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Abstract An immunosuppressant cyclosporin A (CsA) inhibits
T-cell proliferation by blocking the nuclear factor of activated T-
cells (NFAT) required for expression of the interleukin-2 (IL-2)
gene. This work has demonstrated for the first time that in
human blood lymphocytes (HBLs) activated by phytohemagglu-
tinin (PHA), CsA at anti-proliferative doses inhibits the late
sustained increase in ouabain-sensitive Rb(K) influxes, which
accompanies the growth phase of G0/G1/S transition. CsA affects
neither the initial, transient activation of the pump in response to
PHA nor the ouabain-resistant ion fluxes during cell cycle
progression. When the HBLs were rendered competent to
proliferate by phorbol 12,13-dibutyrate ester and ionomycin in
the presence of CsA, the exogenous IL-2 did not bypass the
initial inhibitory effect of CsA on the long-term pump enhance-
ment. When applied after the competence induction, CsA
produced no effect on the sustained increase in ouabain-sensitive
Rb influxes during the IL-2-induced progression phase. These
results indicate that in activated HBLs, (1) IL-2 is involved in
functional expression of the Na/K pump during cell transition
from quiescence to proliferation, (2) the cell cycle-associated
upregulation of the pump is related to a CsA-sensitive signalling
pathway.
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1. Introduction

The key plasma membrane transporter in animal cells is the
Na,K-ATPase pump which is responsible for the maintenance
of electrochemical Na and K gradients across the plasma
membrane. In the cell, the Na/K pump is under control of
hormones and various stressor and growth-promoting factors
that impart both a short-term and long-term regulation of the
pump activity [1^5]. Most data on the growth factor-related
pump regulation deal with rapid transient modulations of K
in£uxes in response to mitogens. This response is mainly pro-
vided by changes in the turnover rate of pre-existing pumps
and/or redistributions of silent pumps between the subcellular
compartments and the cell surface [4^6]. The precise mecha-
nisms which control the sustained enhancement of the pump
during the later stages of cell transition from the resting state
to proliferation have not been de¢ned. We have recently dem-
onstrated that in phytohemagglutinin (PHA)-induced human
blood lymphocytes (HBLs), a long-term increase in pump
activity accompanying the blast transformation could not be

regulated by short-term mechanisms including an increase in
the intracellular Na� concentration [7]. Moreover, the
growth-associated activation of the pump was found to be
dependent on a new protein synthesis and could be controlled
at the transcriptional level [7,8]. All the available data permit
us to suggest that in mitogen-induced cells, a long-term con-
trol of the Na/K pump should be mediated by speci¢c genes
whose activation is somehow linked to the whole genomic
program of initiating cell proliferation. The goal of this study
was to ¢nd out whether the functional expression of the Na/K
pump during the cell cycle transition is linked to initial steps
of lymphocyte activation.

Cyclosporin A (CsA), a potent immunosuppressant, inhibits
T-cell proliferation by suppressing transcription of a T-cell
growth factor, interleukin-2 (IL-2) [9,10]. The inhibitory e¡ect
of CsA is due to inactivation of calcineurin, Ca2�-dependent
phosphatase, that activates the nuclear factor of activated T-
cells (NF-AT) required for expression of the IL-2 gene [10^
13]. Studies with native cells have shown that CsA is e¡ective
in the inhibition of proliferative responses when applied at the
initial stage of mitogenic stimulation and does not block the
induction of cell proliferation during the progression phase to
DNA synthesis [14,15]. We used such a peculiarity of CsA of
inhibiting selectively the IL-2 production to elucidate relations
between the sustained activation of the Na/K pump and the
CsA-sensitive signalling pathway for IL-2 expression. This
paper presents for the ¢rst time evidence that CsA in doses
which inhibit the induction of HBL proliferation eliminates
the long-term enhancement of the Na/K pump activity during
cell transition from the resting state to DNA synthesis.

2. Materials and methods

HBLs were puri¢ed from fresh venous blood by Ficoll-verogra¢n
gradient centrifugation (1.077 g/ml, 400Ug) [7]. After depletion of
adherent cells on plastic bottles, isolated HBLs were incubated over-
night in RPMI 1640 medium (Flow) with heat-inactivated AB IV
Rh(+) serum (5%). At the next day, the cell suspension (1.5U106

cells/ml) was placed into vials (2 ml suspension/vial) and PHA (Cal-
biochem), alone or with CsA (a gift from Sandoz, Switzerland), was
added to a ¢nal concentration of 20 Wg/ml. Then, the cultures of
HBLs, both resting and PHA-activated, were incubated at 37³C in a
humidi¢ed atmosphere with CO2 and at the appropriate time points
throughout the experiment, the cultures were taken for cation deter-
minations. Ouabain-sensitive Rb uptake was measured to evaluate
activity of the Na/K pump. RbCl (2.5 mM), alone or with ouabain
(0.1 mM, Sigma), as well as [3H]thymidine, [14C]leucine or [3H]uridine
(Isotope, Russia), were added to HBL cultures and after 30 min in-
cubation at 37³C with CO2, the cell suspensions were transferred to
Eppendorf tubes, centrifuged once at 1000Ug for 3 min and the
pellets were rinsed ¢ve times with cold isotonic MgCl2 without dis-
persion to avoid disruption of cell aggregates which are very compact
at the initial stages of PHA activation. The cell pellets were treated
with 1 ml of 1% trichloroacetic acid (TCA) and TCA extracts were
analyzed for Rb, Na and K by emission £ame photometry using a
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Perkin-Elmer AA 306 atomic absorption spectrophotometer. TCA
precipitates were dissolved in 0.1 N NaOH and analyzed for protein
by the Lowry procedure. Radioactivity of TCA precipitates dissolved
in 0.1 N NaOH was counted in a liquid scintillation counter incorpo-
rating a [3H]/[14C] dual channel analyzer (Beckman LS 8100). The
intracellular ion content as well as the rates of radiotracer incorpo-
rations were calculated per g cell protein. Three or ¢ve cultures were
used for each time point of the activation experiment. Lymphocytes
from one donor (up to 400U106 cells) were used in each experiment.
The percentage of lymphocytes that undergo morphological blast
transformation in response to PHA treatment was determined by
analyzing the volume distribution pro¢le of lymphocyte populations
with a scanning microscope `Magiscan-2' (Joyce-Loebl).

To induce `competence', HBLs were stimulated either by a combi-
nation of 10 nM phorbol 12,13-dibutyrate ester (PDB, Sigma) and 500
nM ionomycin (Sigma) or by 2 Wg/ml PHA for 30^60 min. The cells
were then washed twice in RPMI medium and placed into vials
(3U106 cells/vial) in the complete medium. Thereafter, the activated
HBLs received 200 U/ml recombinant IL-2 (Amersham) or a mito-
genic concentration of PHA (20 Wg/ml) to induce progression of com-
petent lymphocytes to DNA synthesis.

All the data are presented as means þ S.E.M.

3. Results

3.1. E¡ect of CsA on pump-mediated Rb £uxes in
PHA-activated lymphocytes

In PHA-activated HBLs, a rapid 2-fold increase in the oua-
bain-sensitive Rb in£ux after PHA addition is followed by a
sustained elevation of the Rb in£ux between 16 and 48 h,
which is parallel to cell enlargement and is closely associated
with blast transformation [7]. As shown in Fig. 1, when added
simultaneously with PHA, CsA (1 Wg/ml) did not a¡ect the
initial rise in the ouabain-sensitive Rb in£ux in response to
PHA. However, CsA was revealed to totally inhibit the Rb
in£ux elevation via the Na/K pump during later mitogenesis.
In activated HBLs, at 48 h, the ouabain-sensitive Rb in£ux
increased about three times, whereas in the presence of CsA,
the £ux remained unchanged within 16 and 48 h. In contrast,
the time course of ouabain-resistant Rb in£uxes was not af-
fected by CsA both at the initial step of activation and during
the progression to DNA synthesis (Fig. 1).

The inhibitory e¡ect of CsA on pump-mediated transport is

usually observed at the anti-proliferative doses of the drug. In
experiments presented in Fig. 1, CsA at a concentration of
1 Wg/ml inhibited the PHA-induced proliferation in HBLs, as
judged by both a decrease in label incorporations into protein,
RNA and DNA and an inhibition of HBL enlargement dur-
ing G0/G1/S transition (Fig. 2). At the maximum proliferative
response (48 h) in the presence of CsA, the [14C]leucine,
[3H]uridine and [3H]thymidine incorporations were decreased
by 49.8 þ 4.3, 67.6 þ 10.1 and 60.4 þ 5.3%, respectively. As
seen from Fig. 2A, CsA blocked partially the HBL prolifer-
ation in response to PHA. The incomplete inhibition of the
PHA-induced mitogenic response of HBLs appears to be due
to the additional signalling pathways of IL-2 gene expression
which is resistant to immunosuppressive drugs including CsA
[16,17]. Fig. 2B also shows that in the constant presence of
CsA, there also was an inhibition of the increase in intracel-
lular potassium content (Kin), typical for the successful tran-
sition of resting HBLs to proliferation [18]. It should be em-
phasized that the long-term (for 48 h) incubation of the non-
stimulated HBLs in the complete RPMI medium in the pres-
ence of CsA (1 Wg/ml) a¡ects neither the basal rates of protein
and RNA synthesis nor the intracellular K and Na content
(data not shown).

3.2. CsA does not a¡ect the cell cycle-associated pump
activation in competent HBLs

Activation of the T-cell receptor (TCR) by antigens or mi-
togenic lectins initiates a variety of signalling pathways to
activate early transcriptional events and eventually to induce
the IL-2 signalling pathway responsible for the cell cycle pro-
gression and the entry into the S phase [19]. This complicated,
multi-step cellular response can be experimentally divided into
two separate phases. Initially, the TCR activation causes a
transition from the resting G0 state to the G1 phase, so that
the cell becomes competent to express the high-a¤nity IL-2
receptor (IL-2R) and to produce IL-2 [13,14]. Later on, cell
cycle progression occurs after the required level of IL-2R has
been occupied by IL-2.

It has been shown that after a brief exposure to PHA at a
submitogenic concentration, HBLs do not proliferate. How-
ever, this treatment induces the IL-2 mRNA expression (cells
acquire `competence') and to enter the S phase and complete
the cycle, PHA at a mitogenic concentration should be given
[14]. Under this activation procedure, CsA inhibits the expres-
sion of IL-2 when given before or simultaneously with sub-
mitogenic PHA, whereas CsA does not prevent the IL-2
mRNA expression as well as IL-2 production during the later
cell cycle progression of competent HBLs to DNA synthesis
[14,15].

As shown in Fig. 3, if the competence was ¢rst induced by
submitogenic PHA (2 Wg/ml), then during the entire second
incubation with a mitogenic concentration of PHA (20 Wg/ml),
CsA a¡ected neither the late increase in the ouabain-sensitive
Rb in£ux nor the increase in intracellular K content during
the pre-replicative phase as well as the growth response and
DNA synthesis in HBLs (Fig. 3 and Table 1). When CsA was
present during the initial phase of competence induction with
small doses of PHA, both the late increase in the ouabain-
sensitive Rb in£ux and the elevated DNA synthesis at 48 h
were suppressed (Table 1). These ¢ndings allow us to suggest
that the induction of a long-term activation of the Na/K
pump during the progression phase of G0/G1/S transition is

Fig. 1. E¡ect of CsA on the time course of ouabain-sensitive (OS)
and ouabain-resistant (OR) Rb in£uxes in HBLs, activated by
PHA. Open symbols, without CsA; closed symbols, with CsA (1
Wg/ml). The data are means of 12 experiments.
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somehow related to the initial, CsA-sensitive steps of mitogen
induction in HBLs.

To elucidate the mechanism of the CsA-related inhibition of
the ion pump in HBLs further, we applied exogenous IL-2. A
brief 30 min incubation with the phorbol ester PDB and cal-
cium ionophore, ionomycin, is su¤cient to induce the state of
competence in T-cells, including expression of functional IL-
2Rs [13^15]. The addition of CsA during the initial 30 min
incubations with PDB and ionomycin completely blocked
both the expression of IL-2R mRNA and the mitogenic re-
sponse to exogenous IL-2 [14]. On the contrary, if the com-
petence was induced by PDB and ionomycin, addition of IL-2

together with CsA in the progression phase initiated the pro-
liferative response.

As shown in Fig. 3, in the competent cells, after a treatment
with PDB and ionomycin and with IL-2 added after washing
the pretreated cells with RPMI medium, at 48 h, the ouabain-
sensitive Rb in£ux reached the level which was comparable
with the Rb in£ux in the PHA-stimulated HBLs. When CsA
was present during the ¢rst 30 min induction of the compe-
tence by PDB and ionomycin, the cells failed to increase the
pump £uxes during the second incubation with IL-2. When
CsA was present during the second incubation only, IL-2 was
found to induce sustained elevation of the ouabain-sensitive

Fig. 2. E¡ect of CsA on the PHA-induced DNA, RNA, protein syntheses (A), cell growth and the time course of the intracellular K content
(B) in HBLs. Open symbols and solid lines, without CsA; closed symbols and dashed lines, with CsA (1 Wg/ml). CsA was given simultaneously
with PHA (20 Wg/ml). Macromolecular syntheses were determined as [3H]thymidine (DNA), [3H]uridine (RNA) and [14C]leucine (total cell pro-
tein) incorporations.

Fig. 3. Proliferation-related long-term enhancement of the Na/K pump is inhibited by CsA during induction of the competence in HBLs. The
pump activity was determined as the ouabain-sensitive Rb in£ux (OS) at 48 h of HBL activation. OR, ouabain-resistant Rb in£ux. The compe-
tence was induced with submitogenic PHA, 2 Wg/ml (3) or with phorbol ester, PDB, and ionomycin, I, (5^7) with (8) or without (4^7) CsA.
The cell cycle transition was provided by mitogenic PHA, 20 Wg/ml (4), or IL-2 (6^8). One representative experiment from seven. Each data
point is the mean for triplicate cultures of lymphocytes from one donor.
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Rb in£ux as well as DNA synthesis and a growth-associated
increase in Kin (Table 1).

All these results indicate that in HBL, (1) a long-term en-
hancement of the Na/K pump during the G0/G1/S transition is
related to a CsA-sensitive pathway of mitogen signalling and
(2) the T-cell growth factor, IL-2, is involved in the functional
expression of the pump in the course of the pre-replicative
phase.

4. Discussion

The e¡ect of growth factors is mediated by transcriptional
regulation of a set of genes which shifts the resting cell to-
wards the division cycle. In addition, to realize the growth-
promoting signals into a complicated cellular response, many
events at the physiological level should occur. Among these,
proliferation-related events are the membrane transport proc-
esses including an enhanced movement of essential nutrients
and ions. It is well-established that most mitogens induce
rapid changes in the activity of basic ion transporters, such
as Na/H exchange, Na/K pump and Na/K/Cl co-transporter.
These transient modulations of ion-transporting systems are
mediated by substrate concentrations and the second messen-
gers and are directly involved in the initial mitogen signalling
at the cell membrane level.

In recent years, we have discovered a sustained increase in
K in£uxes via the Na/K pump during the later transition of
resting cells to proliferation [7,18]. In mitogen-induced cells,
the long-term control of ion transport is likely to be mediated
by regulating the number of pumps expressed in the plasma
membrane. Indeed, our previous study has revealed an in-
crease in the level of K1 and L1 Na,K-ATPase mRNA at 4^
8 h of PHA activation of HBLs [20]. Recent studies have also
demonstrated changes in the level of Na,K-ATPase mRNA
during hepatocyte proliferation and lymphocyte di¡erentia-
tion [21,22]. However, there is a gap of understanding between
the transcriptional underlying mechanisms and the whole
functional response of the cell to mitogen. The most impor-
tant aspects of the problem of the ion participation in mito-
geneses are (1) how mechanisms controlling the cell cycle-de-
pendent expression of transport proteins might be linked to
the multiple signalling pathways which are responsible for the

cell transition from the resting state to proliferation and (2)
what is the functional meaning of the sustained enhancement
of ion £uxes during the cell cycle transition. The present study
shows for the ¢rst time that in mitogen-activated HBLs, the
sustained increase in pump-mediated £uxes is eliminated by
anti-proliferative doses of CsA. This suggests a close relation-
ship between the enhanced functional activity of the ion pump
during cell cycle progression and the early expression of the T-
cell growth factor IL-2 and, perhaps, IL-2R in HBLs.

In conclusion, in most animal cells, the Na/K pump con-
trols (directly or indirectly) many essential functions, such as
the cell volume, intracellular pH, free calcium concentration,
membrane potential and transport of nutrients. In di¡erent
types of cells, including HBLs, the action of mitogens is ac-
companied by a sustained increase in pump-mediated £uxes,
this increase being temporally associated with the growth
phase of a response [23]. In addition, the transformed cells
possess higher ion £uxes as compared to the resting or di¡er-
entiated cells [4,23]. Being responsible for the cellular ion and
osmotic homeostasis, the elevated pump should be involved in
genesis of the growth response during the mitogen-induced
cell transition towards a new steady state level, which is pecu-
liar for cycling cells. In this aspect, the Na/K pump which
belongs to housekeeping cellular factors might be considered
as an essential element of the cell cycle regulation at the phys-
iological level.
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