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Abstract

Functional expression of Na, K-ATPase pump as determined by ouabain-sensitive Rb influxes has been investigated in
human peripheral blood lymphocytes, activated by phytohemagglutinin (PHA) from resting state to proliferation. It is found
that a rapid twofold elevation of ouabain-sensitive Rb influx in response to PHA is followed by a long-term increase in
pump activity, which precedes the DNA synthesis and is temporally related to the growth phase of mitogenic response.
Unlike the early pump activation, the late enhanced pump activity is not the result of elevated cell Na content, it is inhibited
by cycloheximide and requires new protein synthesis. Actinomycin D and a-amanitin, in doses, which suppress the
PHA-induced increase in the RNA synthesis, do not abolish the elevated Rb influx until 20-24h of mitogenic activation

and inhibit the late, growth-associated increase in Rb influx. It is concluded that (1) in mitogen-activated cells both short-
and long-term control is involved in the enhanced pump activity, and (2) translational and transcriptional mechanisms may
contribute to the long-term up-regulation of Na,K-ATPase pump during blast transformation of human lymphocytes.

© 1998 Elsevier Science B.V.
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1. Introduction

The Na, K-ATPase pump plays a ‘housekeeping’
role in maintaining low Na and high K concentrations
in most of the animal cells and is central to the
control of cell volume and membrane potential. In
addition, the pump controls (although indirectly, by
utilising Na gradient) transport of some nutrients,
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intracellular pH and free cytoplasmic Ca concentra-
tion. It is shown that the pump-mediated fluxes are
rapidly increased in response to diverse growth-pro-
moting stimuli [1-6). The rapid pump activation in
mitogen-stimulated cells has been considered mainly
as secondary to an increase in the intracellular Na
concentration due to the activation of Na-H ex-
change [3-8].

In addition to the early, transient activation of the
Na, K-ATPase pump, the delayed, sustained increase
in K influxes via pump has recently been found in
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phytohemagglutinin (PHA)-activated human lympho-
cytes during the later transit from resting state to
proliferation [9]. The long-term increase in ouabain-
sensitive K fluxes has also been reported for serum-
stimulated fibroblasts and neuroblastoma cells in cul-
ture [10-12]. Until now, the functional meaning and
mechanisms underlying the long-term activation of
ion pump in mitogen-stimulated cells has not been
defined. The available data led us to believe that
during the cell cycle progression, the sustained acti-
vation of Na, K-ATPase pump is provided by mecha-
nisms other than short-term regulation by internal Na
concentration. Indeed, in our preliminary study we
reported that in human lymphocytes, activated by
PHA, an increase in the expression of a- and B-sub-
unit mRNA of the Na, K-ATPase can take place as
early as the 8th hour of mitogenic activation, thus
indicating the possibility that the control of pump
activity could occur at transcriptional or /and transla-
tional levels [13].

This study concerns the mechanisms responsible
for the Na,K-ATPase pump activation during the
development of mitogenic response. Primary T lym-
phocytes have proven to be a useful model for the
study of proliferation-related events, mainly because
of the availability of resting cells arrested in G,
which can be induced to leave G, traverse G, and
enter S phase by T-cell mitogens. First, we have
examined the relations between K influxes and the
transformation-associated events, such as the acceler-
ated protein and RNA synthesis, the cell enlargement,
the initiation of DNA synthesis in PHA-activated
lymphocytes. Next, in order to define the nature of
the elevated pump activity in activated lymphocytes,
the inhibitors of translation and transcription were
used. A preliminary account of the part of this work
has recently been published [14]. Here, we present
new evidence for the distinct regulation of Na, K-
ATPase pump in early and long-term responses of
cells to mitogens.

2. Materials and methods
2.1. Reagents and solutions

Culture media RPMI-1640 was obtained from flow.
Phytohemagglutinin-M (PHA) was from Calbiochem.

Ouabain, actinomycin D, a-amanitin and cyclohex-
imide were obtained from Sigma. The stock solution
of PHA was prepared in 0.15M NaCl at a concentra-
tion 1.0mg/ml. Ouabain and cycloheximide were
dissolved in water at concentrations of 1.0mM and
0.5mg/ml, respectively. Stock solutions of actino-
mycin D and o«-amanitin were prepared in ethanol.
The ethanol concentration in the incubation medium
did not exceed 0.1%. [*Hlthymidine, [*Hluridine and
['*Clleucine were from Isotope, Russia. All other
laboratory chemicals were Analytical Reagent grade
from Reachim, Russia.

2.2. Cell preparation and culture conditions

Lymphocytes were isolated from fresh venous
blood of healthy donors at Ficoll-verografin gradient
centrifugation (1.077g/ml, 400 X g), as described
previously from. our laboratory [9)]. Briefly, isolated
lymphocytes were washed thrice with Ca-free Hanks’
balanced salt solution and resuspended in RPMI-1640
medium supplemented with glutamine (2mM) and
heat-inactivated AB IV Rh(+) serum (5%), without
any antibiotics. After depletion of adherent cells on
plastic dishes, lymphocytes were incubated overnight
in glass bottles (10® cells /bottle in 50 ml medium) at
37°C with 5% CO,. For activation experiments, at
the next day after isolation the cell suspension was
made up to a concentration of 1.5 X 10°cells/mi,
distributed into small vials (2ml suspension /vial)
and PHA added to a final concentration of 20 pg /ml.
The lymphocyte cultures thus prepared were incu-
bated at 37°C with 5% CO, for the appropriate time
intervals. Lymphocytes of one donor (up to
400 X 10%cells) were used in each experiment and
experiments were repeated using lymphocytes iso-
lated from blood of different donors to control the
biological variation among donors.

2.3. K influx, intracellular K, Na and protein con-
tents

Pump-mediated transport was assayed by measur-
ing the ouabain-sensitive uptake of Rb, physiological
analogue of K [15]. At definite time points through-
out the experiment (0.5, 2, 5, 8, 16, 24, 48 and 72h
after PHA addition), RbCl at a final concentration of
2.5mM was added to each incubation vial alone or
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simultaneously with ouabain (final concentration
10~* M). Incubations were continued for 30 min at
37°C in a humidified atmosphere containing CO,.
During this period of incubation, the rate of Rb
uptake was linear and the net uptake of Rb was taken
as a measure of the Rb flux into the cell. At the end
of the incubation time, cell suspensions were care-
fully transferred into Eppendorf tubes and centrifuged
once at 1000 X g for 3min. The cell pellets were
rinsed five times with cold isotonic MgCl, without
dispersion in order to avoid the disruption of cell
aggregates, which are very compact at the initial
stages of lymphocyte activation: the disturbance of
lymphocyte aggregates was shown to induce a signif-
icant decrease in cellular K content [16}. Our prelimi-
nary experiments confirmed that the procedure using
cell pellet washing without resuspension represents a
reliable way to assess cellular cations (Rb, K, Na)
without their loss from lectin-activated lymphocytes.
The cell pellets were treated with 1ml of 1% tri-
chloroacetic acid (TCA) and TCA extracts were anal-
ysed for Rb, Na and K by emission flame photometry
using a Perkin—Elmer AA 306 atomic absorption
spectrophotometer. TCA precipitates were dissolved
in 0.1N NaOH and analysed for protein by Lowry
procedure. The intracellular ion content was ex-
pressed as amount of ions per amount of protein in
each sample analysed. Uptake of Rb related to Na—K
pump was determined by substraction of the Rb
amount taken up in the presence of 10~* M ouabain
from that in its absence. The Rb influxes thus esti-
mated were expressed as micromoles per gram of
protein for 30 min.

2.4. Protein, RNA and DNA syntheses

To assess the degree of PHA stimulation, cells
were pulsed with [*Hlthymidine, ['*CJleucine or
[*Hluridine. At a definite time point during the acti-
vation experiment cell suspensions were incubated
with [*CJleucine (final radioactivity 2.7 wCi/ml) in
combination with [*Hlthymidine (final radioactivity
10 n.Ci/ml) or with [*Hluridine (final radioactivity
10 wCi/ml) for 30 min at 37°C with 5% CO,. Incu-
bations were terminated by centrifugation at 1000 X g
for 3min. The same TCA precipitates, where intra-
cellular cation and protein content were determined,

were also analysed for radiotracers incorporation. The
radioactivity of incubation medium and of TCA pre-
cipitates, dissolved in 0.1 N NaOH, was counted in a
liquid scintillation counter incorporating a [*H]/[*C]
dual channel analyser (Beckman LS 8100). The rate
of radiotracer incorporation was calculated per gram
cell protein. Three or five cultures were used at each
time point of the activation experiment.

2.5. Cell size determination

The percentage of lymphocytes that undergo mor-
phological blast transformation in response to PHA
treatment was determined by analysing the volume
distribution profile of lymphocyte populations with
scanning microscope ‘Magiscan-2’ (Joyce-Loebl). At
appropriate time of PHA stimulation, cell suspension
was transferred into the tube, centrifuged at not higher
than 1000 X g for 3 min, rinsed with Ca-free Hanks’
balanced salt solution and disaggregated by pipette
mixing. Thereafter, the cell suspension was placed on
the plate and fixed using Giemsa technique with
ethanol—formaline—acetic acid mixture. To calculate
the volume of lymphocytes the cells on slides were
approximated as ellipsoids. The volume distribution
profile was obtained by measuring 200 cells in each
preparation.

2.6. Statistics

All the data are presented as means + S.E. for a
certain number of experiments performed on lympho-
cytes from different donors. The number of experi-
ments is indicated in each figure legend.

3. Results

3.1. Rb influx during the transition of human lympho-
cytes from resting state to the DNA synthesis

In resting lymphocytes the Rb influx at the exter-
nal Rb concentration 2.5mM accounts for 37.2 +
2.0 wmol /g /30min (n = 25). The major portion of
this flux is inhibited by ouabain, thus representing the
Na, K-ATPase pump-mediated flux (24.2 +
3.5umol /g/30min, n = 24). When freshly isolated
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lymphocytes were incubated in RPMI medium sup-
plemented with serum for two days, no significant
changes in Rb influxes, both total and ouabain-sensi-
tive, were detectable. However, on the third day, in
cultures of lymphocytes without mitogens significant
alterations in Rb transport do occur: ouabain-sensi-
tive Rb influx decreases to 9.3 + 2.9 wmol /g /30 min
(n =4) and residual, ouabain-resistent flux increases
about twofold.

The application of PHA in the mitogenic concen-
tration (20 pg/ml) to a suspension of resting lym-
phocytes results in an increase in Rb influx, mainly
due to the increase in ouabain-sensitive component
(Fig. 1). At least two stages in the PHA-induced
elevation of the ouabain-sensitive Rb flux can be
distinguished. The initial twofold increase during the
first 2h is followed by a plateau between 8 and 16h,
when the Rb influx is about twice as high as that in
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Fig. 1. Time course of ouabain-sensitive and ouabain-resistant Rb
influxes in human lymphocytes activated by PHA. Isolated lym-
phocytes were incubated with PHA (20 wg/ml) for 0-72h. At
the definite time points RbCl (final concentration 2.5 mM) alone
or with ouabain (final concentration 0.1mM) was added to
culture medium for 30min and then cells were analysed for Rb
uptake as described in Section 2. Ouabain-sensitive influx (OS,
circles) was found as a difference between the total Rb uptake
and the uptake in the presence of ouabain (OR, triangles up). All
the values are means + SD of 24 independent experiments, deter-
mined in triplicate for each time point in each experiment. Each
activation experiment was performed on lymphocytes from one
donor.

unstimulated cells. Later, a significant increase in the
Rb influx is observed after 16h. By 48 h the pump-
mediated influx achieved a maximum value and then
declines gradually toward the level in unstimulated
cells. It should be noted that in this study, Rb fluxes
represent the values calculated per gram of cell pro-
tein. When expressed per cell, the late increase in
ouabain-sensitive Rb flux was much higher due to
greater protein content in PHA-activated lymphocytes
in comparison with the resting lymphocytes.

The ouabain-resistant Rb influx in PHA-activated
lymphocytes increases from 12.9 + 1.6 (n=22) to
172 + 1.1 wmol /g /30min (n=19) (with 2.5mM
RbCl in the external medium) by the end of the
second hour of stimulation (Fig. 1). The flux contin-
ues to rise gradually during the later stages of mito-
gen action and by 48h the ouabain-resistant Rb flux
across the plasma membrane amounts to 28.1 +
3.9 pwmol/g/30min (n = 20), thus comprising about
25% of the total Rb flux into lymphocytes.

In order to characterise the relationship between
the jon flux changes and the initiation of cell prolifer-
ation we compared the pattern of changes in Rb
influx with the basic proliferation-related events in
activated lymphocytes. Data in Fig. 2(A) show that
the rate of DNA synthesis, which peaked at approxi-
mately 48h, is preceded by a major increase in RNA
and protein synthesis. The mean cell volume of rest-
ing lymphocytes is increased about two times follow-
ing PHA stimulation (Fig. 2(B)). The amount of
cellular protein, a parameter that is closely correlated
to cell size, is also increased during the second day of
mitogenic stimulation (Fig. 2(B)). On comparing the
time courses of ouabain-sensitive Rb influx with that
of the macromolecular syntheses in PHA-stimulated
lymphocytes we came to the conclusion that the late
sustained activation of Na, K-ATPase pump precedes
the DNA synthesis and is temporally related to the
growth phase of mitogenic _response.

3.2. Na, K-ATPase pump activation and intracellular
Na content

Mitogens stimulate Na influx in most cells includ-
ing human lymphocytes through an amiloride-sensi-
tive Na/H exchange and it is generally believed that
the rapid stimulation of the Na, K-ATPase pump in
PHA-treated lymphocytes is due to an increase in
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Fig. 2. Time course of protein, RNA and DNA syntheses (A),
cell volume and total protein content (B) in human lymphocytes
activated by PHA. The same lymphocyte cultures shown in Fig. 1
were used. Lymphocytes were incubated with PHA (20 ug/ml)
for 0-72h. (A) To examine the rates of macromolecular synthe-
ses at the definite time points lymphocytes were pulsed for
30min and analysed for 14[Clleucine (triangles down, left axis),
3[H]uridine (squares, left axis) and 3[H]thymidine (diamonds,
right axis) incorporated into TCA-precipitable cell material. In-
corporation rates are given as (X 10%) cpm/g/30min. (B) Cell
protein content (triangles up, left axis) was determined by Lowry
method. Mean cell volume (crosses, right axis) was found from
volume distribution profiles of cell populations, both resting and
PHA-activated, as described in Section 2. All the values are
means +SD of 21-24 independent experiments, determined in
triplicate for each time point in each experiment.

intracellular Na concentration (Na,) [5,17-19]. To
answer the question whether changes in Na; could be
responsible for the elevated fluxes via Na, K-ATPase
pump in lymphocytes during G,/G,/S transition, a
comparison of ouabain-sensitive Rb influxes and Na;

should be made. As can be seen from Fig. 3, within
the first hour of stimulation, Na; increases from
141 + 16.6 (n = 24) to 284 + 33.0 pmol /g (n = 21),
thereafter it decreases slightly and remains stable up
to 48h. The increase in Na, is usually observed at
72h, when the ouabain-sensitive Rb influx declines.
These findings indicate that, at the early stage of
PHA action, the elevated Na; could indeed be the
main cause of the rapid pump activation. On the
contrary, the late sustained increase in pump-media-
ted K fluxes, which accompanies the development of
growth phase in PHA-activated lymphocytes, can
hardly be due to stimulation of Na, K-ATPase pump
by the elevation in Na;.

3.3. Protein synthesis and up-regulation of the
Na, K-ATPase pump

To find out whether ongoing protein synthesis is
required for the enhanced Na,K-ATPase pump in
PHA-activated lymphocytes, cycloheximide (CHX),
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Fig. 3. Time course of sodium content in human lymphocytes
activated by PHA. The same lymphocyte cultures shown in Fig. 1
were used. Isolated lymphocytes were incubated with PHA
(20pg/ml) for 0—72h. At the definite time points of PHA
stimulation lymphocytes were harvested for the determination of
cell sodium content (Na;) by flame emission photometry as
described in Section 2. All the values are means+SD of 24
independent experiments, determined in triplicate for each time
point in each experiment.
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Table 1
Effect of different concentrations of cycloheximide on [!*Clleucine incorporation, potassium and sodium content and ouabain-sensitive
Rb influx in human lymphocytes, activated by PHA for 24h

Cycloheximide ['*Clleucine incorporation Cation content Rb influx K;/Na; ratio
(n.g/ml) (x10%) (cpm /g /30 min) (pmol/g) (mol /g /30 min)
K; Na;
0 14.36 678 158 49.0 43
0.5 3.46 (76.1) 657 101 53.8 6.5
5.0 2.76 (81.0) 655 122 55.7 54
10.0 1.20 (91.6) 500 200 50.1 2.5

Lymphocytes from blood of one donor were incubated with PHA (20 pg/ml) during 24h and thereafter to some of the cultures
cycloheximide at different concentrations was added. Following 2h incubation with the drug, control (with PHA only) and cyclohex-
imide-treated cultures were analysed for [!*Clleucine incorporation, potassium (K;) and sodium (Na;) content and ouabain-sensitive Rb
influx as described in Section 2. Numbers in parenthesis indicate the per cent inhibition caused by cycloheximide. The data are the means
(SD less 10%) of three independent cultures. The results of one representative experiment of three.

an inhibitor of translation, was used. Before applying
CHX in long-term experiments, it was important to
find those concentrations of the inhibitor, which sup-
pressed protein synthesis and, at the same time, did
not cause total cell damage in the course of experi-
ment. Table 1 summarises the results of experiments
with different CHX concentrations. The CHX con-
centration of 5Sug/ml was found to be more appro-
priate for our purposes: at Spug/ml CHX more than
80% of protein synthesis is inhibited within the first
hour without a noticeable rapid changes in intra-
cellular monovalent cations and Rb influx (Table 1).

Table 2

When present in culture of resting lymphocyte,
5pg/ml CHX leads to an irreversible fall in Rb
influxes and K,/Na; ratio as well as in the rate of
RNA synthesis and protein content per culture after
16h only, suggesting a total toxic effect of the drug
(Table 2). In view of these results, in subsequent
experiments CHX at a concentration of 5ug/ml has
been included into lymphocyte cultures for the time
interval not longer than 12-16h.

When added to the lymphocyte culture simultane-
ously with PHA, CHX (5 pg/ml) does not eliminate
the initial increase of ouabain-sensitive Rb influx at

Long-term effects of 5ug/ml cycloheximide on protein and RNA synthesis, potassium and sodium content, Rb influx and total cell

protein in resting human lymphocytes

Time Incorporation Cation content Rb influx Protein
(h) (x10%) (cpm/g /30 min) (umol/g) (p.mol /g /30 min) (mg)
[*C]Leucine [*H]Uridine K; Na; oS OR

0 3.66 0.499 535 154 44.1 14.8 0.195
2 0.576 0.420 529 148 389 Y125 0.192
5 0.560 0413 524 148 394 14.5 0.191

8 0.520 0.245 504 159 39.9 12.9 0.180
16 0.553 0.192 479 197 28.1 10.5 0.181
24 0.592 0.140 367 204 13.1 6.6 0.138

Lymphocytes from blood of one donor were incubated in RPMI medium supplemented with glutamine (2mM) and heat-inactivated AB
IV Rh(+) serum (5%) in the presence of 5pg/ml cycloheximide. At definite time points the rate of ['*Clleucine and [*Hluridine
incorporations, intracellular potassium (K ;) and sodium (Na,) content, Rb influxes, ouabain-sensitive (OS) and ouabain-resistant (OR) as
well as total cell protein were determined as described in Section 2. Resting lymphocytes without cycloheximide were analysed
simultaneousely with 2 h drug-treated cultures. The data for each point are means (SD less 10%) of three independent cultures. The results
of one representative experiment from three.
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Fig. 4. Effect of cycloheximide on ouabain-sensitive and
ouabain-resistant Rb influx (A) and protein and RNA synthesis
(B) in PHA-activated human lymphocytes. Lymphocytes from
blood of one donor were incubated with PHA (20 wg/ml) for
0-48h and to some of the cultures cycloheximide (CHX,
5wg/ml) was added at zero time or at 24h of PHA action. At
definite time points of PHA stimulation, in the same cultures
ouabain-sensitive (OS, circles) and ouabain-resistant (OR, trian-
gles up) Rb influxes as well as 14[Clleucine (triangles down) and
3[Hluridine (squares) incorporation were determined as described
in Section 2. Open symbols represent data for cultures without
CHX, filled symbols and dot lines — that in the presence of CHX.
The arrow indicates the time period of incubation in the presence
of CHX. Data are from one representative experiment of five.
Each data point is the mean for triplicate cultures,

0.5-2h (Fig. 4(A)). In the presence of CHX, the
early elevated influx begins to decline after 2h and
returns to the resting value at about 8 h. As shown in
Fig. 4(B), addition of CHX to lymphocytes at the
24th hour of PHA stimulation inhibits the PHA-in-
duced rise in the leucine incorporation and prevents
further increase in ouabain-sensitive Rb influx. CHX

does not effect the time course of ouabain-resistant
Rb influxes in activated cells. These findings indicate
that the long-term enhancement of pump activity
associated with the blastogenesis of lymphocytes re-
quires new protein synthesis. It is important that,
under these conditions, when protein and RNA syn-
thesis are severely reduced, ouabain-sensitive Rb flux
remains unaltered during 12-16h of mitogenic acti-
vation (Fig. 4(A)).

3.4. Effect of inhibitors of transcription

We next examined the possibility whether tran-
scriptional control might be involved in the regula-
tion of the Na, K-ATPase pump in the course of blast
transformation. Two inhibitors of transcription, acti-
nomycin D and a-amanitin, were used. In view of
multiple targets for these inhibitors in cell and possi-
ble general toxic effect, we first tested increasing
concentrations of drugs on total RNA and protein
synthesis and some parameters of ion transport, which

Table 3

Effect of different concentrations of actinomycin D on DNA
synthesis, potassium and sodium content, volume and protein
content in lymphocytes, activated by PHA

AD  Time Thymidine Cationcontent Volume Protein

(ng/ ) (x10%) (mol/g) (au)  (mp
ml) pm/g/ K Na
30 min) ! !

0 0 0.7 648 141 036 0.089

5 - 549 256 - 0.080

24 45 708 235  0.60 0.109

48 649 780 206 093 0.253

0004 5 - 553 205 - 0.081

24 1.1 709 183 (.48 0.094

48 146 679 134 056 0.080

004 5 - 623 194 - 0.083

24 0.8 413 164 045 0.071

48 0.2 320 200 040 0.053

Lymphocytes from one donor were incubated with PHA
(20 g /ml) in the absence or presence of actinomycin D (AD)
during 48h at 37°C with 5% CO,. Following 5, 24 or 48h of
incubation cells were analysed for ['*Clleucine, [*Hluridine,
[*Hlthymidine incorporation, potassium (K;) and sodium (Na;,)
content, volume and protein content as described in Section 2.
Resting lymphocytes were taken for analysis simultaneously with
Sh-activated cultures. The results of one representative experi-
ment of four. The data are means (SD less 10%) of three
independent cultures.
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Fig. 5. Effect of actinomycin D on the time course of Rb influxes
(A) and protein and RNA synthesis (B) in human lymphocytes
activated by PHA. Lymphocytes isolated from blood of one
donor were activated by PHA (20Lg/ml) in the absence or
presence of actinomycin D (AD, 0.004 ug/ml) and at definite
time points ouabain-sensitive (OS, circles) and ouabain-resistant
(OR, triangles up) Rb influxes as well as 14[Clleucine (triangles
down) and 3[H]uridine (squares) incorporation were determined
as described in Section 2. Open symbols represent data for
cultures without AD, filled symbols and dot lines—with AD.
Data are from one representative experiment of nine. Each data
point is the mean (SD less 10%) for triplicate cultures.

are sensitive indicators for cell survival. Our control
experiments showed that actinomycin D at a concen-
tration of 0.004 wg/ml is more appropriate for an
examination of the long-term regulation of pump in
lymphocytes, although higher concentrations (up to
0.04 pg/ml) can also be used in short-term experi-
ments (Table 3). Actinomycin D at a concentration of
0.004 wg/ml, while partly inhibiting the initial rise
in the RNA synthesis during the first day of mito-

genic stimulation, suppressed the increase in
[*Hluridine and ['*C]leucine incorporation during the
second day (Fig. 5(B)). This drug concentration
blocked both the initiation of DNA synthesis and the
enlargement of lymphocytes, however, cell K and Na
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Fig. 6. PHA-induced changes of Rb influxes (A) and protein and
RNA synthesis (B) in actinomycin D-pretreated lymphocytes and
under the late actinomycin D treatment. The actinomycin D (AD)
pretreatment: resting lymphocytes were incubated with AD
(0.004 wg/ml) for 16h and then stimulated by 20wg/ml of
PHA. The late AD treatment: lymphocytes were stimulated by
PHA (20 g/ml) and 16h later some of the cultures received
0.004 pg/ml AD. At definite time points ouabain-sensitive (OS,
circles) and ouabain-resistant (OR, triangles up) Rb influxes as
well as 14{CJleucine (triangles down) and 3[Hluridine (squares)
incorporation were determined as described in Section 2. Open
symbols represent data for control cultures with PHA only,
symbols with crosses and dashed lines —for AD-pretreated cul-
tures, solid symbols and dot lines —for late AD-treated cultures.
The experiment was performed on lymphocytes from one donor.
Data are from one representative experiment of four. Each data
point is the mean (SD less 10%) for triplicate cultures.
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content were maintained near the level in unstimu-
lated cells during the two days of experiment (Table
3).

When actinomycin D (0.04-0.004 p.g/ml) was
added to lymphocyte culture simultaneously with
PHA, the elevation of ouabain-sensitive Rb influx
within the first day was not affected (Fig. 5(A)). It
was found that in the presence of actinomycin D the
delayed increase in Rb flux was prevented after 24 h
of PHA action. However, the degree of late flux
inhibition was variable among different experiments.
In this context, we revealed that while comparing the
results utilising cells from different donors may be
hazardous, results presented a consistent pattern when
the time course of basic activation indices are exam-
ined in experiment on lymphocytes from one donor.

In our study, in lymphocytes from one donor the
inhibition of the long-term enhancement of Na, K-
ATPase pump in the presence of actinomycin D was
correlated with the degree of inhibition of protein
synthesis. When comparing the experiments on cells
from different donors we came to the conclusion that
during the first day of mitogenic activation the inhibi-
tion of the overall transcription by actinomycin D (as
judged by [*Hluridine incorporation) affects signifi-
cantly neither the protein synthesis rate nor the stimu-
lation of the Na, K-ATPase pump. After about 24h,
the long-term enhancement of cation pump is absent

Table 4

in case of suppression of protein synthesis in the
presence of actinomycin D and is not enhanced above
the level at 24 h (Fig. 5(B)).

Next, we studied effect of actinomycin D pretreat-
ment on the PHA-induced activation of pump. In
resting cells which were preincubated with
0.004 p.g /ml actinomycin D for 16 h the rate of RNA
synthesis was reduced by 60%, while the rate of
[4Clleucine incorporation, intracellular potassium and
sodium content were not changed (data not shown).
In actinomycin-treated lymphocytes, PHA did not
enhance both total RNA and protein synthesis to any
significant degree (Fig. 6(B)). It was revealed that
pretreated cells were capable of increasing ouabain-
sensitive Rb influx during the first 20h after PHA
addition, however, the flux elevation between 24 and
48h was eliminated (Fig. 6(A)). Thus, pretreatment
experiments have shown that during the first day of
mitogenic activation of lymphocytes the pump-medi-
ated cation transport can be stimulated at the sup-
pressed RNA synthesis. This is not the case on the
second day of activation.

To further define the period when transcriptional
activity was required for the increased pump induc-
tion, actinomycin D was added at intervals from 16 to
48h after initial exposure to PHA. In this type of
experiments the acceleration of [*Hluridine and
[*4CJleucine incorporation between 24 and 48h was

Effect of a-amanitin on pump-mediated Rb influx, potassium and sodium content, protein, RNA and DNA syntheses, cell volume and

protein content in human lymphocytes, activated by PHA

Incubation  Time Rb influx Cation content Incorporation Volume Protein
() (uwmol/g/30min)  (pmol/g) (x103) (cpm/g /30 min) (a.u.) (mg)
K; Na;  Uridine Leucine  Thymidine
PHA
0 24.6 586 118 04 29 0.1 0.43 0.12
24 53.0 617 290 43 12.1 3.8 0.60 0.13
48 89.0 820 287 114 154 87.1 o123 0.21
PHA + a-amanitin h
24 53.1 556 294 4.0 12.0 3.1 0.54 0.11
48 543 564 280 6.1 9.0 16.7 0.69 0.16
PHA 20h, then PHA + a-amanitin
24 54.0 622 283 5.0 127 43 0.66 0.14
48 59.7 634 287 8.7 9.8 9.8 0.87 0.17

«-Amanitin (4 pg/ml) was added to lymphocyte cultures simultaneously with PHA (20 wg/ml) or 20h after PHA. Following 24 and
481 after PHA induction cells were analysed for [**Clleucine, [*H]uridine and [*H]thymidine incorporation, potassium (K,), sodium
(Na,), protein content and volume as described in Section 2. The data are means (SD less 10%) of 3-5 cultures of lymphocytes from one

donor. The results of one representative experiment from four.
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absent and the elevation of the ouabain-sensitive Rb
influx was abolished immediately after 8—10h of
drug application (Fig. 6). These data confirm the
above observation that the inhibitory effect is depen-
dent on the time of drug application: actinomycin D
is effective in inhibiting the elevated pump during the
second part of the G,/G, /S transition rather than at
the early stages of lymphocyte activation.

Another inhibitor of transcription, a-amanitin, pro-
duced effects which were virtually similar to those
obtained with actinomycin D. Addition of a-amanitin
at a concentration of 4 p.g/ml simultaneously with
PHA prevented elevation of the Rb influx during the
second day of stimulation, but did not affect the flux
increase up to 24 h of mitogen action (Table 4). The
delayed inhibitory effect of a-amanitin was also evi-
dent in pretreatment experiments, when the drug was
added to the cell culture 20h prior to the PHA
addition (data not shown). When applied after 20h of
PHA stimulation, a-amanitin abolished the late in-
crease in pump-mediated Rb influx (Table 4). In all
experiments performed the inhibitor suppresses the
PHA-induced DNA synthesis and blocks the enlarge-
ment of cells. It is worth noting that a-amanitin, a
specific inhibitor of RNA polymerase II, blocks a
smaller percentage of the total RNA and protein
synthesis than the less selective drug, actinomycin D.

4. Discussion

Mitogen-induced changes in pump-mediated K
fluxes has been shown in lymphocytes from various
sources [15,17-22]. However, most of the investiga-
tors have been confined to early stages of cell activa-
tion. In this study, we have shown that the mitogenic
activation of human peripheral blood lymphocytes by
PHA is accompanied by a long-term enhancement of
the Na, K-ATPase pump. The elevated K influxes via
pump are typical for the later stages of blastogenic
transformation being temporally associated with the
growth phase of G,/G, /S transit.

Several mechanisms have been proposed to ex-
plain an increase in the Na,K-ATPase activity in
mitogen-stimulated lymphocytes. First, the rise in the
internal Na concentration has been suggested to be a
cause for the increase in pump-mediated fluxes dur-
ing the first minute of mitogen action [17]. Second,

recruitment of plasma membrane pumps from an
internal silent pool of inactive pumps has also been
suggested for the upregulation of ion pumps between
2 and 5h of the pig lymphocyte activation [22].

Our studies of ouabain-sensitive K fluxes indicate
that in PHA-activated lymphocytes several phases in
the pump response to mitogen should be distin-
guished based on the dependence on intracellular Na
concentration and on effects of agents inhibiting pro-
tein synthesis and transcription. In the early mito-
genic reaction of cell, a rapid increase in ion pumping
appears to be due to the elevation of intracellular Na
concentration. This increase can be brought about by
changes in the turnover rate of existing Na /K pumps
and by an increase in the number of active pumps in
plasma membrane [22,23]. These mechanisms are
independent of new protein synthesis. As shown in
this study, the long-term activation of Na, K-ATPase
pump that is apparent after many hours of mitogen
application is not the result of an increase in internal
Na content. It is abolished in the presence of cyclo-
heximide immediately after 5—8 h of mitogen action,
thus indicating that the sustained increase in pumping
is dependent on a new protein synthesis. It is obvious
that the data obtained do not allow to specify which
of the newly synthesised proteins is critical for the
sustained pump enhancement in activated cells:
whether it is Na,K-ATPase o and/or B subunit
proteins or some kind of a regulatory proteins. If we
assume that it is the Na, K-ATPase itself, than the
lifetime of Na, K-ATPase pump could be estimated as
16h or more for both resting and activated lympho-
cytes. This value is compatible with the earlier esti-
mations of half-life for the enzyme, although for
other cells made [23,24].

From our studies of ion flux activation in the
presence of inhibitors of transcriptions it follows that
the protein synthesis-dependent increase in the
Na, K-ATPase activity can be divided into two phases:
actinomycin D (a-amanitin)-insensitive phase (be-
tween 5 and 20h) is followed by actinomycin D
(a-amanitin)-sensitive phase after about 20h of PHA
stimulation. The latter phase coincides temporally
with the enlargement of activated lymphocytes.

The observed time dependence of the inhibitory
effect of actinomycin D and a-amanitin on PHA-in-
duced pump stimulation seems to be consistent with
the peculiarities of activation process in quiescent
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cells: in lymphocytes like in other dormant cells at
the initial stage of mitogenic activation protein syn-
thesis is mostly controlled at the translational level
[25-27]. 1t might be proposed that during the first
day of mitogenic activation the newly synthesised
pump proteins which are likely to be responsible for
an increase in ion fluxes are translated from the
pre-existing Na, K-ATPase mRNAs, whereas at later
cell cycle progression the generation of new pumps is
also regulated at the transcriptional level.

All these assumptions are based on the studies at
cellular level. Indeed, there are potential problems in
using inhibitors of transcription at the cellular level to
establish that a certain cellular response requires the
new mRNA synthesis. The response might be blocked
by non-specific action of the drugs. In the present
study, we have addressed the problem by using drug
concentrations as low as possible and by application
of two transcriptional inhibitors with different modes
of action. The fact that both inhibitors have sup-
pressed the long-term increase in ion pumping is in
favour of the suggestion that the suppression is due to
the inhibition of mRNA synthesis. In the experiments
presented, a non-specific effect of drugs seems to be
minimal, since none of the drugs altered both the
intracellular cation content and the rate of the
[**Clleucine incorporation over 24h of treatment of
resting lymphocytes. Moreover, in drug-pretreated
cells the elevation of ouabain-sensitive K fluxes dur-
ing the first day of PHA stimulation was found to
persist.

Thus, the present study raises the possibility that in
activated lymphocytes, the growth-associated activa-
tion of Na,K-ATPase pump may be controlled via
genomic pathway. Few data are available on the
changes in transcript level of Na, K-ATPase pump in
proliferating cells as compared to quiescent cells.
Proliferation-related changes in o, and , subunit
mRNAs have been reported for the regenerating rat
liver and for a serum-depleted-restored liver cell line
[28-31]. In our preliminary study, we found that the
induction of mitogenic response in human lympho-
cytes is accompanied by an elevated level of Na, K-
ATPase mRNAs as early as at 8h of PHA stimula-
tion, i.e. well ahead of the growth-related enhance-
ment of pump activity [13]. We suggest as a working
hypothesis that these early changes in the level of
pump subunits mRNAs could be realised in the spe-

cific protein synthesis and in increased pump pool
during the later stages of cell cycle transit. More
studies are needed to relate the data emerging from
both physiological and molecular approaches.

In conclusion, at present, it is not clear what the
relationship is between ion pump activation and mito-
genesis. Previous studies of monovalent cation fluxes
in mitogen-stimulated cells gave evidence for the
notion that an early activation of ion pump was not
obligatory for the initiation of cell proliferation. In
this study, we demonstrate that in PHA-activated
human lymphocytes the elevated pumping and in-
creased K influxes precede the proliferation and is
parallel to the growth of small lymphocytes to blast
cells. It has been postulated, that the cellular events,
which are controlled by genes and occur primarily
during G, phase, regulate cell cycle progression in
mitogen-induced cells [32,33]. The ion pump is known
to be implicated in the regulation of ion and osmotic
balance in animal cells and provides the driving force
for Na-coupled transport processes. It is conceivable
that the enhanced Na, K-ATPase pump could some-
how be involved in the genesis of growth response to
mitogens, thus participating in cell cycle regulation at
the physiological level.
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Na, K-ATPase pump in activated human lymphocytes: on the
mechanisms of rapid and long-term increase in K influxes during the
initiation of phytohemagglutinin-induced proliferation
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Abstract

Functional expression of Na, K-ATPase pump as determined by ouabain-sensitive Rb influxes has been investigated in
human peripheral blood lymphocytes, activated by phytohemagglutinin (PHA) from resting state to proliferation. It is found
that a rapid twofold elevation of ouabain-sensitive Rb influx in response to PHA is followed by a long-term increase in
pump activity, which precedes the DNA synthesis and is temporally related to the growth phase of mitogenic response.
Unlike the early pump activation, the late enhanced pump activity is not the result of elevated cell Na content, it is inhibited
by cycloheximide and requires new protein synthesis. Actinomycin D and a-amanitin, in doses, which suppress the
PHA-induced increase in the RNA synthesis, do not abolish the elevated Rb influx until 20-24h of mitogenic activation

and inhibit the late, growth-associated increase in Rb influx. It is concluded that (1) in mitogen-activated cells both short-
and long-term control is involved in the enhanced pump activity, and (2) translational and transcriptional mechanisms may
contribute to the long-term up-regulation of Na,K-ATPase pump during blast transformation of human lymphocytes.

© 1998 Elsevier Science B.V.

Keywords: Na,K-ATPase pump; Proliferation; Cycloheximide; Actinomycin D; o-Amanitin; Human lymphocyte

1. Introduction

The Na, K-ATPase pump plays a ‘housekeeping’
role in maintaining low Na and high K concentrations
in most of the animal cells and is central to the
control of cell volume and membrane potential. In
addition, the pump controls (although indirectly, by
utilising Na gradient) transport of some nutrients,

* Corresponding author. Fax: +7 (812) 2470341; E-mail:
iim @mail.cytspb.rssi.ru

intracellular pH and free cytoplasmic Ca concentra-
tion. It is shown that the pump-mediated fluxes are
rapidly increased in response to diverse growth-pro-
moting stimuli [1-6). The rapid pump activation in
mitogen-stimulated cells has been considered mainly
as secondary to an increase in the intracellular Na
concentration due to the activation of Na-H ex-
change [3-8].

In addition to the early, transient activation of the
Na, K-ATPase pump, the delayed, sustained increase
in K influxes via pump has recently been found in

0005-2736 /98 /$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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