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Abstract—The balance of K*, Na*, and CI~ fluxes across the cell membrane with the Nat/K* pump, ion
channels, and NatK"2Cl~ (NKCC) and Na*—CI~ (NC) cotransport was calculated to determine the mech-
anism of cell shrinkage in apoptosis. It is shown that all unidirectional K*, Na*, and CI™ fluxes; the ion chan-
nel permeability; and the membrane potential can be found using the principle of the flux balance if the fol-
lowing experimental data are known: K*, Na*, and Cl~ concentrations in cell water; total CI~ flux; total K*
influx; and the ouabain-inhibited pump component of the Rb*(K™) influx. The change in different ionic
pathways during apoptosis was estimated by calculations based on the data reported in the preceded paper
(Yurinskaya et al., 2010). It is found that cell shrinkage and the shift in ion balance in U937 cells induced to
apoptosis with 1 uM staurosporine occur due to the coupling of reduced pump activity with a decrease in the
integral permeability of Na* channels, whereas Kt and C1~ channel permeability remains almost unchanged.
Calculations show that only a small part of the total fluxes of K*, Na*, and CI~ account for the fluxes medi-
ated by NKCC and NC cotransporters. Despite the importance of cotransport fluxes for maintaining the
nonequilibrium steady-state distribution of C1~, they cannot play a significant role in apoptotic cell shrinkage

because of their minority and cannot be revealed by inhibitors.
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There are few papers on the systemic analysis of the
ionic and water balance in the cell compared to the
numerous reports on various channels and transport-
ers. However, without systemic analysis, it is impossi-
ble to understand how fluxes mediated by various
channels and carriers influence ionic homeostasis in
the whole cell. The systemic analysis of the ion
homeostasis is important, in particular with regard to
apoptosis. The regulation of apoptosis by monovalent
ions currently attracts much attention (Yu, 2003; Burg
et al., 2006; Okada et al., 2006; Bortner and Cidlowski,
2007; Lang et al., 2008; Hoffmann et al., 2009).

The general principles used in calculations of ion
and water homeostasis in cells are known (Jakobsson,
1980; Lew and Bookchin, 1986; Novotny and Jakobs-
son, 1996). However, the balance of the monovalent
ion fluxes in apoptotic cells has not yet been consid-
ered. The effect of alteration of distinct channels and
transporters on the whole monovalent ion distribution
and water balance in apoptosis was analyzed by math-
ematical modeling in our previous papers (Vereninov

IDedicated to the memory of L.M. Chailakhyan.

et al., 2004, 2006, 2007). The method based on step-
by-step variations in distinct parameters appeared to
be unsuitable and a new approach has been applied in
the present study. The data obtained in our experi-
ments with the human lymphoid cell line U937
induced to apoptosis with staurosporine were used as
the experimental background (Yurinskaya et al.,
2010). It was found that changes in the monovalent ion
content in apoptotic cells are similar to the drift in the
state of the balanced unidirectional fluxes. Therefore,
the direct solution of the system of the flux balance
equation was used to calculate all individual unidirec-
tional fluxes, integral channel permeability, and other
parameters that characterize specific ion pathways.

Basic equations. The movement of Na*, K*, and
CI~ across the cell membrane are assumed to be medi-
ated by ion channels, the Na*/K* pump and NKCC,
and NC cotransporters. Net fluxes through each of
these ionic pathways is distinct from zero, but all
together, they can provide mass conservation, i.e., bal-
ance in the influx-efflux relationship for each species
of ions associated with the specific distribution of
monovalent ions between the cytoplasm and external
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medium, which, in turn, is responsible for maintain-
ing the cell water balance and plasma membrane
potential. The following equations of the Na*, K*, and
CI™ influx-efflux balance were used:

[Na'Jiexp(u) —[Na'Jo
1 —exp(u)

+ Inkee(1 =fakee) = 0,

LK To{ewpln(u-001- 1}
1—exp(u) (2)

p
+ Ix + Ixkec(1 —fakee) = 0,

[Cl ]i—[CI Joexp(u)
1 —exp(u) (3)
+ Inc(1 =fxe) + 2 ke (1 =fakee) = 0.

The first members of these equations are net fluxes
through the channels, where py,, Pk, and pq are the
channel permeability according to Goldman (Gold-
man, 1943; Jakobsson, 1980; Lew and Bookchin,
1986; Novotny and Jakobsson, 1996; Vereninov et al.,
2004, 2007). Dimensionless potential « is related to
membrane potential U in mV as follows: U = uRT/F.
Equilibrium potential for K* in Eq. (2) is related to its
concentration ratio as g = In([K*],/[K*];). The
parameter # is introduced in the first term in Eq. (2) to
account for the effect of the non-Goldman rectifica-
tion in K* channels (Hodgkin and Keynes, 1955). If
n =1, the usual Goldman formula for K* channel flux

holds. The terms J;a and IE in Egs. (1) and (2) repre-
sent Na* efflux and K* influx through the Na*/K*

pump. It is accepted that J;a =—1.5 IE . The term Iyc

DPnalt +Jr}:1a+INC(1—ch) (1

)

DPx

Pal

in Egs. (1) and (3) represents influxes of Na* and CI~
mediated by NC cotransport with 1 : 1 stoichiometry.
The term Iygcc is Nat influx equal to K* influx and
half of the CI~ influx through the NKCC cotransporter
with 1 : 1 : 2 stoichiometry (Novotny and Jakobsson,
1996; Russell, 2000; Gamba, 2005). The effluxes
through NC and NKCC cotransporters are Jy¢ = fae.
Iye and Jykee = fakeceInkee- The coefficients fyc and
Jfakee depend on the concentrations of Na*, K*, and
ClI~ in the cell and medium according to the expressions
Jne = [Na'[[CI7]/([Na*],[Cl7],),

Jnkee = [Na[{[K][CIL[Cl]i/([Na] [ K] [CL],[Cl],)-
NC cotransport may be accomplished with a single
TSC-type transporter (SLC12A3 according to the
gene nomenclature) (Mount et al., 1998; Gamba,
2005) or with two functionally coupled exchangers,
such as NHE (SLC9A) and ClI-/HCO; (SLC4)
(Hoffmann, 1982; Russell, 2000). NKCC cotransport

is performed with SLC12A1 and SLC12A2 transport-
ers (Mount et al., 1998; Russell, 2000; Gamba, 2005).
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Ion exchangers responsible for self-exchange fluxes
without net flux are not included in the balance
Egs. (1)—(3). However, it should be kept in mind that
the self-exchange fluxes contribute to the measured
unidirectional fluxes (Hoffmann, 1982; Vereninov
et al., 2007). Here, it is accepted that I, is a measured
CI~ influx that consisted only of fluxes taken into
account in balance Egs. (1)—(3). Therefore,

[Cl],

u
—e

From Egs. (3)—(4), we have that NKCC and NC
cotransport fluxes can be expressed through the chlo-
ride equilibrium potential ¢, and membrane potential
u as follows:

Ioy = —pqu + 2 ke + Inc- 4

b (I—GXP(U—(PCI) (5)
D1+ )\ —fexp(u—oq)

where ¢¢ = In([Cl],/[Cl],) and /= (f\c + bfnkec)/(1 +

b). Parameter b characterizes the ratio of Cl~ influxes
mediated by NKCC and NC cotransporters as follows:

b = 2lxkee/ Inc- (6)

Membrane potential # can be derived from the K+
channel influx/efflux ratio by Ussing’s formula
(Ussing, 1949) or by the following more general ver-

sion that accounts for the rectification in K* channels
(Hodgkin and Keynes, 1955):

Inkee(u) = I

F’; = —exp[n(u—@y)]. (7)

The potassium influx and efflux through channels, Iﬁ

and Jﬁ can be estimated by subtracting the pump and

NKCC cotransporter fluxes from the total measured
K* flux as follows:

Ig ={lx— IE — Inkec)s Jg = {—Ix + fnkeeInkec!-

The substitution of these fluxes in Eq. (7) yields the
following equation that connects membrane potential
u with the total measured K* influx; pump K* influx;
cotransport K* influx; and the ratio of Na*, K*, and
CI~ concentrations in the cells and medium (coeffi-
cient fukco):

{IK_[;_INKCC(M)}eXp[n(u_(pK)] €))

— {Ix —fnkeeInkec(u) b = 0.

The combination of Eq. (5) with Eq. (8) gives tran-
scendental equation for # which can be solved numer-
ically with various b and » utilizing the data like in
Table 1. Then, channel permeability and ion fluxes
can be determined by formulas presented above.

Calculation of flux balance based on experimental
data. Table 1 presents experimental data utilized for
calculations of the partial Na*, K*, and CI~ fluxes
through the plasma membrane in U937 cells under
normal conditions and in apoptosis caused by (1 uM)
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Table 1. Experimental data on ion concentration and fluxes in normal and apoptotic U937 cells utilized for calculations of
partial fluxes through various pathways and channel permeability coefficients presented in Table 2 and Fig. 1.

I 1:: I [Na*]; [K*], [CI7]; [Na*], [K*], [CI7],
Cells
pumol g~ min~! mM
Normal 4.36 3.67 32.5 39 126 41 140 5.8 116
Apoptotic 2.41 1.62 27.5 62 116 29 140 5.8 116

_ . . . . . . . P
ote: a | iy i are mtracellular i1on concentrations (underscript (0) 1mmdadicates extraceliular concentration); an are
Note: [Na*],, [K*],, [CI7], tracellul trations (und. t (0) indicates extracellul tration); /i and Iy

total and pump K* influxes, respectively; I is total CI™ influx. Data were obtained on U937-160B2 cells induced to apoptosis
with 1 uM staurosporine as described (Yurinskaya et al., 2010).

staurosporine for 4 h (Yurinskaya et al., 2010). The
data do not allow one to find the relationship between
CI~ fluxes through NC and NKCC cotransport path-
ways, i.e., parameter b, or to determine whether the
rectification effect occurs in K*-channels, i.e.,
parameter n. Therefore, the calculation was per-
formed for various b and ». It should be pointed out
that, according to Eq. (1), flux balance is possible only

under the following conditions: Iygcc + Inc < (1.51 E)
and Iy < (—J;a )/(1 — fxc)- The minimal value of

parameter b, defined as b,,;, = (2 Ingee /Ine ), corre-
sponds to the case when py, = 0. The flux balance can
only occur within the range of b defined as
(2Inkec/Inc) > bnin- Limitations imposed by low b
indicate that the simultaneous balance of K*, Na®,
and CI~ in cells with the properties given in Table 1
cannot be achieved without NKCC, although the
value of this cotransport may be minute, as will be
demonstrated below. For example, in normal cells

. . . . in .
without rectification, in K* channels, Iygcc is less

than 2% of the total potassium flux.

When the system includes only an NKCC cotrans-
porter and rectification in K* channels is absent (n =
1), the calculated values of unidirectional partial
fluxes, channel permeability coefficients, and mem-
brane potential are as shown in Table 2. If rectification
in K* channels takes place and » = 3, the K* fluxes
through channels and NKCC cotransporter, as well as
K* channel permeability are altered than at n = 1,
whereas other parameters and membrane potential
remain invariant. It is important that changes in chan-
nels and transporters in apoptosis deduced from the
above calculations does not depend on the assumed
effect of rectification in K* channels.

If a system includes two cotransporters, NKCC and
NC, the solution of the equation set depends on the
relationship between fluxes through NKCC and NC
characterized by parameter b. Table 2 presents the
results for the case b = 1. The figure shows how the
computed permeability coefficients, partial fluxes,
and membrane potential depend on the NKCC and

NC flux ratio. It can be seen (Figs. 1a, 1b) that, when
coefficient b is diminished, the channel Na* flux and
DPna decreases to zero and, furthermore, would be neg-
ative. As was mentioned above, the existence of a limit
implies that the flux balance is unfeasible with an inap-
propriate proportion between NKCC and NC fluxes.
The data obtained show that the feasible values of b in
normal and apoptotic cells are distinct due to the dif-
ference in the initial cell properties given in Table 1.
The limit of b also depends on rectification in K*
channels.

The permeability of K* and CI~ channels and the
membrane potential estimated by calculations only
slightly depend on the assumed value of parameter b.
Changes in u do not exceed 2—5 mV, whereas the rel-
ative changes in p, and pg do not exceed 10—20 %.
The calculated value of the Na* channel permeability
depends more significantly on b, especially when the
latter is low.

A change in the rectification parameter n from 1
to 3 modifies the ratio between K* influx and efflux
through channels and, therefore, K* flux through
NKCC cotransporter and calculated value py. Perme-
ability coefficients py,, P, and the membrane poten-
tial are modified insignificantly under these condi-
tions.

The calculated CI~ influx through NKCC turns out
to be small compared to the total Cl~ influx within the
entire region of b values. For instance, at b = 10, it was
only 1% of the total measured Cl~ flux (/) in the
model without rectification and 5% with rectification.
The portion of CI~ influx through NC cotransporter in
the total Cl~ influx may be more significant, especially at
low b. At b=0.025, I is 40 times higher than Iykcc, the
absolute value of Iy appears to be 5.9 umol g~! min~!; it
is 18% of the total CI~ influx—32.5 pmol g~! min™!
(Table 1). Thus, at Iyc = Inkee, the partial flux Iyc
may be identified with inhibitors.

Changes in K*, Na*, and CI- channels and trans-
porters during the apoptosis of U937 cells caused by
1 uM staurosporine. Experimental and computed data
allow one to determine the transporters and channels
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Table 2. Influx (/) and efflux (J) via different pathways, permeability of different ion channels and membrane potential in
normal and apoptotic U937 cells

No rectification, n =1

With rectification, n = 3

Variables
normal cells apoptotic cells normal cells apoptotic cells
NKCC model
Inkee 0.148* 0.334 0.682 0.772
Tnkee —0.114 ~0.179 —0.523 —0.414
T ~5.51 —2.43 ~5.51 —2.43
I, 6.06 2.55 5.92 2.32
I3 —0.59 —0.27 —0.57 —0.24
I 3.67 1.62 3.67 1.62
I 0.54 0.46 0.01 0.02
Iy —4.25 -2.23 ~3.84 —2.00
o 32.20 26.83 31.14 25.96
7S —32.27 —27.14 —31.45 ~26.67
Pra 0.027* 0.010 0.026 0.009
Px 0.058* 0.042 0.001 0.002
Pa 0.484* 0.509 0.470 0.497
U —27.4 -37.7 -27.6 -38.1
NKCC + NC model

Ine 0.287 0.645 1.361 1.538
Ine —0.028 —0.070 —0.133 —0.166
Inkee 0.143 0.323 0.681 0.769
Inkee —0.110 ~0.173 —0.522 —0.412
T —5.51 —2.43 ~5.51 —2.43
5, 5.77 1.90 4.54 0.78
I3, —0.56 —0.20 —0.42 —0.08
I 3.67 1.62 3.67 1.62
I 0.55 0.47 0.01 0.02
I3 —4.25 —2.24 —3.84 —2.00

o 31.93 26.21 29.78 24.42
Jo —32.25 —27.08 —31.32 ~26.51
PNa 0.026 0.007 0.020 0.003
Pk 0.059 0.043 0.001 0.002
Pal 0.482 0.503 0.461 0.484
U -27.6 ~38.3 ~28.7 ~39.6

Notes: Sub- and superscripts indicate ions and pathways. NKCC and NC, cotransporters, G, channels; P, pump. Iygcc corresponds
to the influx of Na™ and K* or to a half of the CI™ influx mediated by NKCC cotransporter. Data are calculated by using the
experimental values given in Table 1 for the model with a single NKCC cotransporter and for the model with NKCC and NC
cotransporters with the equal CI™ influxes (/ygcc = 0.5/n¢). Fluxes: pmol g_1 min~; permeability coefficients: ml g_1 min~;
membrane potential given in mV.

* Indicate reference values for variables presented in Fig.1 in relative units.
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Fig. 1. Computed values of Na™, K*, and CI™ channel permeability (a, b), membrane potential U (c, d) and influxes mediated
by NKCC and NC cotransporters (e, f) in dependence of the ratio between CI™ influxes through NKCC and NC. (a, c, e¢) Potas-
sium channels without rectification (n = 1); (b, d, f) potassium channels with rectification (n = 3). Solid symbols, apoptotic cells;
open symbols, normal cells. Variables pn,, Pk, Pc1» Inkcc are presented in relative units with the reference values marked with
asterisk in Table 2. Influx Iy is given with reference to /ygcc marked with asterisk in Table 2.

responsible for the modification of the ion and water
balance in these apoptotic cells. One should note here
that this modification is caused, not only by the
changed permeability of the cell membrane, but partly
by the loss of intracellular osmolytes other than

monovalent ions (Yurinskaya et al., 2010). The
reduced activity of the Nat/K* pump is judged from
the decrease in the ouabain-inhibited component of

K* influx (1, i ) (Vereinov et al., 2008; Yurinskaya et al.,
2010). Changes in other ion pathways can only be esti-
CELL AND TISSUE BIOLOGY Vol. 4
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mated by the calculated parameters. The newest and
most interesting finding is a decrease in the integral
permeability of Na* channels, py,, which occurs dur-
ing apoptosis in all cells studied (Figs. 1a, 1b). Due to
the decrease in py,, apoptotic cells are dehydrated,

despite the reduced activity of the Na*/K* pump. This
conclusion holds, regardless of the assumption on the
relationship between NKCC and NC fluxes and the
rectification in K* channels. The calculation shows
that the permeability of the K* channel is slightly
diminished if rectification in K* channels is absent and
enhanced in the model with rectification (Table 2).
The permeability of Cl~ channels, p¢,, remains nearly

invariant in these cells. A decrease in CI~ content in
apoptotic cells is associated with the cell hyperpolar-
ization by about 10 mV (Figs. 1c, 1d). It has been
reported that apoptosis is accompanied with the cell
depolarization (Bortner et al., 2001; Diissmann et al.,
2003; Franco et al., 2006). This discrepancy may be
due to the different cell properties or different stages of
apoptosis in studies compared. However, this may also
be due to the inadequacy of the mathematical model
used in our study. Special analysis showed that cell
depolarization can be obtained with the same experi-
mental data if KCC cotransporter is added and it is
assumed that the fluxes through KCC are decreased
during apoptosis. The formula for the membrane
potential Uin the case of the simultaneous presence of
three cotransporters in the cell membrane can be
derived from Eq. (7) as follows:

U- R_g{m([[%)

+ lln(lk — Inkee/Nkee = [KCfKC) }’

(€))

nN I T — Inkee — ke

where I is K* and CI~ influx through KCC cotrans-
porter and fgco is determined as fgc =
[KLICILL/([K],[Cl],). Decreased Ig- in apoptosis
according to the Eq. (9) results in depolarization of the
cell membrane.

It was suggested that changes in NKCC and NC
cotransport systems play an important role in apop-
totic cell dehydration (Vereninov et al., 2004, 2006,
2007). Calculations presented here confirm that K*,
Na*, and Cl~ flux balance in the studied cells are
indeed unfeasible without at least one of these cotrans-
porters. However, it becomes clear that fluxes through
these cotransporters are rather low and could not be
distinguished with inhibitors from the fluxes via other
pathways. Calculations presented here show that in
apoptosis these fluxes are not changed or slightly
increased but whether or not the ratio between fluxes
through NKCC and NC routes is altered is currently
uncertain.
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