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Abstract
A mathematical model describing the possible role of Ca2q-dependent Kq channels and adenylate metabolism in
volume stabilization of human erythrocytes was developed. The model predicts that the red blood cell volume can be
stabilized either dynamically or stationary over a broad range of cell membrane permeabilities to cations. The
dynamic stabilization results from the operation of Ca2q-dependent potassium channels. The erythrocyte volume
changes less than 10% if the membrane permeability changes abruptly to a value in the range from half to sevenfold
higher than the normal one. The stationary stabilization is achieved via controlling the adenylate metabolism. The
stationary value of cell volume changes less than 10% when the membrane permeability varies from half the normal
value to 15-fold higher than the normal value. Q 1999 Elsevier Science B.V. All rights reserved.
Keywords: Volume regulation; Human erythrocytes; Adenylate metabolism; Ca2q-dependent Kq channels; NaqrKq ATPase

1. Introduction
Circulating erythrocytes must pass through capillaries with diameters smaller than the diameters
of these cells. This is achieved due to the erythro-
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cyte’s ability to bear substantial deformations.
Erythrocyte deformability depends on cell surface-to-volume ratio. Erythrocytes must maintain
this ratio at a high level in order to have high
deformability w1]3x. The surface-to-volume ratio
is known to be remarkably stabilized in human
erythrocyte populations w4]7x. The erythrocyte
membrane is inextensible; therefore, this ratio is
maintained by stabilizing the cell volume. An
increase in the cell volume causes a decrease in
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the erythrocyte deformability, and, therefore, deprives its ability to pass through capillaries w2,3x.
Moreover, the erythrocyte volume could not be
increased ) 50]60% without causing the cells to
lyse. A decrease in volume also impairs the deformability and rheology of red blood cells by
increasing their intracellular viscosity w2,3x.
The erythrocyte volume is determined by the
non-equilibrium distribution of ions between the
cell interior and external medium. This distribution is provided by ion pumps w8]10x and depends
on the status of membrane and metabolic systems
of the cell. The dynamic equilibrium between ion
influxes and effluxes can be readily perturbed by
changes in such cellular parameters as enzymatic
activities Že.g. Naq, Kq-ATPase., medium osmolarity, membrane permeability, etc. It seems
plausible that a special mechanism exists for
stabilizing red blood cell volume against variations in intracellular parameters, as well as extracellular conditions.
The mechanisms that stabilize the cell volume
when medium osmolarity varies are currently being studied extensively w11]14x. Such mechanisms,
however, have not yet been found in human erythrocytes. The ion transport systems, such as
Kq]Cly and Naq, Kq]2Cly co-transport, are
actively involved in the volume stabilization in a
variety of cells, but mature human erythrocytes
lack these mechanisms w11,12,15,16x. This may
indicate that as plasma osmolarity does not appreciably vary in the circulation, the mechanisms
that allow erythrocytes to cope with changes in
plasma osmolarity are not necessary. Great variations in the medium composition and pH may
also influence volume and volume stabilization
w15,17,18x, but are also unlikely to occur in vivo. It
is natural to expect that non-selective membrane
permeability may change during the erythrocyte
life span. Severe oxidative stress was shown to
change non-selective permeability of red blood
cell membranes to cations; this perturbs ion fluxes
and, eventually, leads to an increase in cell volume
w15,19]21x. Considerable Žseveralfold. increases
in erythrocyte membrane permeability and ion
balance impairments were found in some pathologies w15,22]25x.

Earlier, we studied volume stabilization in human erythrocytes experiencing changes in nonselective permeability of their cell membranes by
analysis of mathematical models constructed to
separately estimate the volume-stabilization effects of activation of Naq, Kq-ATPase by intracellular Naqw 9x, operation of Ca2q-dependent Kq
channels w26,27x, and adenylate metabolism
w28,29x.
In this way, we showed that activation of Naq,
q
K -ATPase by intracellular Naq stabilizes the
cell volume if changes in cell membrane permeability are relatively small. However, if cell membrane permeability changes three- to fourfold, the
erythrocyte volume reaches its critical hemolytic
value w9x.
Ca2q-dependent Kq channels ŽKq channels .
seem to be the only passive mechanism in mature
human erythrocytes that exhibits a high volumestabilization capacity w30x. In in vitro studies,
operation of Kq channels in erythrocytes was
shown to decrease their complement-mediated
lysis w31,32x. Our theoretical analysis showed that
introduction of Kq channels into the model describing osmotic regulation of cell volume, glycolysis, and Naq, Kq-ATPase extends severalfold the
range of non-selective changes in cell membrane
permeability within which the erythrocyte retains
its capacity for volume stabilization w26,27x. This
stabilization is a fast process, with the characteristic time of the order of several seconds, but it is
accompanied by severe changes in intracellular
ion Žincluding Ca2q . concentrations that may adversely affect the cell.
In erythrocytes, adenylate metabolism is the
only metabolic system other than glycolysis that
has a potential to directly modify the energy-dependent processes, including active ion transport.
It is evident, because adenylate metabolism determines the adenylate pool value and absolute
intracellular ATP concentrations. The role of
adenylate metabolism in erythrocyte function is
not as yet clear. However, a significant increase in
the adenylate pool and ATP in erythrocytes
observed in a number of pathologies, including
leukemia w33,34x, sepsis w24x, tuberculosis w35x,
meningococcal infection w36,37x, renal insuffi-
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ciency w22,38,39x, as well as during the red blood
cell aging w40x, suggests that adenylate metabolism
plays a role in cell adaptation to stresses. Using
simple qualitative models, we examined the conditions for adenylate metabolism involvement in
cell volume stabilization upon changes in the
membrane permeability w28,29 x. The ideal
stabilization of the intracellular ion concentrations and cell volume could be achieved in the
models if the rate of transport ATPase was assumed to be proportional to ATP concentration,
whereas the rate of AMP decay was assumed to
be proportional to ATP and inversely proportional to AMP concentrations. The efficient
stabilization of the intracellular ion concentrations and cell volume in our models was achieved
owing to an increase in the adenylate pool and
ATP concentration Žand hence, activation of Naq,
Kq-ATPase. following the increase in membrane
permeability. Consistent with this theoretical result, our experimental studies demonstrated that
even a moderate increase in adenylate pool and
ATP concentration in human erythrocytes significantly decreased Kq efflux provoked by amphotericin B w41,42x. Adenylate metabolism can
provide only slow cell volume stabilization with a
characteristic time of approximately 100 h. In
previous models, this led to temporal but signifi-
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cant deviations of the intracellular ion concentrations and cell volume from their steady-state values after rapid changes in the membrane permeability.
This study is an attempt to extend our previous
models to consider both mechanisms for erythrocyte volume stabilization: the passive mechanism
involving Ca2q-dependent Kq channels and the
active mechanism involving adenylate metabolism
ŽFig. 1.. Note that both mechanisms are speculative to a great extent; their experimental substantiation is as yet insufficient. Therefore, this study
is the theoretical analysis of the hypothesis of the
putative role of Ca2q-dependent Kq channels and
adenylate metabolism in physiology of human
erythrocytes and other cells. The purpose of this
study was to understand whether the model extended to describe both stabilization mechanisms
mentioned above avoids the drawbacks inherent
in the previous models each of which described
only one of the two mechanisms.

2. Mathematical model
The mathematical model describes ion exchange, osmotic volume regulation, energy and
adenylate metabolism in human erythrocyte. The

Fig. 1. Schematic representation of the effects of adenylate metabolism and Ca2q-dependent potassium channels on transmembrane ion fluxes in human erythrocytes. Solid-colored circles stand for NaqrKq and Ca2q ATPases. The rectangle denotes a
Ca2q-dependent potassium channel. Solid lines show active ion fluxes across the cell membrane and fluxes of metabolites within the
cell. Dashed lines indicate passive ion and metabolite fluxes across the cell membrane. Dotted lines indicate regulatory interactions.
q and y denote activation and inhibition, respectively.
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mathematical model and methods of its investigation are described in Appendix A.

3. Results

Operation of Kq channels leads to volume
stabilization when the cell membrane permeability to cations changes in a wide range of its
values. This regulatory effect, which is achieved
through changes in the intracellular Ca2q concentration in response to non-selective changes in

3.1. Dynamic beha¨ ior of the model
Numerical analysis of the model revealed the
existence of a single stable stationary state in a
wide range of parameter changes. Table 1 shows
the stationary values of the model variables calculated for the normal physiological values of the
model parameters. Intracellular free calcium has
a characteristic time of approximately several seconds, glycolytic intermediates change with characteristic times of 0.1 s to 5 min, the characteristic
time for energy charge is 1 h; for intracellular
sodium and potassium ions, this time is on the
order of 10 h, and the pool of adenylates, cell
volume, and 2,3-DPG change with the characteristic times in the range 100]300 h.
3.2. Role of Ca 2 q-dependent potassium channels in
erythrocyte ¨ olume stabilization
The contribution of Kq channels into erythrocyte volume stabilization can be evaluated by
setting a AM PP s a AMPD s n S s 0, because this excludes adenylate metabolism from the model.
Table 1
Calculated model variables for normal physiological values of
the model parameters
Variable
q

wNa xi
wKq xi
wCa2q xi
wAp-xI
wG6Px
w1,3DPGx
w2,3DPGx
w3PGx
wATPx
wADPx
wAMPx
V
Dw

Value

Units

10
130
3 = 10y5
110
7 = 10y2
7 = 10y4
5.4
4.3= 10y2
1.48
0.23
3.7= 10y2
76
y8.4

mM
mM
mM
mM
mM
mM
mM
mM
mM
mM
mM
m3
mV

Fig. 2. Dependence of the stationary erythrocyte volume on
the normalized value of cell membrane permeability to cations
Ž Q . for various values of the Ca2q-dependent potassium channel parameters and a constant value of the adenylate pool Žthe
physiological value of the adenylate pool in erythrocytes is
1.75 mM; the equation describing adenylate metabolism is
excluded from the model.: Ža. N s 1, K CH s 39, 29, 19, and 9
mM for curves 1, 2, 3, and 4, respectively; Žb. N s 2, K CH s 1.9,
1.5, 1.1, and 0.7 mM for curves 1, 2, 3, and 4, respectively; and
Žc.: N s 4, K CH s 0.35, 0.33, 0.25; and 0.22 mM for curves 1, 2,
3, and 4, respectively. Note that when the constant K CH was
varied, the physiological value of passive cell membrane
permeability to K Ž PK 0 . was changed such that the total
physiological permeability to K Ž PK 0 q PCH . remained constant. The dashed line shows the results of solving the model
from which equations describing adenylate metabolism and
Ca2q-dependent potassium channels were excluded.
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the membrane permeability, depends on the
parameters of potassium channels ŽFig. 2.. An
increase in their affinity for Ca2q potentiates the
effect and can even cause volume over-regulation
ŽFig. 2, curves 1]4..
The increase in parameter N, which characterizes the cooperativity of potassium channels, results in their sharper response to the increased
passive permeability of the membrane. For N s 4,
the contribution of Kq channels in the volume
stabilization is evident when the membrane
permeability increases, but when it decreases, Kq
channels seem to be almost closed ŽFig. 2c.. All
further calculations were performed for N s 4
and K CH s 0.25 mM ŽFig. 2c, curve 3.. The results
of Kq channels exclusion from the model Žby
omitting Eq. Ž3. for calcium exchange and setting
Pmax s 0 and a Ca-ATPase s 0. are shown by a dashed
line in Fig. 2.
Fig. 3 shows how intracellular ion and ATP
concentrations in erythrocytes, which either contain or do not contain the Kq channels, change in
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response to the changes in the membrane permeability. The cell volume remains almost constant
in erythrocytes containing Kq channels, whereas
their intracellular Naq and Kq concentrations
change appreciably. These changes are even
greater in erythrocytes without Kq channels. An
increase in intracellular concentrations of Naq
and Ca2q activates NaqrKq ATPase and Ca2q
ATPase. An increase in their rates decreases the
energy charge and ATP concentration. The characteristic time of operation of the calcium mechanism of stabilization is several seconds ŽFig. 4a.,
this time is required for the cell to establish a
new intracellular Ca2q concentration.
3.3. Role of adenylate metabolism in erythrocyte
¨ olume stabilization

The contribution of adenylate metabolism for
the erythrocyte volume stabilization can be evaluated by setting PCH s a Ca-ATPase s 0, and excluding Eq. Ž3. for calcium exchange from the model.

Fig. 3. Dependence of the stationary values of intracellular variables on the normalized cell membrane permeability to cations in
the model that did not contain the equations for adenylate metabolism. The parameters of potassium channels used in calculations
were N s 4 and K CH s 0.25 mM; the adenylate pool value was 1.75 mM Ža physiological value.: Ža. Kq and Naq concentrations;
and Žb. concentrations of ATP and Na2q. The dashed lines show the results of solving the model from which equations describing
adenylate metabolism and Ca2q-dependent potassium channels were excluded. Circles on curves indicate the physiological
stationary state.
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Fig. 4. Dynamics of changes in the values of the model variables after an instantaneous fivefold increase in the cell membrane
permeability at t s 0 in the model describing the contribution of Ca2q-dependent potassium channels: Ža. Ca2q concentration and
Ca2q-dependent potassium channels permeability; Žb. ATP concentration and cell volume; and Žc. Cell Naq and Kq. The dotted
line illustrates the results obtained with the model from which Ca2q-dependent potassium channels were excluded

Over a wide range of changes in the membrane
permeability, the stationary value of erythrocyte
volume can be stabilized efficiently in the absence
of potassium channels due to the regulation of
adenylate metabolism ŽFig. 5a.. In this case,
volume stabilization results from stabilizing the
intracellular Naq and Kq concentrations ŽFig.
6a., which is achieved through regulation of the
rate of NaqrKq-ATPase.
When the adenylate pool is varied it leads to
the changes in ATP concentration and in the rate
of ATP consumption ŽFig. 6b,c.. The regulation of
the adenylate pool is assumed to be based on the
AMP phosphatase inhibition by AMP and its
activation by ATP. The AMP deaminase rate
sharply increases with increasing AMP. Its dependence on AMP is a sigmoid curve. This determines the greatest possible value of the adenylate pool and the maximum permissible increase
in the membrane permeability. Fig. 5a shows the
effect of parameter NAM PD on volume stabilization in erythrocytes. For all further calculations
we put NAM PD s 8, K 1AMPD s 1 mM. With these
values of the kinetic parameters of AMP deami-

nase, the volume stabilization effect in the model
is obvious until the membrane permeability increases 15-fold. If the membrane permeability
increases further, NaqrKq ATPase requires more
ATP to compensate for the increased passive ion
fluxes than glycolysis can produce. The volume
stabilization effect of adenylate pool regulation is
excellent only if the membrane permeability
changes slowly, because the rate of adenylate
metabolism in erythrocytes is slow. If the membrane permeability changes abruptly, the erythrocyte volume takes transient values that can be far
apart from its stationary value, which is stabilized
in erythrocyte ŽFig. 5b.. If an abrupt change in
the membrane permeability is significant, the
volume can increase by 1.5]2 times and lysis can
occur, despite the fact that the stationary value of
the volume changes only slightly.
3.4. Combined effects of potassium channels and
adenylate metabolism
The model of volume stabilization describing
contributions of both Kq channels and adenylate

M.V. Martino¨ et al. r Biophysical Chemistry 80 (1999) 199]215

205

Fig. 5. Erythrocyte volume stabilization achievable through regulation of adenylate metabolism ŽCa2q-dependent potassium
channels are excluded from the model.. Ža. Dependence of the stationary erythrocyte volume on the normalized passive
1
permeability of the cell membrane to cations simulated for various parameters of AMP deaminase: Ž1. N s 4 and K AM
PD s 0.5
1
1
Ž
.
mM; Ž2. N s 8 and K AM
s
0.5
mM;
and
3
N
s
8
and
K
s
1
mM.
The
dashed
lines
show
unstable
stationary
states.
Circles
PD
AMPD
on curves indicate the physiological stationary state. Žb. Kinetics of erythrocyte volume changes after an instantaneous increase in
the cell membrane permeability at t s 0 by: Ž1. 10-fold; Ž2. fourfold; and Ž3. without permeability increase.

metabolism does not differ from the previous
models in the efficiency of stabilization of the
stationary volume, but it provides a much less
pronounced overshooting in the cell volume re-

sponse to abrupt changes in the membrane
permeability ŽFig. 7.. This model also describes
the stabilization of the stationary values of intracellular ion concentrations, which is provided by

Fig. 6. Dependence of the stationary values of intracellular variables on the normalized value of cell membrane permeability to
cations simulated using the model from which equation describing Ca2q-dependent potassium channels were excluded and AMP
1
Ž . q and Naq concentrations; Žb. the adenylate pool and ATP
deaminase was assumed to have N s 8 and K AM
PD s 1 mM: A K
concentration; and Žc. the relative rate of NaqrKq ATPase. Circles on curves indicate the physiological stationary state.

206

M.V. Martino¨ et al. r Biophysical Chemistry 80 (1999) 199]215

Fig. 7. Erythrocyte volume stabilization in the model describing the contributions of both Ca2q-dependent potassium channels and
adenylate metabolism control. Ža. Dependence of the stationary erythrocyte volume on the normalized passive permeability of the
cell membrane to cations. The circle on the curve indicates the physiological stationary state. Žb. Effect of an abrupt change in the
membrane permeability Ž DQ. on the maximum increase in the erythrocyte volume during transient processes Ža solid line.. The
dashed line illustrates the results obtained with the model from which Ca2q-dependent potassium channels were excluded.

Fig. 8. Dependence of the stationary values of intracellular variables on the normalized value of cell membrane permeability to
cations simulated using the model describing the contributions of both Ca2q-dependent potassium channels and adenylate
metabolism control: Ža. Kq and Naq concentrations and Žb. concentrations of ATP and Ca2q. Circles on curves indicate the
physiological stationary state.
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4. Discussion

According to the current view on volume regulation, human erythrocyte maintains its volume at
the expense of non-equilibrium partitioning of
ions created by transport NaqrKq-ATPase
between the intracellular compartment and the
extracellular medium. Oxidative and other stresses
increase the non-selective membrane permeability, intracellular Naq, and cell volume. Increased
concentrations of intracellular Naq activate

Fig. 9. Dynamics of changes in the values of the model
variables after an instantaneous eightfold increase in the cell
membrane permeability at t s 0 in the model describing the
contributions of both Ca2q-dependent potassium channels
and adenylate metabolism control: Ža. cell volume, Žb. ATP
concentration, Žc. Kq and Naq concentrations. Circles on
curves indicate the physiological stationary state.

the effect of stimulation of transport ATPases by
increased ATP concentrations ŽFig. 8.. Figs. 9 and
10 show the kinetics of various cellular parameters after an abrupt change in the membrane
permeability. The important assumption of our
model is that the rate of Ca2q ATPase linearly
depends on ATP. We also considered a variant of
the model in which Ca2q ATPase does not depend on ATP. In this case, the stationary value of
the erythrocyte volume is stabilized well, and its
changes in response to an abrupt change in the
membrane permeability display less pronounced
overshooting. However, no satisfactory stabilization of the stationary ion concentrations is
achieved.

Fig. 10. Dynamics of changes in the values of the model
variables after an instantaneous eightfold increase in cell
membrane permeability at t s 0 in the model describing the
contributions of both Ca2q-dependent potassium channels
and adenylate metabolism control: Žd. NaqrKq ATPase rate,
Že. Ca2q concentration Žf. permeability of potassium channels. Circles on curves indicate the physiological stationary
state.
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NaqrKq-ATPase. This allows the erythrocyte to
withstand a decrease in ionic transmembrane gradients and attenuate an increase in cell volume
upon membrane impairments. However, this regulation of NaqrKq-ATPase cannot provide satisfactory volume stabilization in erythrocytes.
Model studies showed that a twofold to fivefold
non-selective increase in the membrane permeability results in a rapid increase in cell volume
and lysis ŽFig. 2, dashed lines. w9x. The model that
considers adenylate metabolism introduces additional regulation of NaqrKq-ATPase through
changes in ATP concentrations Žfor which changes
in the adenylate pool are responsible.. The adenylate pool value depends on the ATP to AMP
ratio, which, in turn, depends on the rate of ATP
consumption by NaqrKq-ATPase. This regulation provides good stabilization of intracellular
ion concentrations and thereby the erythrocyte
volume. The main regulatory effect in the model
is exerted by AMP phosphatase. As the rate of
AMP deaminase reaction is a sigmoid function of
AMP, the role of this enzyme in regulating the
adenylate pool is only to determine its maximum
value and, hence, the permissible range of membrane permeabilities.
The model predicts the significant growth of
ATP concentration with increasing membrane
permeability. Such increase in ATP concentration
is necessary for volume stabilization only if the
rate of transport ATPases is linearly proportional
to ATP. If this rate depends on ATP concentration more strongly, then the increase in ATP
concentration, which is required to bring about
the desirable increase in the rate of ATPases, is
less pronounced.
The erythrocyte metabolism is stable only if the
rate of adenylate metabolism is low Žthe characteristic time of approx. 100 h.. Hence, adenylate
metabolism cannot stabilize the volume rapidly
when an abrupt increase in the membrane permeability occurs ŽFigs. 5b, and 7b.. Actually, only
stationary values of intracellular ion concentrations and the cell volume are stabilized. During
transient processes after an abrupt change in the
cell membrane permeability, the volume is
stabilized due to operation of Kq channels. Increased concentration of intracellular Ca2q is the
signal that the membrane permeability has

changed. Normal concentrations of intracellular
Ca2q are maintained at a low level by transport
Ca2q ATPase. When the membrane permeability
changes non-selectively, intracellular Ca2q increases and Kq channels open. This makes the
membrane more permeable to Kq than for Naq
and thereby stabilizes the cell volume. Due to
high calcium gradient between cells and extracellular medium, the K channel-dependent volume
stabilization is very sensitive to changes in the
membrane permeability. The response of Kq
channels permeability to changes in the membrane permeability has the characteristic time on
the order of several seconds, which is determined
by the rate of an increase in the intracellular
Ca2q concentration. Therefore, Kq channels can
stabilize the erythrocyte volume even if the cell
membrane permeability changes abruptly. This
model differs from the previous models of volume
stabilization relying on the operation of Kq channels in that: Ž1. the rate of Ca2q ATPase is
assumed to depend on ATP; and Ž2. the permeability of potassium channels is assumed to depend on Ca2q concentration cooperatively. It appeared that the Kq channel cooperativity plays
an important part in the erythrocyte volume
stabilization ŽFig. 2., extending the permissible
range of changes in the cell membrane permeability by 1.5]2 times. Patch-clamp studies with
fragments of erythrocyte membranes showed that
the permeability of potassium channels linearly
depends on Ca2q concentration in the range from
0.5 to 100 mM w43x. In the model, this corresponds to N s 1. However, the dependence of
potassium channels on Ca2q at concentrations
- 0.5 mM Žtypical intracellular concentrations .
has not been studied. Moreover, the data of the
study cited above suggest that the permeability of
potassium channels depend on Ca2q even stronger
in the range of low Žintracellular . Ca2q concentrations than in the range studied. Therefore, the
model assumption that N s 4 does not contradict
the known experimental data on the kinetics of
potassium channels. For the values of N and K CH
chosen in the model, the half-maximum activation
of potassium channels is achieved at a concentration of intracellular Ca2q of 1.3 mM, in a good
agreement with the data available in the literature w43]45x. A serious drawback to the erythro-
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cyte volume stabilization based on the operation
of Kq channels is that intracellular concentrations of ions, especially Ca2q, can change significantly and produce adverse effects on cells.
Our results demonstrate that combining the
two mechanisms of volume stabilization Žpotassium channels and adenylate metabolism. in one
model eliminates the disadvantages of individual
mechanisms and provides volume stabilization of
the erythrocyte independent of whether its state
is stationary or transient. The dynamic stabilization of cell volume during transient processes
elicited by an abrupt change in the cell membrane permeability is possible in the model due to
the operation of potassium channels, whereas the
stabilization of the stationary values of intracellular ion concentrations is maintained due to
adenylate metabolism control. The model assumption that the rate of transport Ca2q-ATPase
is proportional to ATP concentration is a prerequisite for stabilization of intracellular ion concentrations. Unfortunately, there are no reliable data
on the dependence of the rate of this ATPase on
the ATP concentration under intracellular conditions. Analysis of the model shows that the volume
stabilization can be satisfactory even if the rate of
Ca2q-ATPase does not depend on ATP concentration. However, the intracellular ion concentrations are not stabilized in this case. Interestingly,
the functional roles of Kq channels and adenylate metabolism in erythrocytes are still unclear.

w46x and Werner and Heinrich w47x. Ion balance
and the erythrocyte volume are described by a set
of equations based on Brumen and Heinrich w46x,
Werner and Heinrich w47x and Ataullakhanov et
al. w26x:
d
V
w Kq x i
s 2n Na r K-ATPase
dt
V0

ž

/

DwF
RT
q Ž PK q PCH .
DwF
exp
-1
RT

ž

Appendix A. Mathematical model
A.1. Ion balance and the erythrocyte ¨ olume
Basic equations describing the dynamics of Naq
and Kq concentrations and the erythrocyte
volume were introduced in Brumen and Heinrich

/

ž wK x y wK x exp ž DwF
RT / /
q

q

e

i

Ž1.
d
V
w Naq x i
s y3n NarK-ATPase
dt
V0

ž

/

DwF
RT
w Naq x e
q PNa
DwF
exp
y1
RT

/ ž
DwF
x exp ž
RT / /
ž

y w Naq

i

Ž2.

d
V
w Ca2q x i
s y2nCa-ATPase
dt
V0

ž

/

DwF
RT
qPCa
DwF
exp 2
y1
RT
2

ž
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/

ž

DwF
RT
Ž3.

x
w zy x e
s w Kq x e q w Naq x e q w Ay
p e q An

Ž4.

= w Caq x e y w Ca2q x iexp 2

ž

//

w Kq x i q w Naq x i q w Ay
x
w zy x i
p i q An

Zy
w Kq x i q w Naq x i y w Ay
x
s0
p i y Z ? An
i

w Ay
x
DwF
p i
y
w A p x s exp RT

ž

/

Ž5.

Ž6.
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where V and V0 are the current and the normal
physiological cell volumes; Dw is the transmembrane potential; F is the Faraday constant; R is
the universal gas constant; T denotes absolute
temperature; PK , PNa , PCa are the passive permeability of the erythrocyte membrane for Kq, Naq,
Ca2q, respectively; PCH is the permeability of Kq
channels; n NarK-ATPase and nCa-ATPase denote the
rates of transport NaqrKq and Ca2q ATPases
x and w AZy
x are
Žion pumps., respectively; w Ay
p
n
.
the concentrations of permeable ŽCly and HCOy
3
and impermeable anions, respectively; subscripts i
and e denote intra- and extracellular variables
and parameters, respectively; Zy is the average
negative charge of the impermeable anions.
The following values of the ion concentrations
w48]51,23x, normal rate of transport NaqrKqATPase w23,50,52,53x, and intracellular ATP concentration w22,50,54,55x were estimated from the
literature: wKqx e s 5 mM, wNaqx e s 145 mM,
w Ay
x
w qx i s 130 mM, wNaqx i s 10
p e s 150 mM, K
y
mM, w A p x i s 110 mM, n NarK-ATPase s 0.65 mMrh,
wATPx s 1.48 mM. Normal physiological values of
the remaining steady-state parameters are readily
x i s 50 mM,
determined from Eqs. Ž1. ] Ž6.: w AZy
n
Z s 0.6, PK s PK0 s 1.24= 10y2 1rh, PNa s PNa0
s 1.22= 10y2 1rh, Dw s y8.4 mV. wCa2q xe s 1
mM and wCa2q x i s 0.03 mM were taken from
Simons w56x and Wiley and Shaller w57x. Transport
Ca2q-ATPase was assumed to operate at a rate of
5.2 mMrh w58x. Eq. Ž3. can be used to estimate
the normal physiological value of passive permeability of the erythrocyte membrane to Ca2q: PCa
s PCa0 s 0.76= 10y2 1rh.
Eqs. Ž1. ] Ž3. describe active and passive Kq,
Naq and Ca2q fluxes across the erythrocyte membrane. Passive ion fluxes are described using
Goldman’s approach. The rates of NaqrKq and
Ca2q ATPase reactions are written as
n NarK-ATPase s a NarK-ATPase w Naq x i w ATPx

nCa-ATPase s a Ca-ATPase
= w ATPx

ž

w Ca2q x
w Ca2q x q K Ca-ATPase

Ž7.

2

/
Ž8.

where a NarK-ATPase s 0.044 1rŽmM? h., a Ca-ATPase
s 5 1rh are activities of NaqrKq and Ca2qATPases, K Ca-ATPase s 1.1 mM.
The important model assumption is that the
rates of ion transport ATPases depend on the
ATP concentration. Most of the published studies
of the kinetics of transport Naq, Kq and
Ca2q]ATPases contain the Michaelis constant for
ATP, which is lower than the intracellular ATP
concentration. These results, however, were obtained using the isolated enzymes and were often
performed with the reconstructed systems Žsuch
as erythrocyte ghosts.. Therefore, a possible regulatory role of some intracellular factors, such as
adenylates other than ATP ŽADP and AMP.,
could have been missed. Kennedy et al. w59x
showed that the Michaelis constant for the Naq,
Kq]ATPases in red blood cells depend on the
ratio of ATP and ADP concentrations. Our previous work with native human erythrocytes demonstrated that the total rate of ATP consumption
grows sharply with the growing ATP concentration w60x. We also showed that even a moderate
increase in ATP concentration significantly decreased the Kq efflux provoked by amphotericin
B w41,42x. It appears that in native erythrocytes
the rate of transport ATPases might be significantly influenced by the ATP concentration.
The following expression

PCH s Pmax

ž

w Ca2q x
2q
w Ca x q K C H

N

/

Ž9.

where Pmax is the maximal permeability of Kq
channels, N is the cooperativity parameter, K CH
is the affinity constant, shows how the permeability of Kq channels depends on the concentration
of Ca2q. It was obtained on the basis of the data
described in w43]45x. Here, Pmax s 1.7 1rh. The
parameters N and K CH could not be unambiguously determined from these experimental data.
We, therefore, varied the values of these parameters when analyzing the model. Eq. Ž4. describes
osmotic balance in the system. The erythrocyte is
considered as an ideal osmometer. Eq. Ž5. describes the electroneutrality of the cell content
and takes into account the contributions of sodium
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y
and potassium ions, anions like HCOy
3 and Cl ,
which permeate the membrane, and polyvalent
anions Že.g. hemoglobin and 2,3-diphophoglycerate. for which the membrane is impermeable. The erythrocyte membrane permeability to
y
HCOy
is high w61,62x; therefore, Eq. Ž6.
3 and Cl
describes the equilibrium for these anions
between the intracellular and extracellular compartments in the presence of the transmembrane
potential. The medium osmolarity was assumed to
be determined only by the extracellular concenxe s 0.. As eartrations of permeating ions Žw A Zy
n
lier, we consider non-selective changes in the
erythrocyte membrane permeability to cations
Žwhich can be caused by oxidative or other stresses
within a body. assuming that PK s PK0 q D P; PNa
s PNa0 q D P; PCa s PCa0 q D P, where D P denotes the value of a change in the membrane
permeability and introducing the normalized value
of cell membrane permeability to cations Q:Qs
PNa rPNa0 f PK rPK0 f Ž PCarPCa0 q 1.r2, because
PNa0 f PK0 f 2 PCa0 .

A.2. Energy metabolism

ics of concentrations of 1,3-diphosphoglycerate,
2,3-diphosphoglycerate and 3-phosphoglycerate.
This reactions allow more complete description of
the transition processes in the model Žbelow.. The
phosphohexoisomerase, aldolase, triosophosphate
isomerase, glyceraldehydephosphate dehydrogenase, phosphoglycerate mutase and enolase are
highly active in erythrocytes, so the equations for
these reactions were replaced by equilibrium relationships between the corresponding metabolites.
This, however, could not be done for the phosphoglycerate kinase reaction, which is coupled to
the 2,3-diphosphoglycerate bypass. The concentrations of NAD, NADPH, and phosphate were
assumed to be constant. The resulting description
of the glycolysis in our model is given by the
following set of equations:
n y n PFK
d
V
w G6P x
s HK
dt
V0
D1

ž

/

Ž 11.

2n
y n DPGM y n PGK
d
V
w 1,3DPGx
s PFK
dt
V0
D2

ž

/

Ž 12.

A.2.1. The ATPases
Eqs. Ž7. and Ž8. describe the rates of ATP
consumption by transport NaqrKq and Ca2q
ATPases, respectively. The sum of the normal
values of their rates in erythrocytes is significantly
lower than the rate of ATP production in glycolysis. To balance the ATP production, an ATPase
other than transport ATPases was included in the
model:
nATPase s a ATPase w ATPx r Žw ATPx q K ATPase .
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d
V
w 2,3DPGx
s n DPGM y n DPGP
dt
V0

Ž 13.

n
q n DPGP y n PK
d
V
w 3PG x
s PG K
dt
V0
D3

Ž 14.

ž
ž

/

/

Žw ATPx q w ADPx q w AMPx.

Ž 10.

where a ATPase s 0.88 mMrh, K ATPase s 0.1 mM.

V
sa
V0

w ADPx 2
w AMPxw ATPx s 1

Ž 15.

Ž 16.

A.3. Glycolysis
Here, the expressions
ATP consumed by the transport ATPases and
other ATP-consuming systems is replenished in
erythrocytes by glycolysis. In this work we consider the reactions of glycolysis in the form, which
is more complete than that presented in our
previous studies w27]29x. Specifically, here we introduce additional reactions describing the kinet-

D 1 s 1 q 1rK PHI ; D 2
s1q
D3 s 1 q

1
1
2 ? w 1,3DPGx
1q
1q
K GA PDH
K TPI
K GAPDH K ALD

ž

1
1
1q
K EN O
K PGM

ž

ž

/

//

;
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result from exclusion of the fast intermediates of
glycolysis. K PH I s 3, K ALD s 0.012 mM, K TPI s
0.3, K GA PDH s 0.75, K PGM s 0.14, K ENO s 1.7
were obtained from Erlich et al. w63x.
wG6Px, w1,3DPGx, w2,3DPGx, w3PGx, w2PGx, wPEPx
correspond to the intracellular concentrations of
glucose-6-phosphate, 1,3-diphosphoglycerate,
2,3-diphosphoglycerate, 3-phosphoglycerate, 2phosphoglycerate, and phosphoenolpyruvate, respectively. Symbol a corresponds to the total
adenylate content of a cell Žthe adenylate pool..
n HK , n PFK , n PGK , n DPGM , n DPGP , and n PK denotes
the reaction rates of hexokinase, phosphofructokinase, phosphoglycerate kinase, diphosphoglycerate mutase, diphosphoglycerate phosphatase, and
pyruvate kinase, respectively. Adenylate kinase
reaction is believed to be in equilibrium because
the activity of adenylate kinase in erythrocytes is
high w64x. Eq. Ž16. describes the adenylate kinase
equilibrium, with the equilibrium constant equal
to 1.
Eqs. Ž11. ] Ž16. do not contain such variables as
the concentrations of glucose, pyruvate, and lactate. Lactate dehydrogenase reaction was also
excluded from our consideration. Normally, in
vivo erythrocyte glycolysis is always saturated with
glucose. The concentrations of lactate and pyruvate, being controlled at the whole-body level, do
not depend on the rate of glycolysis in erythrocytes.
The expressions for rates of enzymatic reactions in this model are taken from Ataullakhanov
et al. w29x, Erlich et al. w63x and Joshi and Palsson
w65x:
n HK s a HK

1
w ATPx rK HK
1
2
1 q w ATPx rK HK
q w G6P x rK HK

1
a HK s 12.2 mMrh, K HK
s 1.22 mM,

Ž 17.

4
w 1r Ž 1 q w AMPx rK PFK
.
4
q2 w AMPx r Ž K PFK q w AMPx.x

=

1qL

5
Ž 1 q w ATPx rK PFK
.
4
Ž 1 q w AMPx rK PFK
.

4

4

6
.
= Ž 1 q w G6P x rK PH I K PFK

4

Ž 18.
1
a PFK s 380 mMrh, L s 10 8 , K PFK
s 10 mM,
2
3
4
K PFK s 0.1 mM, K PFK s 2 mM, K PFK s 10y2 mM,
5
6
K PFK
s 0.1 mM, K PFK
s 3.7? 10y4 mM, K PHI s 3.

n DPGM s a DPGM

w 1,3DPGx
1
2
w 1,3DPGx
K DPGM
q K DPGM

Ž 19.

q w 2,3DPGx

a DPGM s 3892 mMrh; K 1DPG M s 0.04 mM;
K 2DPGM s 0.013 mM;
n DPGP s n DPGP

w 2,3DPGx
1
w 2,3DPGx q K DPGP
w 2PG x q w 3PG x
= 1q
2
K DPGP

ž

Ž 20.

/

1
2
a DPGP s 0.52 mMrh; K DPGP
s 0.02 mM; K DPGP
s 0.006 mM;

n PG K s a PGK
Žw 1,3DPGxw ADPx y w 3PG xw ATPx
3
1
2
rK PG
K . rK PGK K PGK
5
2
w
x
1 q w ATPx rK PG
K q ADP rK PGK
1
6
w
x
q Aw 1,3DPGx rK PG
K q B 3PG rK DPGP
Ž 21.
2
5
w
x w
x 4
.
A s Ž K PG
K q ADP q ATP K PGK rK DPGK
2
rK PGK

2
K HK
7
2
w
x w
x 7
.
B s Ž K PG
K q ATP q ADP K PGK rK PGK

s 6 ? 10y2 mM.

5
rK PGK

n PFK s a PFK
w

xw

x

ATP G6P rK PH I
3
2
Ž K P F K q w ATPx.Ž K PFK
q w G6P x rK PHI .

1
2
a PGK s 7330 mMrh; K PGK
s 0.0022 mM; K PGK
3
4
5
s 0.14 mM; K PGK s 380; K PGK s 0.3 mM; K PGK
6
7
s 0.27 mM; K PG
K s 1.4 mM; and K PGK s 0.4
mM;

M.V. Martino¨ et al. r Biophysical Chemistry 80 (1999) 199]215

n PK s a PK

1
2
w PEP xw ADPx rK PK
K PK
1
2
1 q w PEP x rK PK q ADPrK PK
3
qATPrK PK
q w PEP xw ADPx
1
2
rK PK
K PK

Ž 22.

1
2
a PK s 120 mMrh; K PK
s 0.05 mM; K PK
s 0.3
3
mM; and K PK s 0.35 mM;

A.4. Adenylate metabolism
The adenylate and energy metabolisms are
closely linked. Adenylate metabolism in the erythrocyte serves to synthesize AMP from adenine
or adenosine and to irreversibly degrade AMP
w54,66]69x. In the model, adenylate metabolism is
represented only by a reaction of irreversible
AMP synthesis and two irreversible reactions of
AMP degradation.
The dynamics of adenylate nucleotide concentrations can be found by solving the following set
of equations describing interaction of adenylate
and energy metabolisms:
d
V
w ATPx
s n PG K q n PK y n PFK y nH K
dt
V0

ž

/

y n NarK-ATPase y nCa-ATPase
3
y ns y nAK
2

Ž 23.

d
V
w ADPx
s yn PG K y n PK y n PFK y n HK
dt
V0

ž

/

q n NarK-ATPase q nCa-ATPase
q nATPase q ns q 2nAK

Ž 24.

d
V
3
w AMPx
s ns y nAMPP y nAMPD y nAK
dt
V0
2
Ž 25.

ž

/

w ADPx 2
w AMPxw ATPx s 1

Ž 26.

n S is the rate of AMP production in adenosine
kinase and adenine phosphoribosyl transferase
reactions. We assume that the rates of these two
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reactions are equal and constant. Eqs. Ž23. ] Ž25.
are written according to the stoichiometry of
adenylate formation and disappearance during
AMP synthesis from adenine and adenosine. nAK
is the rate of adenylate kinase reaction; nAM PP
and nAM PP denote the rates of AMP phosphatase
and AMP deaminase. nS is assumed to be constant Ž n S s const s 0.04 mMrh.. This low rate of
adenylate metabolism in human erythrocytes Žapprox. 4% of glycolytic flux. is optimum for maintaining the stable state of cellular metabolism
w28x. Unlike our earlier models w28,29x, this model
includes two enzymes involved in degradation of
the adenylate pool: AMP phosphatase and AMP
deaminase. This is consistent with the known data
on adenylate metabolism in human erythrocytes.
The rate of AMP deaminase reaction is taken as:
nAM PD s a AMPD

ž

w AMPx
1
w AMPx q K AM
PD

NAM PD

/

Ž 27.

where a AM PD s 100 mMrh w70,71x. This is the
general form of sigmoid dependence of the reaction rate on the concentration of AMP known
from the literature where NAM PD is approximately
1
2 and K AM
PD is in the range 0.4]2.0 mM
w70,72,73x. However, the in vitro kinetics of this
enzyme can differ from its kinetics within a cell
where such effectors as ATP, 2,3-DPG, orthophosphate are present w70,72,73x. Therefore,
the AMP deaminase parameters were varied in
the model. As follows from the sigmoid kinetics
of AMP deaminase, it does not operate at normal
intracellular concentrations of AMP. We suggest
that under physiological conditions, AMP degradation is regulated by AMP phosphatase. The
rate of AMP phosphatase reaction is taken as:
nAM PP s a AMPP 1 q

ž

w ATPx
1
K AM
PP

/

w AMPx
K2
r 1 q w AM PPx q 3
AMP
K AM PP

ž

/

Ž 28.

2
a AM PP s 1 mMrh, K 1AMPP s 1 mM, K AMPP
s 0.01
3
mM, K AM PP s 0.05 mM.
This expression makes the rate of AMP phosphatase reaction directly proportional to ATP
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concentration and inversely proportional to AMP
concentration in a broad range of AMP and ATP
concentrations. Such dependence provides the
most effective stabilization of the intracellular ion
concentrations and the cell volume when membrane permeability is perturbed w28,29x. The value
of a AM PP was chosen so that the model provided
the normal stationary concentration for adenine
nucleotides.
Both enzymes that destroy intracellular AMP,
the AMP phosphatase and AMP deaminase, have
complex kinetics, which depend on concentrations
of several metabolites, as well as their ratios. The
exact details of these relations and their physiological roles are not yet known. The in vitro rates
for AMP phosphatase and AMP deaminase enzymes isolated from liver have a bell-shaped dependency on the energy charge w74,75x. Since the
increase in energy charge means the increase in
ATP concentration and decrease in AMP concentration, the rates of AMP phosphatase and AMP
deaminase are indeed proportional to the ATP
concentration and are inversely proportional to
the AMP concentration for some range of adenine nucleotides concentrations. The important
role of this dependence for regulation of adenine
nucleotides is supported by the observed high
rate of the adenosine turnover between the erythrocytes and plasma w76x.
The equilibrium in adenylate kinase reaction
allows us to exclude the rate of adenylate kinase
from Eqs. Ž23. ] Ž26.. The final set of the model
equations comprises Eqs. Ž1. ] Ž6., Eqs. Ž11. ] Ž14.,
and Eqs. Ž23. ] Ž26.. For the numerical analysis of
the model we used a software package DBSolve
w77x. In this program the transient behavior of
models is simulated by ordinary differential equations integration using an original algorithm based
on the Gear procedure w78x. DBSolve also calculates the steady-state solution along a parameter
range using the original parameter continuation
algorithm.
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