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There are two apparent discrepancies in the current
views on the mechanism of apoptotic cell shrinkage. A
decrease in the sodium pump activity is supposed to be
responsible for apoptotic decrease in cell K* content
and degradation of the pump is confirmed by immuno-
blot analysis of the - and B-subunits of sodium pump
in cell membrane and by other methods [1-4]. A
decrease of both Rb* and ?>Na* fluxes via sodium pump
was observed during apoptosis induced by staurospo-
rine in lymphoid U937 cells in our own experiments.
However, deficiency in the pumping rate of Na* and K*
should lead to cell swelling, whereas shrinkage of cell
is a hallmark of apoptosis [5, 6].

The second discrepancy is that the opening of the K*
channels is believed to play a significant role in the loss
of intracellular K* during apoptosis [7]. But the open-
ing of these channels should lead to hyperpolarization
of apoptotic cells [8], instead of depolarization, which
is observed in experiments [2, 4].

In the present study, an integrated mathematical
model of cell volume and ion balance regulation is con-
sidered, in order to find out what changes of the monov-
alent ion pathways across the plasma membrane could
lead to changes in the ion and water balance in the apo-
ptotic cells. These changes, e.g., in lymphoid cells,
include a decrease in the pumping of Na* and K* across
plasma membrane, a decrease in the intracellular
K*/Na* ratio, cell shrinkage, and cell depolarization.
Apoptosis of the U937 cells caused by staurosporine
was used as a prototype in our computer modeling of
ion and water balance in a cell, but the data obtained are
valid for a wide class of cells. Finally, we came to con-
clusion that the changes in more that one ion pathways
through cell membrane should be responsible for
changes in ion and water balance during apoptosis.

! The article was translated by the authors.
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Equations of ion and osmotic balance. A mathe-
matical model of ion and water balance with respect to
ion fluxes across the cell membrane was developed for
erythrocytes in [9], and for other cells in [8, 10, 11].
Apoptosis as a whole is a non steady-state phenome-
non. However, the ion and water balance in cells is
achieved much faster than the apoptosis proceeds.
Therefore, the terms with the time derivatives in ion and
water flux equations can be neglected and the algebraic
Egs. (1)—(5) with the variable parameters can be used
for modeling of the separate steps of apoptosis as in [8,
10, 11].

[Na'];+ [K']; = [Cl']; + zA/V = 0, ()
[Na']i + [K']: + [CI ] + A/V o
= [Na"]o + [K o + [CI o,
pi(Hu{([Na"]e" — [Na"]o)/(1 - ")} 3)
—bB(#)[Na']; + Syc = 0,
p2(Du{ ([K"]ie" = [K™Jo)/(1 —€")} @

+(b/7)B(1)[Na']; = 0,
p3(Ou{([CI']i=[Cl loe")/(1—€")} + Sxc = 0, (5)

where the symport term Syc is defined by the formula:

Sne = gne(){1 - [Na'L[CI1/[Na™Jo[CI Jo}. (6)

Equations (1)—(2) represent the electroneutrality of solu-
tions separated by the cell membrane and the water-
osmotic equilibrium between cell and medium. [Na‘],
[K*]o, [CI7]y and [Na*];, [K*];, [CI7]; are external and intra-
cellular ion concentrations in cell water, mM; A is the
intracellular content of impermeant anions, moles per
cell; z is the average charge of these anions; V is the cell
volume per cell (taken to be equal to the water content);
u is the dimensionless transmembrane electrical poten-
tial difference, u = FU/RT, where U is the potential dif-
ference in mV. Equations (3)—(5) represent the balance of
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influx and efflux for every species of ions through over-
all pathways. The first two terms in Egs. (3)—(5) are
fluxes through channels defined as in Goldman theory.
The terms bP(r)[Na'*]; and (b/y)B(r)[Na*]; are Na* and
K* fluxes via sodium pump, which depend on internal
[Na*];; and vy is the stoichiometric coefficient for K* and
Na* transport by the pump. The coefficients b and 3
represent the intrinsic properties of the cell and the
pump, respectively. It should be pointed out that using
a nonlinear relationship between pump fluxes and con-
centrations of K* and Na* inside and outside of the cell
does not change our conclusions in general. Syc is the
net flux of Na* and CI- through the complex of Na*/H*
and CI7/HCOs;- antiporters (termed hereinafter as a
“symport”), Syc is defined by (6), where gyc(?) is Na*
influx representing the intrinsic properties of antiport-
ers when the ion composition of the medium is con-
stant. The 1 : 1 stoichiometry of the Na* and CI~ sym-
port is followed from the 1:1 stoichiometry of the
transport of H* and HCO5 out of the cell which is
obligatory when intracellular pH remains constant.

The solution of Egs. (1)—(5) gives the values of five
basic variables: [Na*],, [K*],, [Cl7];, U, and V. (cell vol-
ume V. is a volume per mole of impermeant anions in
the cell, V= V/A). The values of ion fluxes are obtained
from basic variables. For practical use, it was conve-
nient to introduce dimensionless coefficients of the
integral channel permeability pn, = pi/b, px = p./b,
Pc1 = P3/b, and dimensionless Na* and K* fluxes via the
pump ENaP (Na* efflux), IKP (K* influx), via sym-
porter One(f) (Na* influx), ENaNC (Nat efflux), and
through channels IKG (K* influx). For this purpose, all
terms of Eqgs. (3)—(5) were divided by a “reference” Na*
flux at [Na*],= 1 mM, i.e. {b X [1 mM]}. The dimen-
sion and dimensionless values can be converted each
into other by the formulas:

Pnxa=pi/b,  px=pifb, pci=ps/b,
ENaP = —B(£)[Na*]/[1 mM],
ENaG = pyu{[Na*]/[1 mM]}e/(1 - e¥),
IKP = {(1/yB(®[Na*];}/[1 mM],
IKG = —pgu{[K*]o/[1 mM]}/(1 —e"),

Onc(®) = gne(®)/b[1 mM]},

ENaNC = {-Onc(0)[Na*[[CIT/[Na*]o[Cl ]p) }.

To correlate the experimental data with the data in
Figs. 1, 2 the calculated values should be multiplied by
b x [1 mM]. For the cells U937 b = 0.33 ml/g of cell
protein/min, as Na* efflux via at [Na*]; = 30 mM equals
10 umol/g protein/min.

Ion and water balance as a function of properties
of channels and transporters carrying Na*, K*, and
CI- across the cell membrane. Original data used as a
prototype in modeling of cell ion and water balance
were obtained in our experiments with the human lym-
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phoma cell line U937 [6]. Apoptosis of these cells
treated with staurosporine (1 M, 4h) was accompanied
by 25-30% loss of cell water (volume), by a decrease
in the K*/Na* ratio from 4-5 to 1.5-2.5, while the total
Na* flux and partial fluxes of Na* and K* through the
pump (IKP, ENaP) decreased 2—4 times. It has been
assumed that the apoptosis is associated with cell depo-
larization [2, 4].

Figure 1 shows changes in ion and water balance as
a function of the pump activity for four cases: (1) sym-
port is absent (dotted line, filled circles), (2) non-zero
symport is constant (solid line without symbols), (3)
degradation of the pump is accompanied by a decrease
of symport (filled triangles), (4) degradation of the
pump is accompanied by the opening of CI~ channels
(open triangles). It can be observed, that the K*/Na*
ratio is always decreasing. However, changes in the cell
water content (cell volume) appear to be different in the
compared cases. Pump degradation alone leads to an
increase in cell water content, i.e., to cell swelling.
Symport increases cell volume significantly. When
symport is decreased, cell dehydration occurs, and this
effect may override the swelling caused by the pump
degradation.

Opening of the CI- channels decreases cell water
content and can also lead to cell shrinkage in spite of
the simultaneous degradation of the pump. Delay in a
decrease of symport or in opening of Cl~ channels shifts
the minimum of the cell volume, V., to the lower values
of the pump activity B. Both the decrease of symport
and the opening of CI~ channels, combined with the
pump degradation, can cause simultaneously a
decrease of K*/Na* ratio, a decrease of pump fluxes and
cell shrinkage. The cases (3) and (4) appear to differ
only when additional phenomena are taken into
account, e.g. the changes of membrane potential. When
cell shrinkage is caused by opening of CI~ channels, the
changes of membrane potential are more pronounced,
than in the case when it is caused by a decrease of sym-
port. So, measurement of the membrane potential can
help to answer the question which of these two param-
eters, Onc Or pg, 1S responsible for the apoptotic cell
shrinkage.

What are the changes in fluxes in the compared
cases? The pump Na* efflux and K* influx (ENaP and
IKP) are decreased in the studied range about 1.5—
2 times, practically irrespective to the cause of shrink-
age. In contrast, Na* influx is decreased more signifi-
cantly when shrinkage is due to decreasing of symport,
than in the case of the opening of CI~ channels. This dif-
ference can indicate which parameter is changed, Onc
Or Pci-

Figure 2a shows changes in the ion and water bal-
ance as a function of the integral permeability of Cl-,
K* and Na* channels under the constant vs. decreasing
pump activity and constant or zero symport. Opening of
CI" channels leads to cell dehydration both at the con-
stant and decreasing pump activity. However, no

2006



358

L L L L
1.0 0.8 0.6 04 02 0
p

Nat efflux

Total
30+

20

10

1.0 08 06 04 02 O

Nat efflux
5

1.0 0.8 06 04 02 0
Pump activity B

VERENINOV et al.

Ve, 1/mol U, mV
25 Onc=15 ~70 -
bPa= 0.1 ®..9...0..
Cell volume | e
—60 One=0 ™

20

Onc=15

15F
pa=0.1 One=5
B \Pa = 0.1
10F .Q.Nc.z(z...o" -30 Onc =15 pc =05 v
Il Il Il Il Il I Il Il Il Il Il I
1.0 0.8 06 04 02 O 1.0 08 06 04 02 O
p p
Na* influx K* influx
Total Onc=15
- TR pa=0.530
One=15 Total
pC]=0-1 A QNC=5
| ..“,;DCI =0.1 20
5 Onc
INaG 10 -
IKG
wOnc=5 sy
pa=0.1 Y

10

1.0 0.8 0.6 04 0.2 8

Pai
0.5

04

0.2

0.1

1.0 08 06 04 02 O

v

v
S VZTTL v 2TIR v R Ve B

L L L L
1.0 08 06 04 02 0
Pump activity B

L L L L
1.0 0.8 06 04 02 0
Pump activity B

Fig. 1. Changes in ion and water balance due to a decrease of the Na*, K*-ATPase pump alone or with a simultaneous decrease of
Na—ClI symport or opening of CI™ channels. It is assumed that the pump activity parameter b is decreased linearly while Na—Cl sym-
port parameter Q¢ and permeability of C1™ channels p, are changed nonlinearly, as shown on the two right layers. The data were
obtained by numerical solution of Egs. (1)~(5). At [Na*]y = 150 mM, [K*]o =5 mM, [Cl ]y = 155 mM, z=-1.5,J=1.5,T=310K

and fixed values of the permeability of Na* and K* channels, py, = 0.05; px = 0.5. Values of variable parameters are shown in indi-
mentionless units.

changes in the Na*/K* ratio, the membrane potential
and Na* and K* fluxes occur when the opening of CI~
channels takes place without decreasing of the pump.
This illustrates that CI~ channels presumably function

as a cell water regulator [10-12].
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Opening of K* channels under non-zero symport
can lead to an apoptotic cell dehydration and a decrease
in the K*/Na* ratio at the same time, if the pumping
decreases (Fig. 2b). However, under the constant sym-
port, this should be accompanied by a hyperpolariza-
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Fig. 2. Changes in ion and water balance as a function of integral permeability effect of CI~, K*, and Na* channels under constant
or decreasing pump activity in a system with constant or zero symport: (a) opening of Cl~ channels, (b) opening of K* channels,
and (c) closing of Na* channels. The abscissa axis shows channel permeability coefficients pcy, pk, and py,. Designations on the
ordinate axis are the same as in Fig. 1. Solid line without symbols shows the case when the pump properties are not changed. Open
circles show a decrease in the pump activity occurring simultaneously with changes in permeability of channels. Dotted line with
filled circles shows the case when symport is absent. The range of changes in the parameters is shown on panels. Values of the vari-
able parameters are indicated on abscissa; non-variable parameters were, respectively, py, = 0.05; px = 0.5; pc; = 0.1, One = 15.
For other details see legend to Fig. 1. The data were obtained by numerical solution of Egs. (1)—(5).

DOKLADY BIOCHEMISTRY AND BIOPHYSICS

Vol. 411 2006



360

tion, in contrast to what is observed in the experiments
[2, 4]. Cell dehydration can be caused by closing of Na*
channels (Fig. 2c). However, the K*/Na* ratio is
increased by closing of Na* channels, if the pump activ-
ity is constant. Closing of Na* channels, combined with
a decrease in the pump activity, leads to cell dehydra-
tion and a decrease in the K*/Na* ratio at the same time,
but in all cases closing of Na* channels should be asso-
ciated with a hyperpolarization rather than with a depo-
larization of the cell. Closing of Na* channels in all
cases should lead to a decrease of Na* influx and efflux.
This is a peculiar feature of the changes of the cell ion
and water balance caused by closing of the Na* chan-
nels.

In conclusion, the apoptotic cell dehydration, asso-
ciated with a decrease of in the K*/Na* ratio, cell depo-
larization and a decrease of in the K* and Na* pump
fluxes, is theoretically possible, if the degradation of
the Na*, K*-ATPase pump is accompanied by a
decrease of the Na*—Cl~ symport, or by opening of CI~
channels. Which of the last two factors plays the domi-
nant role in the apoptotic cell shrinkage can be deter-
mined by the analysis of the changes in the cell mem-
brane potential and Na* fluxes. However, the experi-
mental data along this line are rather fragmentary,
because no attempt has been made yet to consider an
integrated model of the ion and water balance in apop-
totic cells. It is shown by electrophysiological methods,
that the state of CI- channels during apoptosis can
change, and that alteration of these channels by some
drugs can affect the apoptosis [12, 13]. On the other
hand, it was reported that Na*/H* exchange during apo-
ptosis was reduced [14, 15].
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