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Summary

For measuring K* efflux from exponentially growing neuroblastoma cells
(clone Neuro-2A), two methods were used, a sampling method and a washing
method. Both methods indicated that K* efflux kinetics were as from a two-
compartment system, but the two compartments could only be resolved com-
pletely using the washing method. A fast compartment, containing 143 + 16
nmol K*/109 cells, was found to be associated to the cell surface, and a slow
compartment, containing 151 + 7 nmol K*/10° cells, was found to represent
the intracellular K*. The rate constant of the slow compartment was 0.0164 +
0.0005 min~!, and the K* efflux rate was 2.46 + 0.14 nmol K*/10° cells per
min. Using the appropriate conditions to measure K* influx, the kinetics of
influx were equal to the kinetics of efflux, indicating steady-state conditions.

In addition a comparison was made between *>K* and %°Rb" as radioactive
tracers for K* flux. It was found that 3Rb" was specifically bound on both the
inside and the outside of the cells, and for this reason was not a suitable tracer
for studying K* flux kinetics in Neuro-2A cells.

- A membrane potential of —42.9 + 1.3 mV and intracellular K" activity of
108.1 + 3.0 mM were measured using conventional and ion-selective microelec-
trodes. A correlation was made between the K flux and electrophysiological
data, using the equations of electrodiffusion theory. Thus, the permeabilities
of K’ and Na" were calculated as (3.9 + 0.4) - 107® ¢cm/s and (0.6 + 0.1) - 1078
cm/s respectively, together with K* conductance of (2.8 + 0.3) - 107¢ -t/cm?.

Abbreviation: Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid.
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Introduction

Considerable evidence has accrued implicating a variety of plasma membrane
properties in the control of cell growth [1—3]. Several findings have been par-
ticularly pertinent on the role of the plasma membrane in regulating prolifera-
tion of neuroblastoma cells [4,5].

The properties of the cation transport systems and related membrane poten-
tials have been shown to be involved in the regulation of cell proliferation [6—
11]. A particular role of the K* transport system in these processes has been
suggested. Under conditions where a decrease in intracellular K* occurs, inhibi-
tion of cell proliferation is observed in many cell lines [12—15]. Furthermore,
elevated K' transport and enhanced (Na'+ K')-ATPase activity have been
found for virally transformed cells as compared to their normal counterparts
[16]. The role of cation transport and the (Na" + K*)-ATPase in the regulation
of cell proliferation has been demonstrated by the stimulation of growth by
serum or growth factors in quiescent cells. In both cases an immediate rise in
K* flux was observed [17—20].

In the study of K* transport in mammalian cells, 3Rb" is frequently used as
an analogue for K' instead of *2K", in view of its longer half-life. Small differ-
ences in the behaviour of Rb* compared with K* may result in misleading
results [21,22], so for each cell line studied, it should be established whether
86Rb" is indeed an analogue for K' in the cell. For this reason we have com-
pared the use of ®*Rb" and *’K" as radioactive tracers for determining K* flux in
neuroblastoma cells. Further, the study of the role of cations in living cells
requires an accurate method of determining net fluxes and of measuring the
total cellular and intracellular contents of an ion [23,24]. We have developed
such a method, involving rapid and frequent washing of cells and are now able
to characterize compartmentalization and flux kinetics of K* in cells grown in
monolayer. We have applied the method both in exponentially growing neuro-
blastoma cells and to synchronized cells during the cell cycle [25]. Further-
more, we describe the measurement of membrane potential and intracellular K*
activity using conventional and ion-selective microelectrodes and the correla-
tion made between the results obtained by tracer flux studies and electro-
physiological studies.

Materials and Methods

Cell culture

C1300 mouse neuroblastoma cells, clone Neuro-2A, were obtained from the
American Type Culture Collection, Rockville MD, U.S.A. The cells were grown
in Dulbecco’s modified Eagle’s medium without bicarbonate, buffered with 25
mM Hepes at pH 7.5 and supplemented with 10% fetal calf serum (Flow), at
37°C in a humidified atmosphere.

For tracer flux experiments, cells were plated at a density of 1.5 - 10* cells/
cm? in culture dishes (3.5 cm diameter, Costar, Cambridge MD, U.S.A.) and
grown overnight to a final density of 4.5 - 10* cells/cm?. The cell doubling time
is approximately 10 h, 60—70% of the cells being in S phase during exponential
growth [4]. For electrophysiological measurements, cells were plated on plastic
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tissue culture cover slips (3.2 cm?, Lux Scientific Corp., Thousand Oaks, CA,
U.S.A.) and grown as described above.

Determination of membrane potential and intracellular K* activity
Electrophysiological measurements were made in growth medium or phos-
phate-buffered saline (137 mM NaCl/2.7 mM KCl/6.5 mM Na,HPO, - 2H,0/1.5
mM KH,P0,/0.9 mM Ca(Cl, - 2H,0/0.5 mM MgCl, - 6H,0, pH 7.3) at room
temperature on exponentially growing cells as described previously [25].

Efflux measurements

Sampling efflux method. Medium from cells grown in 3.5 cm diameter cul-
ture dishes was replaced by 1 ml growth medium at 37°C. The cells were
labelled with *>KCl (Interuniversity Reactor Institute, Delft, The Netherlands)
or ®RbCl (Radiochemical Centre, Amersham, U.K.), added to a final concen-
tration of approx. 2—5 nM (spec. act. 1 Ci/mol K*) and incubated for at least
3h at 37°C. At the end of the incubation period, the radioactively labelled
medium was removed, the cells washed five times in 1 ml phosphate-buffered
saline at room temperature and, finally, 1 ml of phosphate-buffered saline or
growth medium at room temperature added to the culture, the whole proce-
dure being completed within 20 s. Samples of 0.05 ml were taken at various
time intervals and assayed for radioactivity by measuring Cerenkov radiation in
a liquid scintillation counter (Packard, Tricarb 2450). After the experiment,
cells were lysed in ice-cold 10% trichloroacetic acid. The lysate was transferred
to a scintillation vial and isotope content determined as described above. The
initial intracellular content of the isotope at time zero was determined from the
sum of the counts leaving the cells during the time of the experiment and those
remaining at the end of the experiment obtained from the trichloroacetic acid
lysate.

Washing efflux method. Cells were equilibrated with isotope as above. La-
belled medium was removed from the cells and the cells washed with 1 ml
phosphate-buffered saline at room temperature at various frequent intervals
over a 10 min period, the washing fluid removed each time being reserved for
counting. The radioactivity remaining in the cells at the end of the experiment
was determined from the trichloroacetic acid lysate. In order to distinguish
between radioactivity in the washing fluid due to efflux from the cells and due
to that remaining after removal of the high specific activity incubation medi-
um, a correction procedure was developed as described in Results section. A
check for possible cell loss during the washing procedure was made by measur-
ing the loss of protein-incorporated [*H]alanine (New England Nuclear, Boston
MA, U.S.A,; specific activity 5.5 mCi/mmol) during the procedure from cells
previously incubated with the amino acid (1.8 uM final concentration) for
24 h.

Influx measurements

Medium from cells grown in 3.5 cm diameter culture dishes was replaced by
1 ml fresh growth medium at 37°C. At zero time a trace of *>KCl was added as
described for efflux measurements, and incubated at 37°C. At various time
intervals the labelled medium was removed and the cells washed 5-times in 1 ml
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phosphate-buffered saline (pH 7.3) at room temperature. Washing was com-
pleted within 20 s. The isotope content was determined from a trichloroacetic
acid lysate as described above.

Determination of total K* content

Cells were grown in culture dishes (14 cm diameter, Sterilin, Teddington,
U.K.) as described above, washed gently 5-times in 10 ml of ice-cold 0.3 M
sorbitol. Cells were then lysed in 15 ml of distilled H,O, the lysate lyophilized
and subsequently resuspended in 1.0 ml H,0. This dilute solution was analyzed
for K* activity using the K'-selective microelectrode, with an activity coeffi-
cient of 1.

Cell surface area

Two methods were used to estimate the cell surface area.

(1) Trypsinized cells were suspended in medium made progressively hypo-
tonic by adding H,0. The maximum diameter attained by the cells was mea-
sured using a calibrated eyepiece micrometer. The mean cell surface area was
then estimated assuming the maximally swollen cell to be spherical.

(2) The majority of cells growing exponentially in monolayer are in S phase
and are extremely flattened, with height of negligible dimensions relative to the
cross-section parallel to the substratum. The surface area was estimated as twice
that obtained by tracing around the periphery of these cells in projected time-
lapse films, using a Wang digitizer connected to a Wang 2200 minicomputer.

Results

Membrane potential and intracellular K* activity

Electrophysiological measurements were made on cells selected on basis of
size and shape to be predominantly in S phase. The membrane potential (E,,)
of these cells was —42.9+ 1.3 mV (mean + S.E.; N = 45; range: —31 ——50
mV), and the intracellular K* activity (ak) 108.1 + 3.0 mM (N = 57; range: 85—
130 mM).

In order to establish the accuracy of aiK measurements in these small cells,
the ak was calculated from the modified Goldman-Hodgkin-Katz [26] equa-
tion. With K* and Na" as the permeable ions and Cl~ in thermodynamic equilib-
rium with E,,, E,, can be described by:

_RT gk +oax,

E : 2
™ F 7 ak +aak,

(1)

in which R, T and F have their usual meanings, o represents the permeability

ratio of Na® to K* (« = Py,/Px), a and a, represent the extracellular activi-

ties of K" and Na", respectively, and ak and al, the corresponding intracellular

activities. The a% and af, were obtained from the external concentrations of

the ions using an experimentally determined activity coefficient of 0.755.
Usually adl;, << gk, so Eqn. 1 can be written as

eEmF/RT = (aRa i+ ag) + a?{(li" @) 2)

ax ax
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Fig. 1. Relationship between membrane potential and external K* activity in Neuro-2A cells. Relationship
between eEmF/RT and aﬁ; each point represents the mean of 11 measurements. The linear regression line
was significant for P < 0.001.

This equation shows clearly that plotting em®/RT yersus a% should yield a

straight line under conditions of equimolar replacement of Na® by K'. The
regression line through the experimentally determined points was significant for
P < 0.001, as shown in Fig. 1. The linearity of this relationship demonstrates
the validity of applying Eqn. 2 to E_, measurements in Neuro-2A cells. o and
ai. were then calculated from the slope of this line and at the point E, = 0, i.e.
ag = 98 mM, yielding values of 0.18 and 101 mM, respectively. This calculated
value of a obtained using independent experimental data is, within error,
equal to that obtained directly from the K’ -selective microelectrode. The « cal-
culated above was also close to « calculated from Eqgn. 1 using the measured
data, being 0.15.

K" efflux measurements

The K* gradient established across the plasma membrane is determined by
the membrane permeability properties and the activity of K* translocation sys-
tems, such as the (Na” + K*)ATPase. Due to the asymmetric K* distribution,
internal K* being high relative to external K*, K" efflux measurements provide a
simple method for obtaining data to calculate K* permeability.
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Fig. 2. K* efflux from exponentially growing Neuro-2A cells. A: K* efflux from with 42K* preloaded cells
as measured by the sampling method (for details see Materials and Methods). The efflux was into growth
medium at room temperature at a cell density of 45 000 cells/cm2. The data are presented as mean + S.E.,
N = 6. B: Plot to obtain the unidirectional K* efflux rate from data of Fig. 2A. The slope of the linear
regression line represents the rate constant %, equal to 0.0071 * 0.0004 min~! (N = 10). The regression
line was significant for P < 0.001. See also text.
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K* efflux from preloaded, exponentially growing cells using **K* as a radio-
active tracer and the sampling method described in Materials and Methods is
shown in Fig. 2A. The total K content of the cells was calculated as 261 + 5
nmol K*/10° cells (N = 5). K" efflux can usually be considered as from a one-
compartment system [27,28] under steady-state conditions, and thus is
described by:

Rt/Rt(O) =e Kt (3)

where R, and R, o, represent the counts in the cells at times ¢ and zero, respec-
tively, and k the rate constant for efflux (min~*). Plotting In (R,/R, o)) against
time should give a straight line with slope k. The data of Fig. 2A are thus plot-
ted in Fig. 2B. A straight line is obtained which does not, however, pass
through the origin, suggesting a second compartment for K*, from which efflux
to the medium is very rapid. Efflux experiments using shorter time intervals
between samples did not resolve the fast efflux compartment in more detail
(unpublished results). Therefore, a method was developed for studying K"
efflux as described in Materials and Methods, the so-called washing method.
This involved rapid and repeated rinsing of the cells, the efflux from the cells
being determined from the radioactivity present in the consecutive wash-
fractions. The radioactivity in these fractions had to be corrected for: (a) the
remainder of the initial radioactivity and (b) possible cell loss. Correction for
(a) was made by adding a high concentration of gramicidin (15 uM) to the cells
at 37°C at least 15 min prior to efflux measurement. Gramicidin increases the
membrane permeability to various ions, including K* and Na® [29], thus the
intra- and extracellular K* concentrations become equal in its presence. Fig. 3
shows the amount of radioactivity, expressed as nmol K'/wash, measured in
consecutive washes from cells in the presence of gramicidin. That this curve
indeed represents removal of the remainder of the initial radioactivity was con-
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Fig. 3. Removal of extracellular radioactivity. ®, carry-over of 42K from gramicidin-treated cells (N = 13).
Cells were treated with 15 uM gramicidin as described in the text; *, carry-over of [3Hlinulin (Radiochem-
ical Centre, Amersham, U.K,; spec. act., 530 Ci/mol) used as an extracellular marker from untreated
cells (N = 3). Each point represents one wash.

Fig. 4. K* efflux from exponentially growing Neuro-2A cells, 42K* (¢) and 36Rb™ (C) efflux from pre-
loaded cells measured by the washing method as described in Materials and Methods. The radioactivity in
the washes was corrected for initial extracellular activity using the data presented in Fig. 3. Each point
represents one wash. Data are presented as mean + S.E. (N = 6 for 42K*, N = 13 for 86Rb™).
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firmed by experiments in which inulin was used as an extracellular marker (Fig.
3) or in which K" carry-over was determined from dishes without cells (unpub-
lished data). In all cases the curves obtained were not significantly different.

In order to determine whether repeated washes during the experiment
caused cell loss, cells were labelled with [3H]alanine for 24 h. The subsequent
washes contained the same fraction of the initial amount of extracellular amino
acid as was found for *?K (Fig. 3), indicating that no significant cell loss occur-
red during the experiment. This observation was supported by counting the
cells after various numbers of washes (data not shown).

K* efflux from preloaded cells using the washing method is shown in Fig. 4,
with both *?’K* and ®°Rb" as tracers, and corrected for initial extracellular radio-
activity according to Fig. 3. There is a clear difference between curves obtained
using K" and %¢Rb" as tracer; with “?K the total K* content of the cells was
determined to be 294 + 15 nmol K*/10° cells (N = 6), whereas with ®Rb" it
was 505 + 11 nmol K*/10¢ cells. The total K™ content was also determined by
washing the cells very gently in isotonic sorbitol with subsequent lysis in H,O,
as described in Materials and Methods. The K content was measured to be
276 + 9 nmol K*/10° cells (N =9), which is in a good agreement with the
results presented above using 4?K” as radioactive tracer. This suggests a specific
association of Rb* with the cells compared with K, and that 8Rb* does not
behave as an analogue for K’ in neuroblastoma cells. Plotting the data of Fig. 4
as In (R;/R,(0y) versus time results in a curve resolvable into two components,
suggesting a system of two compartments (Fig. 5). The compartment from
which efflux is slow will from now on be referred to as the slow compartment
and the fast compartment is similarly defined. Since the efflux rates from the
compartments are sufficiently different, the contents of the compartments can
be obtained from extrapolation of the line representing the slow compartment
to t = 0 [30]. This represents the K* content of the slow compartment, while
the difference between the total content and the content of the slow compart-
ment gives the K* content of the fast compartment. The slopes of the lines
represent the rate constants for efflux. A line obtained by regression analysis
on the points, from 4 min onwards, was considered to characterize the slow
compartment. The slope of this line yielded the rate constant & as 0.0165 +
0.0005 mint (N = 13) using **K* and 0.0272 + 0.0005 min~! (N = 13) using
86Rb"* as a tracer (lines significant for P < 0.001). The contents of the slow
compartment were 151 + 7 and 291 + 6 nmol K*/10° cells with “°K* and ®*Rb",
respectively.

Increasing the extracellular K* concentration to 16.4 mM resulted in an
increase of the total K* content to 399 + 38 nmol K*/10° cells and a further
increase was observed upon an increase of extracellular K* concentration to
27.4 mM, while no increase was observed of a (Table I). At both concentra-
tions the content of the slow compartment was virtually unchanged at 150
nmol K*/10% cells (Table I). These results demonstrate that the slow compart-
ment represents the intracellular K* and that the fast compartment probably
represents extracellularly associated K*, as has similarly been demonstrated for
other cell types [24,31]. These results clearly demonstrate that only the wash-
ing method leads to accurate determination of the parameters of K* efflux.
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TABLE I

DEPENDENCE OF K' CONTENT AND INTRACELLULAR K' ACTIVITY ON EXTERNAL K'
CONCENTRATION IN NEURO-2A CELLS

K* content was calculated from efflux experiments using the washing method as described in the text,
and intracellular K* activity using a K'-selective microelectrode as described in Materials and Methods.
Data presented as mean * S,E. The number of observations is shown in parentheses. n.d., not detexmined.

Extracellular K* content (nmol K*/106 cells) al
K* concentration (mM)
(mM) Total Slow
compartment
5.4 294 + 15 (6) 151 =7 (6) 108.1 £ 3.9 (57)
16.4 399 £ 38 (3) 143 + 3 (3) nd.
27.4 450 £ 15 (3) 150 = 8 (3) 109.3 £ 4.7 (19)

K" influx measurements

The finding that a large fraction of K is associated with the cell surface is,
inevitably, important for the interpretation of K influx data. A curve for K"
influx with time, washing the cells routinely 5 times in phosphate-buffered
saline, is shown in Fig. 6, using *>’K" as tracer. From the rate constant and intra-
cellular K* content obtained from the efflux studies (Fig. 5), a prediction could
be made for the K* influx in the cells, according to

R,=R.(1—e* (4)

In which R. represents the intracellular radioactivity at equilibrium of the slow
compartment (Fig. 6). There is clearly a large difference between the experi-
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Fig. 5. Determination of the unidirectional K* efflux rate. Data of Fig. 4 were plotted according to Eqn.
3. The slope of the regression line through the points taken after 4 min was considered as the rate con;
stant of the slow compartment of efflux. Using 42K* (8), k = 0.0164 * 0.005 min~!, while using 86Rb

(*), k = 0.0272 * 0.0005 min~1. Both lines were significant for P < 0.001.

Fig. 6. K* influx in exponentially growing Neuro-2A cells. K* influx was estimated using 42K as a radio-
active tracer as described in Materials and Methods, at a cell density of 45 000 cells/em?2. Data presented
as mean * S.E. (N = 6) (¢). The dotted line represents a hypothetical influx curve according to R; = R
(1 —ekty and using a rate constant and K* content from K* efflux studies from the washing method, as
described in the text. m, K' influx estimated from a plot of ln(Rt/Rt(o)) versus time, using the washing
method after various labelling times.
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mental influx curve and the predicted influx. Since it was shown that five
washes were not sufficient to remove the K* from the fast compartment com-
pletely (Fig. 5), the difference between experimental and predicted influx is
due to a fraction of K' remaining in the fast compartment which can only be
entirely removed by increasing the number of washes. Therefore, the K* uptake
was estimated from logarithmically transformed K® efflux curves, obtained
after various labelling times, in the same way as for Fig. 5. The K* uptake was
then very close to the predicted influx, indicating again that the real influx
could only be determined from data if the cells were washed sufficiently to
remove the extracellularly associated K.

K" and Na" permeability

Using the data presented above, the K* and Na* permeability may be calcu-
lated using the equations of the conventional electrodiffusion theory [26], pro-
vided that the cell surface area and intracellular H,O volume are known. The
cell surface area was 13.42 + 1.66 cm?/10° cells (N = 32), using the methods
described in Materials and Methods.

Due to the lack of reliable alternative methods, the intracellular H,O volume
was calculated from the intracellular K* content and ak, using an experi-
mentally determined intracellular activity coefficient of 0.52 [25]. The value
thus obtained was 0.74 u1/108 cells.

The unidirectional efflux rate (J.¢¢) may be calculated according to:

Jeff = Ci ‘ V/S -k (5)

in which C; is the intracellular K* concentration (pmol K*/cm?), J¢¢ the uni-
directional efflux rate (pmol K*/cm? per s), V the intracellular H,O volume
(cm3/10°¢ cells), S the cell surface area (cm?/10° cells) and %k the rate constant
(sec™1). Jy¢¢; was thus calculated as 3.04 + 0.40 pmol K*/cm? per s.
The K* permeability is given by
J — e EmF/RT
S F/RT ©
1 m

Py =

in which Py is the K’ permeability (cm/s). For exponentially growing cells Py
was (3.9 + 0.4) - 107® cm/s. Using the value of a of 0.152, the Py, was esti-
mated to be (0.6 £ 0.1) - 107® ¢cm/s. The K* conductance can then be calculated
according to:

I En ak e¥mF/RT — g0
Ox“PuRT Fn—Ep eFmF/AT —1 ()
in which Gg is the K* conductance (£27!/cm?) and Ey is the K* potential, ob-
tained from the Nernst equation:

RT .
Ex =" In(ag /ak) (®)
Ey was —89.4 + 2.4 mV, hence Gi was (2.8 + 0.3) - 107 -/cm?. The K" resis-
tance (1/Gk) was thus 0.36 + 0.04 MS2 - cm?. The total membrane resistance
was measured as described previously [25] and found to be 7.2 + 0.8 MQ.
From these data the specific resistance was calculated to be 96.6 + 16.1 2 -
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cm’. These results clearly indicate that the K* resistance is much higher than
the total specific resistance, and thus K* contributes to only a small extent to
the total membrane conductance.

Discussion

In connection with studies of the properties of the plasma membrane in the
regulation of growth in neuroblastoma cells [4,5] we have measured the K*
distribution and membrane potential in the cell cycle of neuroblastoma cells
[25]. For interpretation of such results, a knowledge of the K* distribution and
of possible K binding is pertinent. For this reason we have characterized the
kinetics of K* transport in exponentially growing cells.

Measurements of K* efflux using a sampling method indicated that this flux
in Neuro-2A cells could not be considered as being from one compartment un-
der steady-state conditions since plotting In (R, /R, ¢,) against time resulted in a
straight line which did not pass through the origin (Fig. 2B). The results indi-
cated the presence of a compartment from which efflux is rapid, within the
first minutes of the assay. The two compartments could be more clearly
resolved using a washing method which involved rapid rinses of the cells and a
correction for radioactivity remaining after removal of the labelled incubation
medium, as shown in Fig. 3. This method requires that the cells are firmly
attached to the substratum to avoid cell loss and our system of Neuro-2A cells
was demonstrated as suitable. The fast compartment of efflux was shown to be
associated with the cell surface, while the slow compartment represented the
intracellular K*, as inferred from experiments where increased extracellular K*
concentrations resulted in an increase in the K content of the fast compart-
ment but not of the slow compartment, the intracellular K* activity remaining
constant.

The finding of relatively high amounts of K" associated with the cell surface
has also been observed in other cell lines. Recently, binding of Na*, K", Mg?*
and Ca** to the cell surface of chicken embryo fibroblasts was described using a
method similar to the washing method described in this paper [24], the
amount of K' binding being similar to the amount found in Neuro-2A cells.
However, in contrast to these cells, in Neuro-2A cells the externally bound K*
could not be displaced by protons. Cellular K* concentrations of about 300 mM
have been measured is SV40-3T3 cells [15], which is comparable with the sum
of the amounts of K" in the fast and slow compartments in our cells.

Using the efflux rate constant & and the intracellular K* content we calcu-
lated a hypothetical influx curve (Fig. 6) but found that experimental data ob-
tained for K* influx with time was not identical with this curve when only five
washes were used. The difference is due to insufficient removal of the K* from
the fast compartment after different incubation times. In most circumstances a
curve such as that given in Fig. 4 would indicate the number of washes neces-
sary for accurate influx measurements and for correct interpretation of results.
With increased washing, a close fit was found between the predicted curve and
the experimental influx data. These results clearly show the necessity of charac-
terizing all aspects of K' flux, since pulse labelling techniques are frequently
used to measure cellular response in terms of ion flux changes induced by
external factors.
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In many studies of K* transport through the plasma membrane 3°Rb" is used
as a radioactive analogue for K" in view of its relatively long half-life and has
indeed been reported to behave more like K* than the other alkali ions [17,32,
33]. However, some studies have indicated a selective uptake or accumulation
of Rb’ over K" in various organs and cell lines [21,22]. In cultured glioma and
neuroblastoma cells 3Rb" resembles *?K" in its ouabain-sensitive uptake [13].
Our results clearly demonstrate a difference between the use of 3*Rb* and “*K”*
in determining K* content of the cells. Using *Rb", a higher content was calcu-
lated in both the fast and slow compartments, indicating specific intra- and
extracellular binding of Rb". In addition, the K* influx rate was different using
data obtained with 8 Rb* compared with *?K* and indicated that Rb" is accu-
mulated selectively by the cells. The apparent difference in total cell K* of 184
nmol K*/10° cells between using %¢Rb* and *?K*, however, actually represents
only 0.08 pmol/10° cells of specifically bound Rb*. Therefore, only a very
small amount of specific binding can produce anomalous results in K* flux
kinetics if ®*Rb" is used as an analogue for K*.

The K" flux studies were correlated with measurements of membrane poten-
tial, intracellular K™ activity and membrane resistance. Correlation required an
estimate of the cell surface area and of the intracellular H,O volume. Unfor-
tunately, technical difficulties prevented reliable determination of the intracel-
lular H,O volume of cultured cells in monolayer despite using various combina-
tions of fully permeable and non-permeable compounds (e.g. *H,0, [!*C]urea
with [*Clinulin and [3H]inulin, respectively), all of which appeared to bind to
some extent. A frequently used method to measure the intracellular H,O vol-
ume of cells grown in monolayer is to measure the diameter of trypsinized cells
[15,34,35]. However, the intracellular volume obtained in this way is likely to
be slightly overestimated since trypsinization of flattened cells results in an
increase in the H,O volume [36]. Therefore, we have calculated the intracel-
lular H,O volume from the intracellular K* content and activity, using an exper-
imentally determined activity coefficient of 0.52 [25].

Since trypsinized cells have a considerably undulated membrane, calculation
of the surface area from their diameter would give an underestimated value. We
have, therefore, used the maximum diameter attained by cells suspended in
hypotonic solution to calculate the surface area. The data obtained were similar
to those obtained from scanning electron micrographs and photographs of cells
in S phase on monolayer.

The membrane potential, E,,, and intracellular K* activity, ai, were mea-
sured using conventional and ion-selective microelectrodes. The E,, value ob-
tained is in agreement with measurements reported in other neuroblastoma cell
lines [37—39] using microelectrodes and also with data using lipophilic cations
[38,40]. The observation that ak is not dependent on ag (Fig. 1) is in agree-
ment with the K* flux experiments in which no increase of the intracellular K*
content was measured by increasing the extracellular K* concentration.

The K* conductance and K* permeability, using the equations of conven-
tional electrodiffusion theory [26], have values which are low compared with
reports from other authors [33]. These parameters are, however, inversely
dependent on cell surface area which may be underestimated using the method
of measuring the diameter of trypsinized cells. Furthermore, the E,, of these



100

cells is low compared with excitable cells, which indicates a lower P.

In summary, we have demonstrated that a washing-method is required to
resolve K flux kinetics, in order to correlate tracer flux studies with electro-
physiological measurements, and, furthermore, the 3¢Rb" is not a suitable tracer
to study K' fluxes in Neuro-2A cells.

| Acknowledgements
We would like to thank Mr. P. Meyer for skillful technical assistance; Ms.
C.L. Kroon for preparing the drawings and Dr. M. de Bruin for supplying the
42K(Cl. This work was supported by the Koningin Wilhelmina Fonds (J.B.) and
the Royal Society as part of the European Fellowship Programme (C.L.M.).

References

-

Nicolson, G.L. (1976) Biochim, Biophys. Acta 458, 1—72
2 Kaplan, J.G. (1978) Annu. Rev. Physiol. 40, 1941
3 Bluemink, J.G. and de Laat, S.W. (1977) in The Synthesis, Assembly and Turnover of Cell Surface
Components (Poste, G. and Nicolson, G.L., eds.), pp. 403—461, Elsevier/North-Holland Biomedical
Press, Amsterdam
4 De Laat, S.W., van der Saag, P.T. and Shinitzky, M. (1977) Proc. Natl. Acad. Sci. U.S.A. 74, 4458—
4461
5 De Laat, S.W., van der Saag, P.T., Elson, E.L. and Schlessinger, J. (1980) Proc. Natl. Acad. Sci. U.S.A.
77,1526—1528 ‘ .
6 Jung, C. and Rothstein, A. (1967) J. Gen. Physiol. 50, 917—931
7 Cone, C.D. (1969) Trans N.Y. Acad. Sci Ser. 2 31, 404—427
8 Balk, S.D. (1971) Proc. Natl. Acad. Sci. U.S.A. 68, 271—275
9 Sachs, H.G., Stambrook, P.J. and Ebert, J.D. (1974) Exp. Cell Res. 83, 362—366
10 Rubin, A.H. (1975) Proc. Natl. Acad. Sci. U.S.A. 72, 35561—3555
11 Adam, G., Ernst, M. and Seher, J.P. (1979) Exp. Cell Res. 120, 127—139
12 Lubin, M. (1967) Nature 213, 451--453
13 Kimelberg, H.K. (1974) J. Neurochem, 22, 971—976
14 Cahn, F. and Lubin, M. (1978) J. Biol. Chem. 253, 7798—7803
15 Ernst, M. and Adam, G. (1979) Cytobiology 18, 450—459
16 Kimelberg, H.K. and Mayhew, E. (1975) J. Biol. Chem. 250, 100—104
17 Rozengurt, E. and Heppel, L.A. (1975) Proc. Natl. Acad. Sci. U.S.A. 72, 4492—4495
18 Smith, J.B. and Rozengurt, E. (1978) Proc. Natl. Acad. Sci. U.S.A. 72, 556605564
19 Rozengurt, E. (1979) in Surface Properties of Normal and Neoplastic Cells (Hynes, R., ed.), pp. 323—
353, J. Wiley and Sons, Sussex
20 Moolenaar, W.H., Mummery, C.L., van der Saag, P.T. and De Laat, S.W. (1979) Nature (London) 279,
71—73
21 Miyamoto, H., Ikehara, T., Sakai, T. and Kaniiki, K. (1978) Acta Med. Kinki Univ, 3, 249—255
22 Miyamoto, H., Ikehara, T., Sakai, T. and Kaniiki, K. (1978) Cell. Struct. Funct. 3, 313324
23 Horres, C.R. and Lieberman, M. (1977) J. Membr. Biol. 34, 331—350
24 Sanui, H. and Rubin, A.H. (1979) J. Cell. Physiol. 100, 215—226
25 Boonstra, J., Mummery, C.L., Tertoolen, L.G.J., van der Saag, P.T. and de Laat, S.W. (1981) J. Cell.
Physiol., in the press
26 Hodgkin, A.L. and Katz, B. (1949) J. Physiol. 108, 37—77
27 Mills, B. and Tupper, J.T. (1975) J. Membr. Biol. 20, 75—97
28 Sheppard, C.W. (1962) Basic Principles of the Tracer Method, John Wiley and Sons Inc., New York
29 Pressman, B.C. (1976) Annu. Rev. Biochem, 45, 501530
30 Hope, A.B. (1971) Ion Transport and Membranes, pp. 16—17, Butterworth and Co. Ltd., London
31 Negendank, W. and Shaller, C. (1979) J. Cell. Physiol. 98, 539—552
32 Banerjee, S.P. and Bosmann, H.B. (1976) Exp. Cell Res. 100, 153—158
33 Mills, B, and Tupper, J.T. (1976) J. Cell. Physiol. 89, 123—132
34 Spaggiare, S., Wallach, M.J. and Tupper, J.T. (1976) J. Cell. Physiol. 89, 403—416
35 Johnson, M.A. and Weber, M.J. (1979) J. Cell. Physiol. 101, 89—100
36 Mallucci, L., Wells, V. and Young, M.R. (1972) Nature New Biol. 239, 563—55
37 Kostyuk, P.G., Krishtal, O.A., Pidoplichko, V.I. and Vesolovsky, N.S. (1978) Neuroscience 3, 327—
332
38 Deutsch, C., Erecinska, M., Werrlein, R. and Silver, I.A, (1979) Proc. Natl. Acad. Sci. U.S.A. 76,
2175—2179
39 Moolenaar, W.H, and Spector, I. (1978) J. Physiol. 278, 265—286
40 Lichtsthein, D., Kaback, H.R. and Blume, A.J. (1979) Proc. Natl. Acad. Sci. U.S.A. 76, 650—654



