitive) Na~ movement (results represent the average of
four measurements)*

Cell type Na* transport pathway +/— Influx Efflux
10% FCS —_—
(moles Na~/g protein/min)
Passive - 11.03 = 2.37 3.20 = 0.24
+ 35.40 + 3.55 12.86 £ 1.44
Bumetanide-sensitive - 0.67 £ 0.10 0.80 = 0.30
Fibroblasts Passive + 1.23 £ 0.9t 1.52 + 0.54
Amiloride-sensitive - 1.40 = 0.34 0.01 = 0.09
Passive + 12.30 = 4.34 1.35 £ 0.21
External Na* - — 0.44 = 0.07
Dependent passive + — 3.70 £ 0.50
Passive - 19.97 = 1.57 9.28 = 1.00
+ 40.44 + 4.28 29.26 = 5.64
Bumetanide-sensitive - 1.45 = 0.48 2.14 = 0.77
H.Ep.2 Passive + 2.63 = 0.63 2.64 = (.49
Amiloride-sensitive - 6.29 = 0.80 1.98 = 0.21
Passive + 7.96 + 2.71 2.34 = 0.33
External Na* - — 2.20 = 0.36
Dependent passive + — 11.45 = 2.84

s Quabain-insensitive Na* flux was measured in the presence of (i) 0.1 mm bumetanide, (i) I mm
amiloride, and (iii) 14 mM external Na*. The fluxes under these conditions were subtracted from
ouabain-insensitive Na* flux to obtain values for bumetanide-sensitive, amiloride-sensitive and exter-
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nal Na* dependent Na* fluxes.

was no change in the rates of either influx or efflux.
However, when 10% FCS was present, an amil-
oride-sensitive rate of Na*' influx was measured
(12.3 = 4.34 umol Na*/g protein/min) which was
significantly greater (P < 0.01) than amiloride-sensi-
tive efflux (1.35 = 0.21 wmol Na'/g protein/min),
showing that net Na* influx was occurring via this
pathway. For H.Ep.2 cells, even in the absence of
serum, significant levels of amiloride-sensitive Na*
flux were measured with the influx rate of 6.29 +
0.80 umol Na*/g protein/min exceeding the efflux
rate of 1.98 + 0.21 umol Na'*/g protein/min. In the
presence of 10% FCS, there were small increases in
amiloride-sensitive fluxes, with the infiux rate still
exceeding the efflux rate.

Na*/Na* exchange was measured as the differ-
ence in Na* efflux in HBSS containing 14 or 140 mm
Na* + 0.5 mM ouabain + 0.1 mMm bumetanide +
10% FCS. The Na* content of HBSS was replaced
with equimolar amounts of choline chloride. 14 mm
Na* was included in the serum-free experiments to
compensate for the Na* content of FCS (estimated
as 140 mM by flame photometry). This was done so
that any differences in Na* efflux rates in the pres-
ence of FCS would be due to factors other than the
14 mM Na* contribution. It was decided not to dia-
lyze FCS to remove the salt, in case any other small

molecular weight nutrients might be lost that may
contribute to the phenomenon of serum-stimulated
Na* fluxes. Amiloride was not included in these
experiments as there is evidence to suggest that
Na*/Na* exchange may be a different mode of the
Na*/H* exchanger [3, 6, 25, 50].

In the absence of FCS, fibroblasts and H.Ep.2
cells both had small components of Na*/Na* ex-
change (0.44 = 0.068 and 2.2 = 0.36 umol Na*/g
protein/min, respectively). In the presence of 10%
FCS, this component was significantly increased in
both cell types. In fibroblasts it rose from 0.44 *
0.068 to 3.7 = 0.5 uwmol Na'/g protein/min (P <
0.005), whereas in H.Ep.2 cells the basal rate of 2.2
+ 0.36 rose to 11.45 + 2.84 umol Na*/g protein/min
(P < 0.01).

KiNETIC STUDY OF Nat/H*
AND Na*/Na® EXCHANGE

In order to investigate the interaction between
Nat/H* and Na*/Na* exchanges, fibroblasts and
H.Ep.2 cells were preincubated in HBSS + 1 mMm
ouabain to load the cells with high intracellular Na*
concentrations (>>100 mm). The reasons for adopt-
ing this procedure were twofold; first, to ensure sat-
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Fig. 1. Measurement of ouabain and bumetanide-insensitive Na*
efflux as a function of extracellular Na* concentration in Na*-
loaded fibroblasts in (4) the absence and (B) the presence of 10%
FCS. Fibroblasts were loaded with 22Na in HBSS containing 1
mM ouabain. At the end of 2 hr incubation, the cells contained
approximately 140 mm Na*. Na* efflux was measured in ChCl-
substituted HBSS (Na] concentration ranged from 14-140 mm
Nat)

uration of the internal sites so that intracellular Na*
was not rate limiting and, secondly, to enable the
construction of a steep outwardly directed Na* gra-
dient (i.e., Naj > Na/), which has been shown to
cause reverse functioning of Na®/H* exchange [9,
14, 35, 38, 59]. Ouabain- and bumetanide-insensi-
tive Na™ efflux was measured over a range of extra-
cellular Na* concentrations (14—140 mmMm) in the ab-
sence and presence of 1 mMm amiloride and 10%
FCS, and the results are shown in Fig. 1 (fibro-
blasts) and Fig. 2 (H.Ep.2 cells).
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In fibroblasts, in the absence of FCS (Fig. 14),
the rate of Na* efflux was not significantly altered
with increasing extracellular Na® and approxi-
mately 80% of Na' efflux was amiloride sensitive.
This indicates that high intracellular Na* promotes
an amiloride-sensitive Na* efflux pathway, and at
the external site of the transporter there appears to
be equal affinity for H* and Na*. In the presence of
10% FCS (Fig. 1B), Na* efflux was the highest at 14
mM external Na*, when the concentration gradient
was the steepest (Na;” > Na/) and 80% of this efflux
was amiloride sensitive. This implies that factors
present in serum can activate Na™ efflux via an amil-
oride-sensitive pathway over and above the activa-
tion due to high intracellular Na* content. As the
extracellular Na* concentration increased, the Na*
efflux rate decreased, thus implying that serum fac-
tors have altered the kinetics of the transporter by
increasing the affinity for H* and decreasing the
affinity for Na* as the external substrate.

In Na*-loaded H.Ep.2 cells in the absence of
10% FCS, the Na* efflux rate was partially amil-
oride sensitive and, as found with fibroblasts, the
rate did not change significantly in response to rais-
ing the extracellular Na* concentration (Fig. 24). In
the presence of FCS, in contrast to fibroblasts,
there was a marked increase in the rate of Na* ef-
flux as the external Na* concentration increased
(Fig. 2B), which suggests a predisposition of these
Nat-loaded cells to perform Na*/Na* exchange in
response to FCS. The concomitant decrease in ami-
loride-sensitive Na* efflux with increasing extracel-
lular Na* could be a result of competitive inhibition
[4, 21] or activation of Na*/Na* exchange via an
amiloride-insensitive transporter. The data from
Fig. 2B is presented as a Lineweaver-Burk plot (in-
set Fig. 2B), which suggests that amiloride is a com-
petitive inhibitor increasing the value of K, from 20
to 91 mm Nat, with no change for the V., value of
62 wmol Na*/g protein/min.

Although these experiments were not per-
formed with the cells containing physiological con-
centration of intracellular Na*, they clearly demon-
strate that the kinetic parameters governing the flux
of Na* via Nat/H" and Na*/Na™ exchange are dif-
ferent in fibroblasts and H.Ep.2 cells.

EFFECT OoF EXO0GENOUS INHIBITIN
Na* TRANSPORT

The preceeding experiments were designed to char-
acterize the Na” transport characteristics of fibro-
blasts (nonsecreter of inhibitin) and H.Ep.2 cells
(inhibitin secreter), and the following differences
were identified:

1) H.Ep.2 cells maintained higher intracellular Na*
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concentration (26 mm) compared to fibroblasts
(12 mmMm).

2) H.Ep.2 cells performed net Na* influx via an
amiloride-sensitive pathway in the absence of
FCS.

3) H.Ep.2 cells showed significantly higher levels
of Na*/Na* exchange in response to serum stim-
ulation.

4) Under conditions dynamically poised to favor
net Na* efflux against an imposed Na* gradient
(Na; > Naj), 10% FCS increased this downhill
transport in fibroblasts, but not in H.Ep.2 cells.

To elucidate whether any of these differences in the
regulation of Na* fluxes in H.Ep.2 cells could be
attributable to the endogenous production of inhi-
bitin, exogenous inhibitin was prepared (see Mate-
rials and Methods) and tested on the Na* transport
characteristics of fibroblasts.

EFFECT OF INHIBITIN ON THE INTRACELLULAR
Nat CONCENTRATION OF FIBROBLASTS

The intracellular Na* concentration was estimated
as previously described and the results are shown in
Fig. 3. In the absence of inhibitin, the mean intracel-
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Fig. 2. Measurement of ouabain and
bumetanide-insensitive Na* efflux as a
function of external Na* concentration in
Na*-loaded H.Ep.2 cells in (A) the absence
and (B) the presence of 10% FCS. H.Ep.2
cells were loaded with #?Na in HBSS
containing 1 mM ouabain. At the end of 2 hr
incubation the cells contained approximately
100 mM Na*. Na* efflux was measured in
ChCl-substituted HBSS (Na* concentration
ranged from 14-140 mm Na*). Inset [B(i)]
shows the data from B presented as a
Lineweaver-Burk plot

lular Na* concentration was 14 = 2.2 mm Na™, but
in the presence of inhibitin this value was signifi-
cantly increased to 19.4 = 1.64 mMm Na* (P < 0.01).

EFrFecT OF INHIBITIN ON Na® TRANSPORT
IN FIBROBLASTS

Inhibitin was tested on both Na* influx and Na®
efflux in fibroblasts containing physiological levels
of intracellular Nat, and the measurements were
performed in both the absence and presence of 10%
FCS. There was no significant inhibitin-sensitive
Na* flux either in the absence or presence of 10%
FCS (data not shown).

As the characterization studies had revealed
some fundamental differences between fibroblasts
and H.Ep.2 cells in their response to a Na* load,
inhibitin was tested on fibroblasts under these con-
ditions and the results are shown in Fig. 4. In the
absence of FCS, when Na™ efflux was measured in
140 mM Na*-containing HBSS, an inhibitin-sensi-
tive component of 3.9 * 0.52 umol Na*/g protein/
min was obtained {(n = 6, P < 0.01). In the presence
of 10% FCS, this component increased 8.71 + 4.68
umol Na*/g protein/min (n = 4, P < 0.05). How-
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Fig. 3. The effect of exogenous inhibitin on the intracellular Na*
concentration of fibroblasts. Dishes of fibroblasts were incubated
for 2 hr in HBSS = inhibitin + 0.5 #Ci/ml 2?Na. The intracellular
Na* content was estimated as described in Materials and Meth-
ods. The intracellular Na* concentration was calculated using
the data that fibroblasts contain 4.9 X 10~* ug protein/cell and
have an intracellular volume of 1.67 X 10=° ml. *P < 0.01

ever, when Na*® efflux was measured into HBSS
containing only 14 mM (the Na™ contribution of 10%
FCS), the inhibitin-sensitive component was signifi-
cantly greater at 17.4 = 1.5 umol Na*/g protein/min
(n = 3, P < 0.05). Using inhibitin in combination
with 1 mM amiloride under these conditions did
not produce any further inhibition than found with
amiloride alone (data not shown). These results
strongly suggest that inhibitin plays a role in pre-
venting Na' efflux via Na*/H* exchange when
working in the NaZ, Hi, mode.

INTRACELLULAR Na™ CONCENTRATION, Na*/H*
AND Na*/Na® ExXCHANGE IN CULTURED CELLS
WITH FINITE AND INFINITE MORTALITY

Apart from their inability to produce ‘inhibitin,”” the
fibroblasts differed from H.Ep.2 cells in three fun-
damental respects: fibroblasts are (i) mesenchymal
cells, were grown from (ii) a normal tissue source
(human foreskin) and (iii) have a finite life span. In
contrast, H.Ep.2 cells have (i) epithelial morphol-
ogy and originated from (ii) malignant tissue (human
larynx carcinoma) and are (iii) immortal.

To investigate whether any of these three differ-
ences could explain the high intracellular Na* con-
centration of H.Ep.2 cells, a variety of other cell
lines were studied. These included normal cells of
both human (W138-embryonic lung) and animal (fe-
tal rat hypothalamus) origins. A cell line that was
immortal but exhibited contact-inhibited growth
was included (MDCK cells). Other immortal cell
lines chosen included cells isolated from normal tis-
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Fig. 4. The effect of inhibitin on ouabain and bumetanide-insen-
sitive Na* efflux measured in fibroblasts loaded to contain high
levels of intracellular Na* concentration (>100 mmM). Measure-
ments in the presence of inhibitin are shown and the hatched
areas depict the inhibitin-sensitive fraction. The efflux was mea-
sured in the presence of 10% FCS where indicated and the efflux
medium containing either 140 or 14 mmM Na' is shown at the
bottom of the graph

sue¢ (T47D-human breast, L132-human lung) and
cells from an abnormal mesenchymal source—a fi-
brosarcoma (HT-1080 cells). W138 V13 cells were
W138 cells that had been transformed with SV-40
virus in vitro.

Intracellular Na* concentration was measured
in all those cells as previously described for human
foreskin fibroblasts and H.Ep.2 cells. Also mea-
sured was the rate of Na* efflux in Na*-loaded cells
into low (14 mm) and high (140 mM) Na*-containing
medium (+10% FCS). The results of these measure-
ments are shown in Table 3. The intracellular Na*
concentration of the cells with the ‘transformed’
phenotype, i.e., T47D, L.132, HT-1080 and W138
VA13 were consistently higher than the two normal
cell lines W138 and fetal rat brain cells. The best
comparison is demonstrated in the normal W138
cells that were virally transformed, when Na* con-
centrations were 15 and 23 mM, respectively.

The immortal cell lines were consistent in dem-
onstrating that when Na™ loaded in the presence of
109% FCS, Na* efflux increased in response to high
extracellular Na't, indicating a kinetic preference
for operating Na*/Na* exchange. The reverse was
true for the two normal cell lines studied, i.e., a
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Table 3. Measurement of intracellular Na~ concentration and Na~ efflux in a range of normal and transformed celis?

Cell line Life span  Origin Morphology  Intra- Na* efflux from Na*-loaded cells
cellular Na* (umol Na*/g protein/min)
concentration
(mm) External Na~ Effect of 140 mm

concentration external Na+™®
14 mm* 140 mm®  Stimulation®  Inhibitiond

W.138 Finite Human embryonic  Fibroblast 15 53 +£2 47 £ 3 61

lung

Fetal rat Finite Fetal rat Fibrobiast 12 578 45 8 11 =2

brain hypothalamus

MDCK Immortal  Dog kidney Epithelial 16 192 23x 2 4+ 0

T47D Immortal  Human breast Epithelial 22 182 42+ 3 24 + 4

L 132 Immortal Human Lung Epithelial 21 459 7810 33 = 18

HT-1080 Immortal  Human Epithelial 18 286 36 4 12+ 4

fibrosarcoma

W.138 VAI3 Immortal Human embryonic  Epithelial 23 367 67+ 5 32+ 9

lung virally
transformed
with SV40

2 Na- efflux was measured from Na‘*-loaded cells into (a) 14 mm and (b) 140 mm Na“-containing efflux medium (+10% FCS). These
results were compared to estimate whether (¢) stimulation or (d) inhibition of Na' efflux was associated with increasing extraceliular

Na' concentration.

decrease in Na* effiux in the 140 mM Na*-contain-
ing medium.

From these studies it appears that high intracel-
lular Na*, and the kinetic preference of the Nat/H*
exchanger to perform Na'/Na* exchange in re-
sponse to a Na® load, appears to be a property of
immortal cell lines regardless of their origin (i.e.,
cancerous or normal, mesenchymal or ectodermal
origin) and whether they achieved immortality
spontaneously (T47D, L.132) or were virally trans-
formed (W138 VA13). 4

INVESTIGATION FOR ‘INHIBITIN’-LIKE ACTIVITY

As a prelude to looking for ‘inhibitin-like’ activity in
the culture medium of many cell lines growing with
a ‘transformed’ phenotype, we chose to investigate
W138 and W138 VA13 cells. These seemed ideal for
comparison as they were different in only one re-
spect, i.e., nontransformed and transformed.
‘Inhibitin’ had been originally isolated from the
culture medium of HL60 and H.Ep.2 cells on its
ability to inhibit Na*/Na* exchange in human eryth-
rocytes; we therefore decided to use this assay (as
described in Materials and Methods) to monitor for
‘inhibitin-like” activity in the culture medium condi-
tioned with W138 and W138 VAI13 cells. 500 mi of
medium from both cell types were ‘sep-pak’ con-

centrated as described for H.Ep.2 cell medium (Ma-
terials and Methods). After evaporating to dryness,
these concentrates were reconstituted in Na*/Na*
exchange assay medium to give a 5 X concentration
factor. The rate of human erythrocyte Na*/Na* ex-
change in the presence of W138 V13 medium was
0.041 = 0.015 mM Nat/liter cells/hr (r = 3), which
was significantly lower than the value measured in
the presence of W138 medium (0.089 = 0.010 mm
Nat/liter cells/hr, P < 0.01).

Discussion

A variety of cultured malignant cells produce a pep-
tidic Na* transport inhibitor (inhibitin) [40, 41]. The
functional significance of this factor has remained
unexplained. This study was undertaken to charac-
terize Na™ transport in normal human fibroblasts
(nonproducers) and H.Ep.2 cells (inhibitin pro-
ducers) and thereby investigate whether the intrin-
sic differences between the two cell types could be
attributable to endogenous inhibitin.

Under basal conditions (i.e., physiological salt
solution in the absence of FCS), the intracellular
Na* content of H.Ep.2 cells was significantly higher
than fibroblasts (Table 1), and converting those val-
ues to intracellular Na* concentration revealed an
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even greater difference between the two cell types
(i.e., 26 mMm Na* for H.Ep.2 cells compared to 12
mM for fibroblasts). Increased intracellular Na*
concentration has been known to be associated with
neoplastic transformation [11, 55]. In the presence
of 10% FCS both active and passive Na* efflux
rates significantly increased in the two cell types,
but, as found in the basal state, the Na* efflux rate
was higher in H.Ep.2 cells due to a higher ouabain-
insensitive component. The Na* content of a cell is
governed by the ground permeability of the cell
membrane, active Na™ transport and passive car-
rier-mediated Na* transport that can achieve net
fluxes. As active transport of the two cell types was
not significantly different, a detailed study of pas-
sive Nat transport was undertaken to explore the
reasons for a higher intracellular Na* concentration
in H.Ep.2 cells. Bumetanide was used to quantify
Nat/K* cotransport. In both cell types under the
experimental conditions used, this pathway did not
contribute to net Na™ movement and was not stimu-
lated by 109% FCS. These results are in agreement
with one report [45] though in conflict with a study
using NIH 3T3 fibroblasts where this pathway was
stimulated by serum [46]. Amiloride was used as a
specific inhibitor of Na*/H* exchange. Under basal
conditions Na' transport in fibroblasts was amil-
oride insensitive. In the presence of 10% FCS, net
Na* influx occurred via this pathway, which is in
agreement with other reports [60, 61]. In contrast,
H.Ep.2 cells were found to have a basal rate of net
amiloride-sensitive Na' influx that was only slightly
increased in the presence of 10% FCS.

There is evidence for the existence of a carrier-
mediated Nat/Na* exchange in red blood cells [17,
30, 31] and cultured cells [51]. This pathway was
assessed as the difference in ouabain-insensitive
and bumetanide-insensitive Nat efflux, measured in
low Na* (14 mm) and high Na* (140 mM) containing
efflux mediums. Our preliminary studies showed a
K,, value of 22 mM Na™' on the outside for this path-
way (unpublished data). A small component was
measurable in both cell types basally, and it in-
creased significantly in the presence of 10% FCS. In
fibroblasts, the basal rate of 0.44 + 0.77 umol Na*/g
protein/min rose to 3.7 £ 0.5 pwmol Na'/g protein/
min, and in H.Ep.2 cells the rate of 2.2 = 0.36 rose
to 11.45 = 2.84 umol Na*/g protein/min in the pres-
ence of serum.

The physiological significance of Na*/Na®™ ex-
change has remained unknown. Recently, various
investigators have proposed that the carrier protein
of Na*/Na* and Na*/H" exchange may be one and
the same [3, 6, 25], and the change of mode for each
pathway may be governed by allosteric sites acti-
vated by growth factors that alter the affinity of the
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carrier protein to internal Na* and H* (3]. Nat/H*
exchange can operate in reverse (i.e., H* in and
Na* out) when a steep Na;” > Na, gradient is im-
posed [9, 14, 35]. To investigate this mode, fibro-
blasts and H.Ep.2 celis were loaded with high con-
centration of intracellular Na*, and efflux was
measured over a range of extracellular Na* concen-
trations. In the absence of FCS, no major differ-
ences between the two cells were observed and
there was little change between Na* efflux mea-
sured in low Na®™ and high Na* containing medi-
ums. This suggests that in the absence of FCS the
intraceliular Na*™ concentration controls the rate of
efflux and there appears to be equal affinity for H*
and Na' as external substrates. In the presence of
10% FCS, however, fibroblasts and H.Ep.2 cells
showed an interesting difference in response to ex-
ternal Na*. In fibroblasts, the highest rate of Na*
efflux occurred when the Na* gradient was steepest
and fell as the extracellular Na* concentration in-
creased, suggesting a selective stimulation of Na*/
H* exchange (in the reverse mode). In contrast,
H.Ep.2 cells under serum-stimulated conditions
demonstrated their ability to conserve intracellular
Nat, since the efflux rate was lowest when the con-
centration gradient was steepest. As extracellular
Nat concentration increased, Na* efflux increased.
This suggests that H.Ep.2 cells have a modified
Na*/H* system, whereby the system will act in the
Naj, H,. mode without growth factor activation but
resists functioning in the Nag,; H;; mode in response
to serum when the intracellular Na* concentration
is high. Under these conditions this pathway seems
to operate preferentially as a Nat/Na* exchanger.
This interchange of Na*/H* and Na*/Na* enables
H.Ep.2 cells to maintain a high pH and Na content
inside. We extended these studies to a number of
other cell lines and found that those showing ‘trans-
formed’ characteristics in culture (whether of nor-
mal, neoplastic, epithelial or mesenchymal origin)
had high intracellular Na* concentrations and modi-
fied Na'/H* exchangers. We propose that inhibitin
is responsible for this important change of mode in
neoplastic and transformed cells. Evidence to sup-
port this proposed role of inhibitin was obtained
when it was tested on fibroblasts under various con-
ditions (Figs. 3 and 4). Inhibitin significantly raised
the intracellular Na* concentration from 14 = 2.4
mm Na* to 19 = 1.5 mm Na* and showed a greater
inhibition in Nat*-loaded, serum-stimulated fibro-
blasts in [ow Na* efflux medium, when Na*/H* ex-
change would be expected to operate in the reverse
mode. Although we have established that celi lines
other than H.Ep.2 cells have the characteristics of
this ‘inhibitin’ secreter, i.e., high intracellular Na*
and modified Na*/H* exchange, it would not be
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justified to state at present that these characteristics
are solely due to the endogenous production of this
factor. However, it remains an interesting proposal
which we hope to pursue.

Evidence that changes in the characteristics of
Na*/H* exchange are related to neoplasia is given
in a recent report by Costa-Casnellie et al. [15],
where the transporter was studied in HL-60 cells
(human promyelocyte leukemic cell line) before and
after inducing the cells to mature into granulocytes
using dimethyl sulphoxide (Me,SO). Initially, the
rate of Na®/H™ increased, but after 3 days of
Me,SO treatment when 80% of the cells were pro-
ducing superoxide, a property of mature granulo-
cytes, Nat/H* exchange dropped to 30% of control
{untreated) cells. The matured cells had a decreased
K, for Na*, and there appeared to be a shift in the
affinity for intracellular H*. It is worth pointing out
that ‘inhibitin’ was originally isolated from the cul-
ture medium of HL.60 cells [40] and when HL.60
cells were matured using retinoic acid, the property
of the conditioned medium to inhibit Na*/Na™ ex-
change in erythrocytes disappeared [42]. It has also
been demonstrated that, following transformation
of Chinese hamster embryo fibroblasts, there was
an increase in intracellular pH and this was attrib-
uted to an alteration in the functioning of the Na*/
H* transporter whereby it maintained a higher ‘set
point,” resulting in lower concentrations of intracel-
lular H* [44].

Previous characterization studies have shown
that inhibitin specifically inhibits Na*/Na® ex-
change in erythrocytes [39]. These experiments on
fibroblasts do not support this mode of action in this
more complex cell. However, human erythrocytes
do not show serum activation of Na*/Na* or Na*/
H* exchange (unpublished observations) and this
pathway may represent a vestigial process in these
specialized, nondividing cells and may not be sub-
ject to the same controls as replicating cells.

The reasons for H.Ep.2 cells and transformed
cells, in general, maintaining high intracellular Na*
concentration can only be surmised: elevated intra-
cellular Na* can trigger the release of Ca’* from
intracellular bound pools [26], and changes in Ca?*
concentrations are implicated as important signals
for cell proliferation [53, 8, 18, 34, 63, 64]. It is inter-
esting to note that transformed 3T3 cells have ele-
vated levels of intracellular Ca>* compared to their
normal counterparts [8]. The prevention of Na*/H*
exchange operating in the reverse mode (i.e., Nagy
H;) would also help to conserve intraceliular alka-
linization, which is thought to be permissive for cell
proliferation [13, 53].

In conclusion, H.Ep.2 cells maintain higher in-
tracellular Na* concentration compared to fibro-
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blasts. Although equivalent levels of active Na*
transport are found in the two cell types, passive
Na* fluxes are higher in H.Ep.2 cells with net Na*
influx occurring via an amiloride-sensitive pathway,
which is activated in fibroblasts only in the presence
of FCS. FCS also increases active Na' transport
and Na*/Na" exchange. Under conditions of ele-
vated intracellular Na*, Na* efflux is much higher
in fibroblasts in Na*-free medium than in H.Ep.2
cells and inhibitin inhibits this efflux. These studies
suggest that inhibitin enables H.Ep.2 cells to main-
tain a high intracellular Na* content. Further stud-
ies are in progress to investigate the direct effects of
inhibitin on pH; and whether inhibitin is a marker
for cell transformation.
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