
Chapter 2
Models of Ion Transport
in Mammalian Cells

Cardiomyocytes, neurons, hepatocytes and erythrocytes are considered based on
the algorithm ‘‘one ion—one transport system’’ models of some mammalian cells.
Models of the compartments of mammalian cells, e.g., synaptic vesicles, sarco-
and endoplasmic reticulum and mitochondria, are built; and models for the reg-
ulation of ion transport in mammalian cells and their compartments are presented.
We find conditions under which a robust and effective strategy for the switching of
transport systems of cells takes place.

2.1 Introduction

The basis of cellular forms of life lies in a process that involves continuous
maintenance of the differential concentrations of ions inside the cell relative to that
of the extracellular medium. Thus, most mammalian cells, when compared to the
extracellular medium, have low concentrations of sodium and calcium and large
concentrations of potassium ions. The constancy of these differences is critical for
homeostasis and plays an important role in the regulation of metabolism, and this
distribution is due to membrane permeability and ion pumps that are built into
those membranes. Because of passive permeability, the cell has a tendency to
equalize concentrations; however, pumps work to maintain a concentration gra-
dient. Pump operation requires energy, in the form of ATP, which is generated by
the combustion of the ‘‘fuel’’ of the cell, especially fats and carbohydrates, in the
mitochondria. ATP has a large free energy (*150 kJ/mol) and is transported to
the membrane pumps, which function constantly.

Molecules of transferred substances or ions can be transported by various
manners: they can travel through the membrane, irrespective of the transfer of
other compounds (uniport), their transfer can be carried out simultaneously and
unidirectionally to other compounds (symport), or transport connections can be
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simultaneously and oppositely directed (antiport). Symport and antiport are systems
of co-transport for which the rate of the overall process is controlled by the avail-
ability and accessibility of transport systems for both ions. In turn, co-transport is a
type active transport. Passive and active transport are provided with special struc-
tures such as channels, transporters, and enzymes that ensure the movement of
specific ions against their concentration gradients, and this action is dependent upon
the energy of ATP. This transfer is carried out by transport ATPases, which are also
referred to as ion pumps.

In this chapter, we will build transport system models for some cells based on
the proposed algorithm in Chap. 1. To validate the algorithm, the model must be
applied to cells—the representatives of the various kingdoms of nature, and we use
the classification of the animal world, which was offered by Cavalier-Smith. In this
work (Cavalier-Smith 2002; Cavalier-Smith 1998), all life was divided into two
domains: eukaryotes and prokaryotes. Eukaryotes are divided into five kingdoms:
animals, plants, fungi, protists and chromists. Prokaryotes were classified into
archaea and eubacteria.

The considered mammalian cells possess a number of features that differentiate
them from cells of other kingdoms. First, the ionic composition of their external
environment is nearly constant, and second, the lack of flexibility of their cell walls
and membranes require a minimum differential pressure across the membrane (i.e.,
the difference of internal and external pressures).

In addition to the four types of mammalian cells in this chapter, models of
transport systems will be built for the mitochondria, synaptic vesicles, and the sarco-
and endoplasmic reticula. By ignoring features of these compartments that are
irrelevant for our algorithm, we consider these compartments as isolated systems
that possess the ability to maintain intracellular concentrations at a given level.

2.2 Cardiac Cells

Functioning of a cardiac muscle cell considerably depends on the ion concentra-
tions in the cell and its environment. These ions primarily include Na+, K+, Ca2+,
Mg2+, HCO3

- and Cl-. For example, calcium ions participate in the contraction of
muscles and signal processes, while magnesium ions specifically control the work
of ATP-dependent exchangers. Intracellular magnesium is extremely important for
intactness and the functioning of ribosomes, and it takes part in regulating the
concentrations and transport of calcium, potassium, sodium and phosphate ions
inside and outside the cell. As a cofactor, magnesium activates over 300 enzymatic
reactions that are involved in metabolic processes in organisms. Magnesium
interacts with cellular lipids, ensures the intactness of the cell membrane, and
enters a competitive relationship with calcium for contraction elements. Further-
more, the concentrations of calcium, potassium and sodium ions largely determine
the properties of the action potential in a cardiac muscle cell.

36 2 Models of Ion Transport

http://dx.doi.org/10.1007/978-94-007-5893-3_1


All of the aforementioned processes are strongly sensitive to intracellular
concentrations of Ca+2 and Mg+2 ions. These concentrations can change depending
on the concentrations of the corresponding ions in the cellular environment.
However, models for the independent prediction of ion concentrations in a cell and
the membrane resting potential are unavailable in the current literature.

Details of the construction of the transport system for cardiomyocytes in the
steady state have been established (Melkikh and Sutormina 2008). Here, we briefly
present the main results, and based on the model of the transport system, we
consider algorithms for the regulation of ion transport.

First, information on the values of the concentrations of internal and external
ions are needed, and Table 2.1 gives the concentrations of the basic types of ions
that are found inside and outside of a cell (Sperelakis 2000; Murphy 2000; Spe-
relakis and Gonzales-Serratos 2001).

The main and most well-studied pump in cardiac muscle cells is the Na+–K+

-ATPase. This pump is ATP-dependent, and it transfers three sodium ions from the
cell and exchanges them for two potassium ions. In addition to this pump, we will
consider other sodium ion exchangers. For example, we will discuss the Ca2+–Na+

exchanger, which transports one calcium ion in exchange for three sodium ions,
and the Mg2+–Na+ exchanger, which transports one magnesium ion in exchange
for one sodium ion. Additionally, electrically neutral co-transport transports a
sodium ion, potassium ion and two chlorine ions in one direction—K+–Na+–2Cl-.
In turn, calcium ions are pumped out of the cell by the Ca2+-ATPase. Additionally,
all ions can passively penetrate the through membrane, the magnitude of passive
flow is determined by the membrane permeability coefficient P for each type of
ion. Other mechanisms exist to transport chloride ions in addition to passive flow
and the K+–Na+–2Cl- co-transporter such as the K+–Cl- and Na+–Cl- symport-
ers, which transfer potassium and chlorine or sodium and chlorine out of the cell,
respectively, and the OH—Cl- antiporter, which transports chlorine through the
membrane into the cell and the HCO—Cl—H+–Na+ co-transporter, which
exchanges bicarbonate and sodium ions for a chloride ion and proton (Luo and
Rudy 1991, 1994; Faber and Rudy 2000; Hume et al. 2000).

All of the described mechanisms are shown in Fig. 2.1.

Table 2.1 Experimental data for ion concentrations and the resting potential for a cardiac cell

Ions Internal concentrations, mM External concentrations, mM

Na+ 12 145
K+ 155 4
Mg2+ 0.5 7 1 1 7 2
Ca2+ 10-3710-4 1
Bicarbonate 8 27
Cl- 4 120
Others 155 7
Potential, mV -(83 7 100)
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2.2.1 Model of Transport Systems

Sodium ions are carried by several transport systems (Sperelakis 2000), but the
main pump that transfers this ion to the external environment of the majority of
animal cells is thought to be the Na+–K+-ATPase. Despite the fact that other
transport mechanisms can provide a smaller deviation between the required and
internal concentrations of sodium ions, the effect of ATPase activity is necessary
to create a non-equilibrium state in the system. Thus, we chose this system as the
basis for sodium ions. The Na+–K+-ATPase carries three sodium ions out of the
cell and two potassium ions into the cell. In accordance with the earlier proposed
model, the equation for the sodium flow that is produced by this system has the
following form:

JNa�K�ATP ¼ 3CNa�K�ATP exp DlA þ uð Þðni
NaÞ

3ðno
KÞ

2 � ðno
NaÞ

3ðni
KÞ

2
h i

; ð2:1Þ

where CNa�K�ATP is the constant of the active transport of sodium and potassium
ions, and the remaining symbols have been given previously.

The analytical expression for the dependence of the internal concentrations of
sodium ions on the values of the membrane potential and extracellular concen-
trations can be obtained after we determine the main transport system for potas-
sium ions. The following systems transport potassium ions:

• Na+–K+-ATPase;
• Na+–K+–2Cl-—co-transport;
• K+–Cl-—co-transport;
• Potassium channels.

Fig. 2.1 Transport systems in a cardiac cell
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Because of the result from the calculation of the internal concentration of
potassium ions that are produced by each of these systems and its comparison with
the experimental data, it was concluded that the distribution of potassium ions is
near the Boltzmann distribution because they can easily penetrate through the
biomembrane.

We shall neglect the active flows of potassium ions relative to their passive
flow; therefore, their concentration follows the Boltzmann distribution:

ni
K ¼ no

K exp �uð Þ; ð2:2Þ

From (2.1) and (2.2), the expression that models the dependence of the internal
parameters on the external parameters for sodium ions is as follows:

ni
Na ¼ no

Na � exp �u� DlA

3

� �
ð2:3Þ

When considering chlorine transport as the third potential-forming type of ion
transport, we found the minimal deviation from the actual values that were pro-
vided by the K–Cl, Na–Cl–HCO3–H co-transporters and the passive penetration of
chloride ions through their electrochemical gradient. Notably, the passive distri-
bution of potassium ions, which is the dependence of the internal concentration of
chlorine on the external concentration of K–Cl, is also described by the Boltzmann
equation. The calculated value that is created by a complex mechanism of Na–Cl–
HCO3–H is near that of the calculated value of the K–Cl co-transporter and passive
penetration of chloride ions, and it can be assumed that the analytical expression
that depends on the internal concentration of the external parameters for this type
of transport system will be similar. Therefore, the concentration of these anions in
a cell approaches the Boltzmann distribution (although chlorine is also involved in
several transport systems (Sperelakis 2000; Hume et al. 2000)):

ni
Cl ¼ no

Cl exp uð Þ: ð2:4Þ

The focus of a work by Melkikh and Sutormina (2008) was given to the
transport of divalent cations, which play a special role in carrying out vital
functions in heart muscle cells.

In addition to passive transport across the cell membrane through the electro-
chemical potential, calcium in a cardiac muscle cell is transported by two systems:
the Ca-ATPase and a Na+–Ca2+-exchanger.

It is known that a Na+–Ca2+-exchanger exchanger substitutes one calcium ion
for three sodium ions in the absence of the consumption of ATP energy. Thus, in
accordance with the model (Melkikh and Sutormina 2008), the equation has the
following form:

JCa�Na ¼ CCa�Na � ni
Ca � ðno

NaÞ
3 � expðuÞno

Ca � ðni
NaÞ

3
h i

; ð2:5Þ
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The structure of the equation reflects the exchanger stoichiometry (i.e., one
calcium ion is exchanged for three sodium ions) and the fact that sodium and
calcium ions are transported in opposite directions.

Because one calcium ion is actively transported out of a cell during the
hydrolysis of one ATP molecule, we obtain an equation for the active transport of
calcium, which is in line with that of (Melkikh and Sutormina 2008):

JCa�ATP ¼ CCa�ATP exp DlA þ 2uð Þni
Ca � no

Ca

� �
; ð2:6Þ

The calculated values of the intracellular concentration of Ca ions for each
system are the following:

• Ca–ATU: ni
Ca ¼ 2:7 � 10�6 mM;

• Na–Ca: ni
Ca ¼ 1:5 � 10�5 mM;

• Passive flux: ni
Ca ¼ 1:3 � 103 mM:

When comparing these values with those from the experimental data (10-3 7
10-4), we see that the sodium exchanger produces the smallest deviation. How-
ever, the order of the values of the intracellular concentration of calcium ions is
small when compared to the concentrations of other ions. In other words, in the
first approximation in our algorithm, we can use an ATP-dependent calcium pump
and exchanger. This situation is similar to the choice of the main system for
sodium and we assume for the main ATP-dependent pump. Thus, the dependence
of the internal concentration of calcium ions on the external concentrations (2.6)
takes the following form:

ni
Ca ¼ no

Ca � exp �2u� DlAð Þ ð2:7Þ

Transport of another divalent cation, magnesium, in cardiomyocytes is provided
by the following mechanisms (Freudenrich et al. 1992; Murphy 2000):

• Na+–Mg2+-exchanger;
• Magnesium channels.

Expressions of fluxes that are generated by these transport systems can be
written in the following form:

JNa�Mg ¼ CNa�Mg � exp uð Þnin
Mg � nout

Na � nout
Mg � nin

Na

h i
ð2:8Þ

JMgpas ¼ PMg � nin
Mg � expð2uÞ � nout

Mg

h i
ð2:9Þ

Numerical calculations showed that passive flow creates an internal concen-
tration of 2.7 9 103 mM, while the counter-transport of sodium and magnesium
provides a value of 6 mM, which is in better agreement with the experimental data
(0.5 7 1 mM). Therefore, the expression for the intracellular concentration of
magnesium ions, in view of (2.3), can be written as the following:
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ni
Mg ¼ no

Mg � exp �DlA

3
� 2u

� �
ð2:10Þ

The next anion transport that will be considered to simulate ion transport in
cardiomyocytes is the bicarbonate ion, HCO3. The transfer of this ion is provided by
work of the electroneutral complex Na–Cl–HCO3–H, chlorine-bicarbonate exchanger
and through special channels. The Naþ � HCO�3 � Cl� � Hþ co-transporter oper-
ates as follows: a sodium and bicarbonate ion is exchanged for a chlorine anion and a
proton, and this mechanism is electroneutral. Because the cell potential does not
produce a barrier, the work of the exchanger depends on the concentration of ions and
the probability that they will interact with the carrier. Considering the earlier pro-
posed model, we can write the following equation:

JNa�HCO�3 �Cl�H ¼ CNa�HCO�3 �Cl�Hðni
HCO�3

� ni
Na � no

Cl � no
H � no

HCO�3
� no

Na � ni
Cl � ni

HÞ;
ð2:11Þ

where CNa�HCO�3 �Cl�H is the exchange constant for the HCO3
-, Cl-, Na+ and H+

anions.
Considering Eq. (2.11), the dependence of the intracellular concentration of the

anions on their extracellular concentration and the membrane potential can be
written as follows:

ni
HCO�3

¼ no
HCO�3

exp
DlA

3
þ 2u

� �
: ð2:12Þ

Substituting the known values results in ni
HCO�3

¼ 13:9 mM,

The expression for the flow of ions that are produced by the HCO�3 � Cl�

exchanger can be written as follows:

JHCO�3 �Cl� ¼ CHCO�3 �Cl�ðni
HCO�3

� no
Cl � no

HCO�3
� ni

ClÞ: ð2:13Þ

It is observed from this expression that the operation of this exchanger is
equivalent to the passive transport of HCO�3 ions. When the known values are
substituted, ni

HCO�3
¼ 0:7 mM, and by equating the flow to zero, we obtain the

following expression for the intracellular concentration of HCO�3 ions when only
this exchanger operates:

ni
HCO�3

¼ no
HCO�3

exp uð Þ:

Thus, we may conclude that the main transport system for HCO�3 ions is the
sodium-dependent exchanger because the intracellular concentration of HCO�3
ions that are produced by this exchanger most closely approaches the experimental
value.
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However, this conclusion does not suggest that the role of the HCO�3 � Cl�

exchanger is insignificant in a cell. This exchanger can be significant in regulating
the concentration of HCO�3 ions and pH inside of the cell.

We decided on the main transport system for each type of ion. According to our
algorithm and by using the equation of electrical neutrality, we derive the
dependence of the membrane resting potential on the extracellular concentrations
of ions that are under consideration:

2 � no
Ca � exp �DlA � 2uð Þ þ no

Na � exp �DlA

3
� u

� �
þ no

K � exp �uð Þþ

þ2 � no
Mg � exp �DlA

3
� 2u

� �
¼ no

Cl � exp uð Þ þ 0:89 � no
HCO exp 2uþ DlA

3

� �
þ ZA � nA

ð2:14Þ

Concentration ZA � nA of non-penetrating ions is known experimentally. By
solving the equation numerically, it can be shown that the potential is equal to -3.7
(approximately -92.5 mV), which closely corresponds to the experimental data.

From Eq. (2.14), we can explicitly obtain an expression for the potential.
Because the contributions of calcium, magnesium, and bicarbonate in the potential
are small in comparison with other ions, they will be neglected; therefore, the
dependence of the membrane potential on the extracellular concentrations has the
following form:

u ¼ � ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZAnA
2nout

Cl

� �2
þ nout

Na
n�Cl

exp
�DlA

3

� �
þ nout

K
nout

Cl

� �r
þ ZAnA

2nout
Cl

nout
Na

nout
Cl

exp
�DlA

3

� �
þ nout

Na
nout

Cl

� �

0
BB@

1
CCA ð2:15Þ

Graphically, the dependence of the membrane potential on changes in the
extracellular medium is shown on Fig. 2.2.

Fig. 2.2 Dependence of the
potential on the addition of
potassium and chlorine ions
to the environment
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In the Fig. 2.2, the solid line indicates the change in the resting membrane
potential after adding a certain concentration of a (in mM) into the extracellular
medium in an equal amount to that of potassium and sodium ions with chlorine.
The points show the normal value of the membrane potential.

The value of the membrane potential without divalent cations is slightly smaller
than the absolute value of approximately -90.8 mV, which is also consistent with
the experimental data. By including (2.15), i.e., dependencies of the intracellular
on the external concentration, we can calculate the values of the internal con-
centrations of ions, and detailed results of the calculation are given in (Melkikh
and Sutormina 2008). The obtained results are tabulated in Table 2.2.

2.2.2 Regulation of Ion Transport

We have constructed a system of equations that describe the transport processes in
the cell during the stationary state, and these equations can be used as a starting
point for modeling the regulation of ion transport through the membrane under
varying external conditions.

As mentioned earlier, potassium ion transport is carried out by four methods in
cardiomyocytes: an ATP-dependent pump, two co-transporters and passive
transport. According to our algorithm, we can construct the dependence of the
intracellular on the extracellular concentration that is produced independently by
each mechanism. We can then graphically determine an effective and robust
strategy for regulation. The potential changes are taken into account when con-
structing strategies for the regulation of ions, which strongly affect the potential.

The work of the four transport systems are represented in the following graph
(Fig. 2.3).

The figure displays the dependence of the intracellular concentration of
potassium ions from the addition of a on the external environment of potassium
ions with chlorine, in mM. The solid line indicates passive flow, points represent
Na–K–Cl-co-transport, the dashed line denotes the actual concentration of potas-
sium in the cell at steady state, and the dash-dot line represents the work of Na–K-
ATP.

Table 2.2 Comparisons of the calculated values of the internal ion concentrations and mem-
brane potential with the experimental data from cardiomyocytes

Ions Experimental data, mM Calculated data, mM

Sodium 12 6.9
Potassium 155 151.2
Magnesium 0.571 3.6
Calcium 10-3710-4 2.9 9 10-6

Bicarbonate 8 13.2
Chlorine 4 3.1
Potential, mV -(837100) -90.8
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The figure shows that the dependence of the internal on external concentrations
of ions is linear; however, this finding does not indicate that the potential depends
weakly on the concentration of extracellular potassium. As shown in the figure, in
the selected range, only a partial dependency is reflected, and the interval changes
in the external concentration is limited to values that are approximately twice the
normal value because strong deviations lead to cell death.

By using the algorithm for finding the optimal strategy for transport, the optimal
strategy for the transport system of potassium ions can be determined graphically.

We show the selected, best strategy for transport systems of cardiac muscle
cells in Fig. 2.4.

In the figure, the solid line indicates passive flow, the points refer to Na–K–Cl-
co-transport, the dashed line denotes the actual concentration of potassium in the
cell at steady state, the dash-dot line refers to the work of the Na–K-ATPase, and
the bold solid line indicates the chosen strategy.

We utilize the optimal strategy to ensure the maximum efficiency of pumps and
exchangers at any given time, i.e., only one transport mechanism is functional.

Fig. 2.3 Mechanisms for the
transfer of potassium ions in
cardiac cells

Fig. 2.4 Strategy for
regulating potassium ion
transport in cardiomyocytes
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However, as observed in Fig. 2.4, a significant increase in the external concen-
tration ensures that the robustness of cells that is required for simultaneous
operation of at least two mechanisms occurs. From the literature, it is known that
most potassium ions are transferred passively, but when the extracellular con-
centration of this ion is doubled, the electrically neutral Na–K–Cl co-transporter
becomes functional.

To account for changes in two parameters, one can construct three-dimensional
plots of the intracellular concentration of one ion in relation to changes in the
external concentrations of the two types of ions. A change in potential will also
affect the internal concentration of the desired value because it appears in the
expression for determining the intrinsic value of the concentration, and it is an
explicit function of external concentrations. When required to consider an effective
strategy (i.e., at each moment, only one transport mechanism for each type of ion
is present), the strategy will be a set of points on surfaces, which indicate the
mechanisms of ion transport, and in this case, we introduce an objective function.
Because changing variables (e.g., intracellular concentration and resting potential)
differ substantially in value (sometimes by orders of magnitude) and have different
dimensions (e.g., concentrations and potential), it is convenient to choose the
following as the objective function:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i

Dni

ni

� �2

þ Du
u

� �2
s

! min: ð2:16Þ

We will use such a criterion when changing the concentrations of two or more
ions.

The following is a plot of the work of the transport systems in cardiomyocytes
as a function of changes in the extracellular concentrations of potassium and
sodium ions and taking into account the change in potential (Fig. 2.5).

Fig. 2.5 Mechanisms of transport of potassium ions as functions of the external concentrations
of two ions
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It is evident from the figure that although the values deviate from those that are
required for potassium ions, these ions remain passively transported. It may be
noted that the ATP-dependent pump allows the required level of internal con-
centration values to be achieved for different values of the external concentration
of sodium ions when the extracellular medium has a low content of potassium
ions. However, it is only possible to maintain the normal value by passive transfer
of ions through their electrochemical gradient. If a significant increase in the
concentration of potassium ions outside the cell occurs, the internal concentration
must exceed the normal value to maintain the desired value, and this process
should include the K–Na–Cl-co-transporter. It should be noted that when simul-
taneously including several types of ions in the description and at a changing of
two parameters, this picture could change.

2.3 Neurons

The electrical properties of neurons of different organisms that are at rest (i.e., in
the absence of nerve impulses) are very similar. The main difference lies in that the
external environment of neurons may differ in composition. We distinguish two
different examples: mammalian neurons and neurons of marine organisms (e.g., a
well-studied neuron of the squid). In the second case, the composition of the fluid
surrounding the neuron is near the composition of sea water, which contains
significantly more sodium, chloride and magnesium than in the blood of mammals.

Tables 2.3 and 2.4 list the ion concentrations in the neurons of squid and
mammals (Raupach and Ballanyi 2004; El-Mallakh 2004; Barish 1991),
correspondingly.

In addition to passive transport for all type of ions, neurons contain each of the
following types of systems for ion transport (Craciun et al. 2005; Nicholls et al. 2001;
Giffard et al. 2000; Chesler 2003):

• Na+–K+-ATPase, Ca2+-ATP-ase;
• Co-transporters: Na+–K+–Cl-, Na+–Cl-, Na+–HCO3

-, K+–Cl-;
• Exchangers: Na+–Mg2+, Na+–H+, Na+–Ca2+, Cl-–HCO3

-.

Table 2.3 Experimental data
on the concentrations of ions
for the neurons of squid

Ions Internal
concentrations,
mM

External
concentrations,
mM

Potassium 360 10
Sodium 69 425
Chlorine 157 496
Calcium 0.0001 10
Magnesium 10 50
Bicarbonate 8 25
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Figure 2.6 shows the major ion transport systems in neurons:

Fig. 2.6 Transport systems in neurons

Table 2.4 Experimental data on the concentrations of ions for the neurons of mammals

Ions Internal concentrations, mM External concentrations, mM

Potassium 150 5.5
Sodium 15 150
Chlorine 9 125
Calcium 0.0001 2.5
Magnesium 0.7 1
Bicarbonate 8 25

Value of the membrane potential: (65770) mV
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2.3.1 Model of Transport Systems

Based on the model of active transport of ions that was proposed in the first
chapter, the different transport systems for all types of ions are analyzed, the basic
system is determined, and the flow of ions is recorded.

The transport of potential-forming ions is first modeled. According to the
algorithm, we assume that the sodium ions are transported mainly by the Na–K-
ATPase. Potassium is transported by a number of systems: passive transport, the
sodium–potassium-chlorine co-transporter, the sodium–potassium pump, or the
potassium-chlorine co-transporter. The expressions for the flows that are generated
by these systems are similar to what was recorded for cardiomyocytes. Using the
known value for the membrane potential and extracellular ion concentrations, the
intracellular concentrations of potassium ions are calculated to be the following:

• for the neurons of squid:

– Na–K-ATP: ni
K ¼ 3:9 � 103 mM;

– K–Na–Cl: ni
K ¼ 615 mM;

– K–Cl: ni
K ¼ 31:6 mM;

– Passive flux: ni
K ¼ 134:6 mM:

• for the neurons of mammals:

– Na–K-ATP: ni
K ¼ 1:01 � 103 mM;

– K–Na–Cl: ni
K ¼ 1:1 � 104 mM;

– K–Cl: ni
K ¼ 76:4 mM;

– Passive flux: ni
K ¼ 74:1 mM:

By comparing the calculated values with the known experimental data for the
squid neuron, which was 360 mM, and mammalian neurons, which was 150 mM,
we note that the minimum deviation results in a passive flow of ions through the
membrane. We find that the dependence of the internal concentration of potassium
ions and potential on external concentrations will be similar to that which was
described for cardiac muscle cells. Therefore, the expression that models the
dependence of the internal concentration of sodium ions of neurons will also be
analogous to that for the cardiac cell.

Chlorine ions are transferred by the following systems: sodium-chlorine
co-transporter, sodium–potassium-chlorine co-transporter, chlorine-bicarbonate
exchanger, potassium-chlorine co-transporter, and passive flow of ions through the
membrane. The expressions for the flow of chlorine ions that is produced by these
systems are similar to those that are recorded in item 2.1. By using the known
value of the membrane potential and ion concentrations, the intracellular con-
centration of chlorine is calculated as the following:

• for neurons of squid (the experimental value for the concentration of chlorine
ions is 157 vM):
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– K–Na–Cl: ni
Cl ¼ 205:1 mM;

– Na–Cl: ni
Cl ¼ 3:1 � 103 mM;

– K–Cl: ni
Cl ¼ 13:8 mM;

– Cl–HCO3: ni
Cl ¼ 158:7 mM;

– Passive flux: ni
Cl ¼ 36:8 mM:

• for neurons of mammals (the experimental value for the concentration of
chlorine ions is 9 mM):

– K–Na–Cl: ni
Cl ¼ 75:7 mM;

– Na–Cl: ni
Cl ¼ 1:2 � 103 mM;

– K–Cl: ni
Cl ¼ 4:6 mM;

– Cl–HCO3: ni
Cl ¼ 40 mM;

– Passive flux: ni
Cl ¼ 9:3 mM:

For the squid neuron, the minimum deviation from the experimental values
provides the electro-neutral exchanger with bicarbonate ions. For mammalian
neurons, passive penetration of chloride ions through their electrochemical gra-
dient occurs, thus, the dependence of the internal values of this type of ion on the
external values will have the form (2.14). The expression for the squid neuron can
be written after the main transport system for HCO3 is found.

In the literature, the transport of bicarbonate by a chlorine-bicarbonate
exchanger, passive transport and sodium-bicarbonate co-transporter (Craciun et al.
2005) has been verified in neurons. Expressions of the fluxes that are created by
the first two transport systems are shown above, and the formula for the flow that is
generated by the third co-transporter is the following:

JNa�HCO3 ¼ CNa�HCO3 � ½ðni
HCO3
Þ3ni

Na � exp 2uð Þðno
HCO3
Þ3no

Na� ð2:17Þ

The values for the internal concentrations of HCO3, which are provided by each
mechanism, can be calculated as follows:

• for the neurons of squid:

– Cl–HCO3: ni
HCO3

¼ 7:9 mM;

– Na–HCO3: ni
HCO3

¼ 8:1 mM;

– Passive flux: ni
HCO3

¼ 1:9 mM:

• for mammalian neurons:

– Cl-HCO3: ni
HCO3

¼ 1:8 mM;

– Na–HCO3: ni
HCO3

¼ 9:5 mM;

– Passive flux: ni
HCO3

¼ 1:9 mM:

The experimental data (8 mM for both neurons) best fits the value that is
created by the sodium-bicarbonate co-transporter, in which case, the expression for
the intracellular concentration will be the following:
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ni
HCO3

¼ no
HCO3

exp uþ DlA

9

� �
: ð2:18Þ

Subsequently, the dependence of the intracellular concentration of chlorine
anions for the neurons of squid can be written as follows:

nin
Cl ¼ nout

Cl �
nin

HCO

nout
HCO

¼ nout
Cl exp uþ DlA

9

� �
ð2:19Þ

Two systems exist in neurons for the transport of calcium: the Ca2+-ATPase and
the Na+-Ca2+-exchanger. Furthermore, the cell membrane is permeable to these
ions; therefore, passive penetration of ions occurs. The expressions for the fluxes
will be similar to those that were recorded for cardiomyocytes, and the calculated
values for the internal concentrations of this ion will be the following:

• for the neurons of squid:

– Ca-ATP: ni
Ca ¼ 3:7 � 10�6 mM;

– Na–Ca: ni
Ca ¼ 3:2 � 10�3 mM;

– Passive flux: ni
Ca ¼ 1:8 � 103 mM:

• for the neurons of mammals:

– Ca-ATP: ni
Ca ¼ 9:3 � 10�7 mM;

– Na–Ca: ni
Ca ¼ 1:9 � 10�4 mM;

– Passive flux: ni
Ca ¼ 453:2 mM:

The minimum deviation from the experimental data (for both types of neurons,
this value is equal to 0.0001 mM) is provided by the calcium-sodium exchanger;
therefore, the expression for calcium ions is the following:

ni
Ca ¼ no

Ca �
ni

Na

no
Na

� �3

� expðuÞ ¼ no
Ca � expð�2u� DlAÞ: ð2:20Þ

The resulting expression is identical to that of the dependence of the internal on
external parameters for Ca-ATPase.

No information exists in the literature about the systems of active transport for
magnesium in neurons. However, such a system should exist. If it is assumed that
magnesium is transported in neurons only by a passive mechanism due to the
doubly charged ion of Mg2+, a very large concentration of magnesium ions within
the cell will occur. Equation (2.9) can be used to determine the distribution of the
passive transfer of magnesium:

ni
Mg ¼ no

Mg exp �2uð Þ: ð2:21Þ

By substituting the values of the experimental data for the values of the
potential and extracellular concentration of magnesium ions, we obtain the values

50 2 Models of Ion Transport



of the internal concentration of magnesium ions: 9.1 9 103 mM for the squid
neuron and 181.2 mM for mammalian neurons. This value indicates a clear
discrepancy between the experimental data, which is 10 and 0.7 mM, respectively.
A similar situation was considered previously for cardiac muscle cells (Melkikh
and Sutormina 2008), and it was shown that passive transport of magnesium ions
into the cell results in a high concentration of these ions inside the cell and a
considerable reduction in the potential across the membrane. In heart muscle cells,
a Na+–Mg2+ exchanger is the primary method of transport of magnesium. In view
of the above data and based on the considerable similarity of the transport systems
in cardiac muscle cells and neurons, we assume that the same exchanger exists in
neurons. The ion concentrations that are produced by this exchanger can be cal-
culated by substituting the known experimental data for the neurons in (2.8):

ni
Mg ¼ n�Mg expð�uÞ n

i
Na

ni
Na

¼ 109:3 mM for the neurons of squid, and

ni
Mg ¼ n�Mg expð�uÞ n

�
Na

n�Na

¼ 1:3 mM for the neurons of mammals;

which is in qualitative agreement with the experimental data. Thus, we can assume
that the Na+–Mg2+ exchanger is essential for the transport of magnesium. When
the expression for the concentration of sodium ions is taken into account, the
dependence on magnesium ions will take the form of (2.10).

By choosing the main transport system, we can derive an equation for the
membrane potential of a neuron, which will depend only on the external con-
centrations of the main potential-forming ions. Note that for both types of neurons,
we chose the same main transport systems except for chlorine anions. By
substituting the expressions that are obtained for the ions, the condition of electro-
neutrality for the squid neuron can be written as follows:

no
Ca � expð�2u� DlAÞ þ no

Mg � exp �2u� DlA

3

� �
þ no

Na exp �DlA

3
� u

� �

þ no
K exp �uð Þ ¼ no

Cl þ no
HCO3

	 

exp uþ DlA

9

� �
þ ZAnA;

ð2:22Þ

and the condition for mammalian neurons can be written as follows:

no
Ca � expð�2u� DlAÞ þ no

Mg � exp �2u� DlA

3

� �
þ no

Na exp �DlA

3
� u

� �

þ no
K exp �uð Þ ¼ no

Cl þ no
HCO3 � exp

DlA

9

� �� �
exp uð Þ þ ZAnA:

ð2:23Þ
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When neglecting the divalent cations because of their small effect on the
membrane potential, solutions of these equations can be written as the following:

• for the neurons of squid:

u ¼ � ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZAnA

2 no
Na � exp � DlA

3

� �
þ no

K

� �
0
@

1
A

2

þ
no

Cl þ no
HCO3

� �
� exp

DlA
9

� �

2 no
Na � exp � DlA

3

� �
þ no

K

� �

vuuut þ ZAnA

2 no
Na � exp � DlA

3

� �
þ no

K

� �
0
B@

1
CA:

ð2:24Þ

• for mammalian neurons:

u ¼ � ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZAnA

2 no
Na � exp � DlA

3

� �
þ no

K

� �
0
@

1
A

2

þ
no

Cl þ no
HCO3

� exp
DlA

9

� �

2 no
Na � exp � DlA

3

� �
þ no

K

� �

vuuut þ ZAnA

2 no
Na � exp � DlA

3

� �
þ no

K

� �
0
B@

1
CA:

ð2:25Þ

Currently, the intracellular concentration of non-penetrative anions is unknown,
but we can calculate this value by using the electro-neutrality condition of the
internal environment:

nA ¼ ni
Na þ ni

K � ni
Cl � ni

HCO3
:

When substituting the concentrations of sodium, potassium, bicarbonate and
chloride ions outside of cells and the intracellular concentrations of non-penetra-
tive ions, we obtain a value for the resting potential of a mammalian neuron of
approximately—86.7 mV, and the potential value for the squid neuron would be
approximately—85.1 mV. The obtained results from the calculations for the
concentrations and potentials for squid and mammalian neurons are shown in
Tables 2.5 and 2.6, respectively.

Although deviations from the experimental data are high, we have achieved
satisfactory agreement between theory and experiment.

Table 2.5 Comparison of the experimental and calculated values of the internal ion concen-
trations and potential for squid neurons

Ions Experimental data, mM Calculated data, mM

Potassium 360 135
Sodium 69 7.3
Chlorine 157 158.7
Calcium 10-4 3.7 9 10-6

Magnesium 10 11.5
Bicarbonate 8 17.1
Potential, mV -(65770) -86.7
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2.3.2 Model of Ion Transport with a Restriction of Deviation
from the Experimental Data

In some cases, the accuracy of calculating the internal concentrations of ions and
resting potential based on the algorithm ‘‘one ion—one transport system’’ may not
be sufficient. In this case, we use a special method to find dependencies of the
intracellular on the external concentrations; and this method is referred to as
‘‘equivalent transporter’’. In a situation where it is not possible to choose a main
mechanism of ion transport, we assume that two transporters work simultaneously
and that when both work together, they give the most significant contribution to
the overall result. In other words, two or more transport systems are replaced by
one whose action is equivalent to their combined actions, as is schematically
shown in Fig. 2.7:

The flux that is produced by an ‘‘equivalent mechanism’’ for the jth type of ion
will be the following:

J ¼ Cj ni exp Dlj � Au
	 


� no
	 


ð2:26Þ

where A is the charge of the transported ions, and Dlj is the EMF (electromotive
force) of the equivalent mechanism. To find the parameter Dlj, we can use the
concentrations inside and outside of the cell that were obtained experimentally.
The desired relationship is used to find the potential as a function of the extra-
cellular concentration.

One type of ion, such as potassium ions, being simultaneously transported by
several systems is much more difficult to solve analytically. In this case, unknown

Table 2.6 Comparison of experimental and calculated values for the internal ion concentrations
and potentials of mammalian neurons

Ions Experimental data, mM Calculated data, mM

Potassium 150 74
Sodium 15 2.6
Chlorine 9 9,3
Calcium 10-4 9.3 9 10-7

Magnesium 0.7 0.2
Bicarbonate 8 17.1
Potential, mV -(65770) -85.1

Fig. 2.7 Equivalent
transport mechanism
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constants, which take into account the speed of the pumps, appear in the equations.
We make the following assumption, which can significantly improve the accuracy
of the algorithm: combine several active transport mechanisms for potassium ions
in an ‘‘equivalent pump.’’ The result of such a pump would be the distribution of
potassium ions inside the cell, which would differ from its passive distribution.
The expression for the intracellular concentration, which takes into account active
and passive transport, can be written as follows:

ni
K ¼ no

K exp DlK � uð Þ ð2:27Þ

where DlK—is the effective potassium EMF. From this expression and by using
known ion concentrations inside and outside the cell, we can find the value of the
EMF of potassium ions and further to use this expression to calculate the potential
and the intracellular concentrations of other ions. For the squid neuron,
DlK = 0.984, and for mammalian neurons, DlK = 0.706.

The expression for calculating the intracellular concentration of sodium ions,
which is generated by the Na–K-ATPase, takes into account the equivalent
transport system for potassium ions and takes the following form:

nin
Na ¼ nout

Na exp
2 � DlK

3
� u� DlA

3

� �
: ð2:28Þ

By substituting the known values and the calculated EMF, we obtain the fol-
lowing values for the intracellular concentrations of sodium ions: 14 mM for the
neurons of squid and 4.1 mM for mammalian neurons. The obtained values cor-
respond better to the experimental data (69 and 15 mM, respectively) than those
that were calculated in the previous section.

The values of the concentrations of calcium ions, which were generated by the
sodium-calcium exchanger, can be recalculated by altering the expression for
sodium ions:

ni
Ca ¼ exp uð Þ � no

Ca �
ni

Na

no
Na

� �3

¼ no
Ca expð�2 � u� DlA þ 2 � DlKÞ ð2:29Þ

By substituting the known data, it is evident that the intracellular concentration
of calcium ions in the neurons of squid will be equal to 2.7 9 10-5 mM, and in
mammalian neurons, this concentration would be equal to 3.8 9 10-6 mM
(0.0001 mM is the experimental value in both neurons).

Similarly, the dependence of intracellular on external concentrations of mag-
nesium ions will change as follows:

ni
Mg ¼ no

Mg � exp �uð Þ � n
i
Na

no
Na

¼ no
Mg � exp

2
3
� DlK � 2u� DlA

3

� �
ð2:30Þ

As a result, for these ions, we find that in squid neurons, the intracellular
concentration is equal to 22.2 mM, and in mammalian neurons, this value is
0.4 mM (the experimental data is 10 and 0.7 mM, respectively).
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The condition of electro-neutrality can be written as follows:

• for the neurons of squid:

n�Na exp
2 � DlK

3
� DlA

3
� u

� �
þ n�K expðDlK � uÞ

¼ n�Cl þ n�HCO3

� �
exp uþ DlA

9

� �
þ ZAnA ð2:31Þ

• for the neurons of mammals:

n�Na exp
2 � DlK

3
� DlA

3
� u

� �
þ n�K expðDlK � uÞ

¼ n�Cl þ n�HCO3 � exp
DlA

9

� �� �
� expðuÞ þ ZAnA ð2:32Þ

The explicit expressions for the potential will be written as follows:

• for the neurons of squid:

u ¼ � ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZAnA
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3 �

DlA
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@
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• for the neurons of mammals:

u ¼ � ln
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By substituting the external concentrations of the main ions and the calculated
EMF for potassium, we obtain the following values of the potential: -68.7 mV for
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squid neurons and -70.7 mV for mammalian neurons. These results are in good
agreement with the experimental data.

The results from calculating the concentrations and potential when using an
‘‘equivalent potassium pump’’ for squid and mammalian neurons are shown in
Tables 2.7 and 2.8, respectively. The tables show only those ions with altered
concentrations by using the algorithm for the potassium EMF.

2.3.3 Regulation of Ion Transport

According to our algorithm, we can construct a model for the regulation of ion
transport in the neurons of mammals. Transport systems in neurons, such as the
sodium ion transport system, were identified earlier, and graphs of this ion
transport mechanism are shown on Fig. 2.8.

The figure shows the intracellular concentration after change a of sodium ions
in the external medium. Symbols in the figure are as follows: the solid red line
indicates the required value of the intracellular concentration, blue dots represent
the work of the K–Na-ATPase, the green dotted line represents the work of the
co-transporter for Na–HCO3; and the purple dash-dot line refers to the Na–Ca-
exchanger.

When switching transport systems, it is advantageous for a cell to maintain only
one active mechanism to be effective in energy consumption. In this case, a
strategy of switching must be constructed that gives the smallest deviation from
the desired value, assuming that one transport system works (Fig. 2.9).

The graph shows that when the external sodium ion concentration is reduced by
about approximately 30 % of the normal level the calcium ion exchanger works.

Table 2.7 Comparison of the experimental and calculated values of the internal ion concen-
trations and potential for squid neurons

Ions Experimental data, mM Calculated data, mM

Sodium 69 14
Calcium 10-4 2.7 9 10-5

Magnesium 10 22.2
Potential, mV -(65770) -68.7

Table 2.8 Comparison of the experimental and calculated values for the internal ion concen-
trations and potential for mammalian neurons

Ions Experimental data, mM Calculated data, mM

Potassium 15 4.1
Calcium 10-4 3.8 9 10-6

Magnesium 0.7 0.4
Potential, mV -(65770) -70.7
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Furthermore, the ATP-dependent pump effectively works in a sufficiently large
range of extracellular concentrations of sodium but only when in excess of the
normal value. When the external sodium concentration is large, the Na–HCO3

symporter works.
However, during such a strategy, a significant change in the intracellular con-

centration of sodium takes place, which results in a deviation from the normal
value by nearly 50 % and may be detrimental to vital cells. If the tolerance of the
internal concentration of sodium is limited to an interval of 30 % in both direc-
tions, then it needs to perform ion transport by two mechanisms in a range of
external concentrations (Fig. 2.10).

In the figure, the dotted line separates the region of tolerance values for the
intracellular concentrations of sodium. It is observed when the external sodium ion
concentration increases by 20 mM or more to maintain the desired value of the
internal concentration is only possible by the simultaneous operation of the
ATP-dependent pump and Na–HCO3 co-transporter. Additionally, when this
increase (more than 55 mM & 40 % of the normal value) exceeds the external
concentration of sodium ions, the sodium-bicarbonate co-transporter can maintain
the necessary internal concentration in the absence of other transport systems.

Fig. 2.8 Mechanisms of
sodium transfer in neurons

Fig. 2.9 Strategy of sodium
ion transport in neuron
regulation
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Graphs show how transport systems work at the changes in the extracellular
concentrations (Fig. 2.11).

From the figure and by taking into account (2.17), it is evident that in a certain
range of external low concentrations of sodium, the Na+–Ca2+-exchanger is suf-
ficient. When the ion content in the external environment increases, the ATP-
dependent pump requires for maintaining ion balance; co-transport is able to
maintain the necessary intracellular concentration only after a greater increase in
the extracellular concentration of sodium ions.

Fig. 2.10 Strategy of sodium ion regulation with a restriction of maximum deviations from the
normal values

Fig. 2.11 Systems of sodium transport in neurons as a function of the external concentrations of
two ions
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2.4 Erythrocytes

The current red blood cell model includes (see, for example, (Jamshidi et al.
2001)) 36 independent variables that are described in the main biochemical
pathways in the human erythrocyte. Transport of ions through the red blood cell
(RBC) membrane is also included in this system of equations (Werner and
Heinrich 1985; Joshi and Palsson 1989; Jamshidi et al. 2002; Mulquiney et al.
1999; Lew and Bookchin 1986). The goal of systems biology is a comprehensive
description of a cell (or an organism) through mathematical methods by the use of
computers. Currently, systems biology of RBCs is concerned mainly with gene
and metabolic networks of cells; however, the transport subsystem of RBCs has
not been studied sufficiently.

2.4.1 Model of Ion Transport

In red blood cells, ion transport includes the following transport systems (Freedman
2001; El-Mallakh 2004; Freedman and Hoffman 1979): ATP-dependent pumps
(Ca2+-ATP-pump; Na+–K+–ATP-pump), exchangers (K+–Cl-–symporter; Na+–
Ca2+—antiporter; K+–Na+–Cl-—symporter; Cl-–Zn2+—symporter; HCO3

—Cl-—
antiporter; and Na+-Li+—antiporter), and passive transportation for all types of
ions (Fig. 2.12).

Based on the proposed algorithm, we shall discuss the transport systems that
transfer potential-generating ions in a red blood cell. Because the nonequilibrium
state in a cell is provided by the consumption of energy in the form of ATP, it is
necessary to choose an ATP-dependent pump as one of the main methods of
transport. Therefore, the expression for the flux of sodium ions that is created by
the pump may be written as the following equation:

Fig. 2.12 Ion transport
systems in RBCs
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JNa�K�ATP ¼ CNa�K�ATP exp DlA þ uð Þðni
NaÞ

3ðno
KÞ

2 � ðno
NaÞ

3ðni
KÞ

2
h i

; ð2:35Þ

where CNa�K�ATP is the constant of the active transport of sodium and potassium
ions.

This system may be the main method of transport for sodium or potassium ions.
By setting the flux (2.35) equal to zero and using the experimental data on the
potassium ions inside and outside of a cell and the extracellular sodium ion
concentration, we calculate the concentration of internal sodium to be ni

Na ¼
6:1 mM: Similarly, we calculate the concentration of potassium ions, which is
created by this transport system when in equilibrium, as ni

K ¼ 279 mM: After
comparing both calculated quantities with the experimental data
(ni

Na ¼ 10 mM;ni
K ¼ 135 mM, we chose the ATP-dependent pump as the main

method of transport of sodium ions.
Three systems exist that transport potassium ions: Na+–K+-ATPase, and K+–

Cl- and K+–Na+–Cl-—co-transporters, and the permeability of the membrane
provides a passive flux of ions along the electrochemical gradient. The expressions
for the fluxes that are created by other mechanisms (except ATPase) can be written
separately.

JK�Cl ¼ CK�Cl � ni
K � ni

Cl � no
K � no

Cl

� �
; ð2:36Þ

JK�Na�Cl ¼ CK�Na�Cl � ni
Na � ni

K � ðni
ClÞ

2 � no
Na � no

K � ðno
ClÞ

2
h i

; ð2:37Þ

JKpas ¼ PK � ni
K � expðuÞ � no

K

� �
; ð2:38Þ

here and elsewhere, Pi is the constant of passive transport for the ith type of ions
along their electrochemical gradient. The values of the internal concentrations of
potassium ions that are created by each mechanism are as follows:

• K–Cl: ni
K ¼ 5:1 mM;

• K–Na–Cl: ni
K ¼ 97:5 mM;

• passive flow: ni
K ¼ 5:7 mM:

After comparing the results with the experimental data (135 mM), we deter-
mine that the K+–Na+–Cl-—co-transporter is the main transport system for
potassium. We can obtain the explicit form of the dependencies of the internal on
the external concentrations and the membrane potential for Na+ and R+ by solving
the system of two equations that describe the work of the mechanisms that were
chosen: the ATPase and co-transporter. However, doing so requires the explicit
form of the dependence of the internal on the external parameters for chlorine ions.

Similarly, we shall consider chlorine ion transport, which is provided by the
following co-transporters: K+–Cl-, K+–Na+–Cl-, and Cl-–Zn2+, the anti-porter
HCO3

—Cl- and passive flux through a membrane. By comparing those types of
transport with the experimental data, we can conclude that the largest contribution
to the required concentration of chlorine ions is made by its passive flux or their
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exchange for bicarbonate ions. In this case, chlorine ions are transported passively,
and the dependence of the internal on the external concentration will be repre-
sented by the following equation:

ni
Cl ¼ no

Cl exp uð Þ: ð2:39Þ

The explicit forms of the dependencies of the internal concentrations of sodium
and potassium ions can be written as the following equations:

ni
Na ¼ no

Na exp � 3
5

u� DlA

5

� �
; ð2:40Þ

ni
K ¼ no

K exp � 2
5
uþ DlA

5

� �
: ð2:41Þ

The transport of bicarbonate ions across the red blood cell membrane, apart
from passive penetration, is implemented by their exchange with chlorine ions.
Calculations showed that the required concentration is created by passive flux, and
the expression for the internal concentration of HCO3 will be the following:

ni
HCO3

¼ no
HCO3

exp uð Þ: ð2:42Þ

There is currently no published information concerning the systems of active
magnesium ion transport. By considering the transport of these ions as passive, we
determine the value of the internal magnesium ion concentration to be 3.5 mM.
These results satisfactorily coincide with the experimental data (2.5 mM) for
magnesium ions; therefore, we may consider passive flux as the main transport
system for this type of ion.

The transport of lithium ions into a cell is provided by its exchange with
sodium; however, passive flux of these ions also exists. After comparing the
internal concentration of lithium ions (0.7 7 1.0 mM) that is created separately
(0.007 mM and 0.06 mM, respectively), we determined that the passive flow of
these ions along their electrochemical gradient is the main transport system for
such ions.

Similar reasoning for protons gives the value of their internal concentration as
0.061 mM, and these results satisfactorily coincide with the experimental data
(nin

H ¼ 0:062 mM). Therefore, we may consider passive flux as the main transport
system for protons.

The flux of zinc ions is provided by the work of a co-transporter that also
transports chlorine and passive membrane permeability. However, the calculated
value of the internal concentration that is created by the co-transporter better
coincides with the experiment results.

Three ways to transport doubly charged calcium cations in a red blood cell
exist: active transport with ATP energy consumption, passive transport, and
transport in exchange for sodium ions.
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• Ca-ATP: ni
Ca ¼ 9:8 � 10�8 mM;

• Na–Ca: ni
Ca ¼ 2:4 � 10�4 mM;

• passive flow: ni
Ca ¼ 2:4 mM:

The best coincidence with the experimental data (i.e., the Ca2+ concentration in
a red blood cell ranges from (30 7 60) 9 10-6 mM) is provided by the Na+–Ca2+

exchanger. Thus, the expression for the dependence of the internal concentration
of sodium ions on the membrane potential and external concentration of sodium
ions will be the following:

ni
Ca ¼ exp uð Þ � no

Ca

ni
Na

no
Na

� �3

¼ no
Ca � exp � 4

5
� u� 3 � DlA

5

� �
ð2:43Þ

Thus, we can calculate the intracellular concentrations of the main ions that are
transported through the RBC membrane (Freedman 2001; El-Mallakh 2004;
Freedman and Hoffman 1979), and these obtained values have been tabulated
(Table 2.9).

When taking into account all the ion types that are present in a cell, the electro-
neutrality condition for the internal environment of a cell can be written as the
following equation:

nin
Naþ nin

K þ2 nin
Caþ 2nin

Mg� nin
Cl� nin

HCOþnin
Li þ nin

H þ 2nin
Zn � ZA nA ¼ 0; ð2:44Þ

where ZAnA is the product of the charge and the concentration of non-penetrating,
intracellular anions. From this expression, we can obtain the analytical dependency
of the resting potential of the cell membrane as a function of the external con-
centration; however, the conclusion for analytical dependency seems to be com-
plex if we do not neglect bivalent cations.

After numerically solving the expression, we calculate the potential of the red
blood cell membrane to be -10.88 mV (Freedman 2001), which is in good
agreement with the experimental data.

Table 2.9 Comparison of the experimental and calculated values of the internal concentrations
of ions in RBCs

Ions Experimental data, mM Calculated* data, mM

Sodium 10 6.1
Potassium 135 97.5
Chlorine 78 69.6
Bicarbonate 16 16.3
Magnesium 2.5 3.5
Lithium 0.7 7 1.0 0.06
Protons 0.062 0.061
Zink 0.024 0.028
Calcium (30 7 60) 9 10-6 53 9 10-6

*The membrane potential value (-11 mV) that was obtained experimentally was used
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The calculations were made using DlA = 17, which is based on the best
agreement of the concentrations and potential with the experimental data; how-
ever, this value is somewhat less than the conventional value of DlA = 20 for
different types of cells. It is necessary to take into consideration that RBCs do not
have mitochondria; therefore, ATP molecules should be transported inside this
organelle by specific proteins. Hence, we can conclude that in a red blood cells, the
DlA should be less than in other cells.

2.4.2 Model of Regulation of Ion Transport: Efficiency
or Robustness?

To simulate the processes of regulation, we shall consider the two extremities and
realize that the actual cell behavior strategies are a combination of these behaviors.

The model that was constructed in Sect. 2.3.1 largely coincides with the
experimental data; however, we cannot affirm that when environmental changes
occur, this model will give reliable results.

According to the proposed algorithm, all of the transport systems for potassium
ions in a red blood cell are considered, and the internal concentrations of potas-
sium ions form dependencies on the external ions for each transport system. In
doing so, we shall also take into consideration the potential change (Fig. 2.13).

The figure shows the dependencies of the internal concentration of potassium
ions on an a change of K ion concentration in the environment. The figure legend is
as follows: the required value of the intracellular concentration is shown by a solid
red line; the work of the K–Na-ATPase is represented by blue dots; and K–Na–Cl-
co-transport is represented by a green, dashed line.

For energy-effective work, it is profitable for a cell to keep only one transport
mechanism functional. A strategy of switching for this case supposes that an ion
transport system works that gives the least deviation from the required value
(Fig. 2.14).

Fig. 2.13 The dependencies
of the internal concentration
of potassium ions on K–Cl a,
which are additive in the
external environment when
two different transport
systems are functional
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The dotted and dashed lines show the changes in the internal concentration that
are conditioned by the work of the K–Na-ATPase and K–Na-Cl-co-transporters.

The graph shows that when the extracellular concentration of potassium ions is
reduced, the ATP dependent pump works, but when this concentration increases,
the K–Na–Cl-co-transporter is switched on. We make this conclusion because, at a
deviation of 35 %, only one transport system is required to maintain the internal
concentration.

Generally, a concentration change of at least one ion outside of a cell results in
a change in the concentrations of all of the internal ions due to a change in
potential. Therefore, it is important to study the dependence of the concentration of
one ion in a cell on the change in the concentrations of two ions outside of the cell.
The dependence of the intracellular concentration of potassium ions on the change
of the external concentrations of potassium and sodium ions was plotted. In this
case, the sought-for strategy will be the one that is maximally effective at each
moment when only one transport mechanism is functional and will consist of a set
of dots on planes that designate the mechanisms of ion transport that differ min-
imally from the normal value in relative units. Thus, for each value of extracellular
concentration of an ion, a point on one plane will represent the work of the
transport mechanisms, which is as close as possible to the specified parameters.

The algorithm for simulation of the ion transport regulation processes in a cell
for a three-dimensional case is similar to that for a two-dimensional case.

From the Fig. 2.15, we can conclude that when the concentration of potassium
ions is low in the extracellular environment, it is necessary to spend energy to
provide the required intracellular concentration for any amount of sodium ions. In
other words, the difference in Na+ concentrations is not sufficient to maintain the
normal level of potassium ions in a cell. When K+ levels are sufficient in the
cellular environment, a switch takes place from an ATPase-dependent system to a
co-transporter-dependent system, and the energy consumption for maintaining the
intracellular balance of K+ concentrations decreases, which indirectly confirms our
supposition concerning ‘‘selection’’ by a cell for the most effective systems of ion
transport. Furthermore, the co-transporter switches on when the external concen-
tration of potassium ions increases.

Fig. 2.14 The strategy of
regulation of potassium ion
transport. a is the change of
the external concentration of
potassium ions
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Similarly, the transportation of Na+ will be discussed with the supposition that
sodium is added with chlorine. Two systems for Na+ transport are capable of
creating concentrations of this ion that are similar to the experimental value: the
K–Na-ATPases and the K–Na–Cl-co-transporter.

In Fig. 2.16 a is the change in the Na+ external concentration; and the dotted
and dashed lines indicate the changes in the internal concentration that are con-
ditioned by the work of the K–Na-ATPases and K–Na–Cl-co-transporter,
respectively.

As follows from Fig. 2.16, the use of the K–Na-ATPase is the optimal mech-
anism for a defined concentration, but the K–Na–Cl-co-transporter functions when
the external concentration of sodium ions increases to above 10 % of the normal
value. Afterward, the ATP dependent pump switches on again.

Fig. 2.15 The dependence of the internal concentrations of potassium and sodium ions in the
environment for different transport mechanisms

Fig. 2.16 The strategies for
Na+ transport regulation
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The three-dimensional model in the figure shows that the main transport system
for sodium ions is the ATP-dependent pump. In the short range of small values of
K+ external concentrations and when the external concentrations of both cations
increase considerably (by approximately 30 % or more), K–Na–Cl-co-transport is
sufficient to provide the required concentration of external Na+ ions.

As is clear from Figs. 2.15 and 2.17, when there is an excessive amount of both
cations in the environment, their homeostasis in a cell can be provided without
energy consumption. But when the values of their external concentrations are
small, ATP energy is required.

According to the experimental data, the speed of the different transport systems
(including red blood cells) depends significantly on the ionic composition of their
cells and their environment. For example, according to previous work (Freedman
2001, Lluch et al. 1996, Sriboonlue et al. 2005), the rate of the Na+–K+ -pump and
Na+–K+–Cl--cotransporter in erythrocytes significantly changes when the envi-
ronmental NaCl concentration is altered, i.e., switching from one transport system
to another takes place. In addition, the cell volume depends on the concentration of
NaCl or KCl in the environment. For example, regulation of the volume that
occurs due to an increase (or decrease) in the speed of the various transport
systems is well known for a variety of cells (see Alvarez-Leefmans 2001; Garcia-
Romeu et al. 1991; Hoffman and Dunham 1995; Swietach et al. 2010; MacManus
et al. 1995; Yachie-Kinoshita et al. 2010) and in particular, for red blood cells
(Freedman 2001, Baumgarten and Feher 2001; Sarkadi and Parker 1991; Gusev
et al. 1996).

Fig. 2.17 The Na+ transport systems as functions of the extracellular concentrations of two ions

66 2 Models of Ion Transport



2.5 Hepatocytes

A model for active transport of ions across the membrane of hepatocytes has been
published previously (Melkikh and Sutormina 2010). Here, we only present the
main results that are needed to analyze the possible strategies for regulation.

Several transport systems exist in hepatocytes (Fossat et al. 1997; Murphy et al.
1980; Furimsky et al. 2000) such as the Na–K-ATP pump, the Na–H, Cl–HCO3

and OH–Cl exchangers, and the Na–HCO3 and K–Cl co-transporters. All of these
systems are shown schematically in Fig. 2.18.

We will consider only the transport of ions that play a major role in the for-
mation of the resting potential on the cell membrane. Furthermore, we will con-
sider only K+, Na+, Cl- and HCO3

- as the main ions for this cell type. Other ions
will be neglected because their contributions to the potential are negligible. In
Table 2.10, the values of the concentrations of the major ions and the resting
potential for rat liver cells according to Sillau et al. (1996) are listed.

2.5.1 Model for Ion Transport

Four transport systems are known to carry sodium ions in hepatocytes: the Na–K-
ATPase, the Na–H exchanger, the Na–HCO3 co-transporter and passive flow. The

Fig. 2.18 Mechanisms of
ion transport in hepatocytes
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contribution of the ATP-dependent pump in the formation of the internal sodium
ion concentration will be considered as the most significant, and the pump itself is
the main transport mechanism for this type of ion.

When selecting the main transport system for potassium ions, we assumed that
hepatocytes act similar to neurons and introduced an ‘‘equivalent transporter’’,
which is an expression that is similar to (2.28). Using the experimental value of the
concentration of potassium ions on both sides of membrane we calculated that the
value of the potassium EMF must be 1.73.

The dependence of the internal concentration of sodium ions on the external
concentration, when an ‘‘equivalent transporter’’ is used, of potassium ions will be
similar to that shown for the neuron (2.29).

The transport of chloride ions is provided by the Cl–HCO3 and OH–Cl
exchangers, the K–Cl co-transporter and passive transport through the membrane.
The experimental data best fit the concentration that is created due to passive
penetration of chloride ions through the membrane on the electrochemical
gradient.

Transport of bicarbonate is provided by addition to the passive flow by the
Cl–HCO3 exchanger and Na–HCO3 co-transporter, and the Cl–HCO3 exchanger
provided the minimum deviation from the experimental data.

For further calculations, the concentrations of non-penetrating anions must be
determined. To calculate these concentrations, it is assumed that the pressure
difference inside and outside of a mammalian cell can be neglected. Therefore, the
condition of pressure equality on the membrane is written as follows:

ni
Na þ ni

K þ ni
Cl þ ni

HCO3 þ nA ¼ no
Na þ no

K þ no
Cl þ no

HCO3
ð2:45Þ

From this equation, the concentration of non-penetrating ions can be calculated.
Additionally, if the expressions that are obtained for the intracellular concentration
of chloride ions, sodium, potassium, and bicarbonate are substituted, we obtain the
following expression for the potential:

no
K exp DlK � uð Þ þ no

Na exp 2
DlK

3
� u� DlA

3

� �

� no
Cl � expðuÞ � no

HCO3
� expðuÞ � ZAnA ¼ 0

ð2:46Þ

Then, the analytic dependence of the resting potential of cells on the external
concentration is represented by the following equation:

Table 2.10 Experimental data for ion concentrations and potential in hepatocytes

Ions Internal concentrations, mM External concentrations, mM

Sodium 29 143
Potassium 166 4
Chlorine 20 120
Bicarbonate 25 27
Potential, mV -49.8
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u ¼ ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ZAnA

2 � no
Cl þ no

HCO3

� �
0
@

1
A

2

þ
no

K � expðDlKÞ þ no
Na � exp

2DlK
3 �

DlA
3

� �

2 � no
Cl þ no

HCO3

� �

vuuut � ZAnA

2 � no
Cl þ no

HCO3

� �
2
64

3
75

ð2:47Þ

By numerically solving this equation, we obtain the potential value of -47.4 mV,
which agrees well with the experimental data (Fig. 2.19).

The Fig. 2.20 shows the dependence of the resting membrane potential (solid
line) on the addition of a (in mM) into the environment by potassium ions with
chlorine. The experimental value of the potential for hepatocyte cells is shown by
dotted lines.

Table 2.11 summarizes the calculated values in comparison with the experi-
mental data.

Table 2.11 clearly shows that the expressions that are obtained for the resting
potential of the cells and those of the concentrations of chloride ions are in good
agreement with the experimental data. However, a discrepancy exists between the
calculated results and the experimental data for sodium and bicarbonate, which is
possibly due to the lack of completeness of the information on systems of transport
in hepatocytes.

Fig. 2.19 Changing of
potential in hepatocytes is
dependent on the addition of
potassium ions into the
environment

Table 2.11 Comparison of experimental and calculated values for the internal ion concentra-
tions and potential for hepatocytes

Ions Experimental data, mM Calculated data, mM

Sodium 29 4.3
Chlorine 20 16.2
Bicarbonate 25 4.5
Potential, mV -49.8 -47.4
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2.5.2 Regulation of Ion Transport

A model for the Regulation of Ion Transport in liver cells using all of the transport
mechanisms that were introduced in the previous section can be constructed based
on the model for sodium ions. Graphically, the work of each transport system
when the external concentration of sodium ions change by the value of a (in mM)
is shown in Fig. 2.20.

The figure shows that none of the transport systems are in good agreement with
the required value for the internal concentration of sodium ions. Additionally, in
the previous section, calculations were carried out to support this finding. It can be
concluded that to maintain the required concentration of intracellular sodium ions
in hepatocytes, two transport mechanisms are required to function at the same time
(Fig. 2.21).

Three-dimensional modeling confirms our conclusions on the basic functions
of the ATP-dependent pump in forming the desired concentration of sodium ions
and on the activation of the K–Na–Cl and Na–HCO3 co-transporters with
decreasing sodium content in the extracellular medium. However, the assumption
that the Na–H-antiporter functions independently at low concentrations of sodium
ions outside the cell is not confirmed. Therefore, we can conclude that the role of
the antiporter is only regulatory, and this transporter switches only in addition to
the co-transporter of sodium ions with bicarbonate. Importantly, experiments
have shown that these transporters are activated together.

Fig. 2.20 Dependences of
the internal concentrations of
potassium on the external
concentrations when different
transport systems are
functioning
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2.6 Regulation of Ion Transport in Compartments
of a Mammalian Cell

Cells of living organisms contain a large number of compartments that are sur-
rounded by membranes and are the basis of cell activity. In these compartments,
the main processes for life function in the exchange of matter, energy and entropy
between the organism and the environment. These compartments also divide the
totality of the vital processes of cells into separate stages. The rough endoplasmic
reticulum and ribosomes provide protein synthesis in accordance with the structure
of RNA. In the Golgi apparatus, the conversion of tertiary and quaternary protein
structures and the formation of markers that govern their directional transport
occurs, and synaptic vesicles store neurotransmitters that are necessary for the
transmission of nerve impulses. The mitochondria convert energy from the oxi-
dation of food to the free energy of ATP, and ATP hydrolysis is a universal source
of free energy at all stages of life.

Each of these stages of life, and many other processes, requires special con-
ditions (concentrations of substances, osmotic pressure, electric potential) for their
implementation.

In this regard, the maintenance of the concentrations of certain types of ions in
cellular compartments plays an important role in the functioning of the cell as a
whole. Transport systems have many different compartments that match the
structure and properties of elements (specialized proteins), and the general ide-
ology of constructing models of transport for substances in these compartments is
described by Melkikh and Seleznev (2012). The model of active transport in some
compartments of mammalian cells will be considered, and the possible

Fig. 2.21 Systems of transport for sodium ions as the function of the external concentrations of
two ions
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mechanisms for regulating the concentrations of substances in these compartments
will be discussed. Several models of these compartments will be considered in
Chap. 3.

2.6.1 Mitochondria

The mitochondrion is one of the most complex cellular compartments that plays an
important role in the life of a cell. First, the importance of a mitochondrion is
determined by the fact that it transforms free energy from nutrients and oxygen
into ATP, which is a universal energy carrier and is convenient to use in any part
of a living organism. Because the work that is performed by animals in the
environment is frequently accompanied by peak loads, ATP production should be
controlled so that it is possible to change the ATP synthesis rate by many orders of
magnitude during a short period. Therefore, the structure and functions of a
mitochondrion possess a complex system of regulation, which is linked to the
variation in Ca2+ concentration between the matrix of a mitochondrion and the
cytoplasm. In particular, a change in Ca2+ concentration initiates the mechanisms
of programmable death of a cell, and this change can lead to a change in the matrix
volume.

A mitochondrion is covered by two membranes. The inner membrane consists
of folds (cristae) that provide a maximum surface area. This membrane contains
principal enzymes that provide a selective exchange of substances between the
cellular plasma and the matrix. Furthermore, the matrix contains enzymes that
participate in the Krebs cycle and fatty acid oxidation.

It is believed that during the early stages of evolution, mitochondria were likely
to be an independent organism because its matrix contains ribosomes and DNA.
Moreover, enzymes that are built into the inner membrane play a significant role in
the processes that occur at this membrane (Beard and Qian 2008, Melkikh and
Seleznev 2012). The scheme of the mitochondrion is shown in Fig. 2.22.

Fig. 2.22 Simplified scheme
of the ion transporters in the
inner mitochondrial
membrane
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Details of the reactions that occur through the mitochondria enzymes are dis-
cussed in Melkikh and Seleznev (2012), and this section will present the main
results from modeling ion transport through the membrane of the mitochondria.

We will consider the systems of the ion transport membrane of the mito-
chondria, which function independently of the respiratory chain and are not
affiliated with the respiratory chain by stoichiometry integer coefficients because
the respiratory chain was analyzed and shown previously (Melkikh and Seleznev
2012).

The ATPase enzyme maintains the ATP synthesis reaction at the expense of the
free energy of protons Dle

H :

ADPþ Pþ nHþi þ F�ATPþ nHþo þ F: ð2:48Þ

Therefore, the flux of the reaction is represented by the following equation:

JA ¼ kATPnFni
Ano

H exp nDle
H � DlA

	 

� 1

	 

: ð2:49Þ

where kATP is the reaction rate constant,

Dle
H ¼ ln

no
H

ni
H

� eu; DlA ¼ ln
ni

Ani
D0ni

P0

ni
Dni

Pni
A0

ð2:50Þ

where ni
A; n

i
D; n

i
P; n

i
A0; n

i
D0; n

i
P0 are the concentrations of ATP, ADP, and P inside a

mitochondrion and their corresponding concentrations at equilibrium, respectively.
The next enzyme of the mitochondrion membrane is adenosine nucleotide

translocase. This enzyme supplies the substrate for ADP3- synthesis from the
cytoplasm into the mitochondrion, and the reaction product, ATP4-, travels
through the membrane and into the cellular plasma. The equation for the ion
exchange reaction through the antiporter under consideration is as follows:

ADP3�
o þ ATP4�

i þ F�ADP3�
i þ F þ ATP4�

o : ð2:51Þ

The ion flow through the antiporter will take the following form:

JTD ¼
nF

2

kD"kT" kT# þ kD#
	 


kT#kD#
no

Dni
T exp uð Þ � ni

Dno
T

� �
; ð2:52Þ

where kD", kT", kD#, kT# are the constants of ADP3- and ATP4- binding and
release rate, respectively.

The K+–H+ and Na+–H+ antiporters are described by the following formulas:

JNaH ¼
nNaH

F

2

kNa"kH" kNa# þ kH#
	 


kH#kNa#
no

Nani
H � ni

Nano
H

� �
; ð2:53Þ

JKH ¼
nKH

F

2

kK"kH" kK# þ kH#
	 


kH#kK#
no

Kni
H � ni

Kno
H

� �
: ð2:54Þ
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A similar expression for the flow characterizes the Ca2+–2Na+ exchanger:

JCaNa ¼
nCaNa

F

2

kNa"kCa" kNa# þ kCa#
	 


kCa#kNa#
no

Ca ni
Na

	 
2�ni
Ca no

Na

	 
2
h i

: ð2:55Þ

The flow through the P–H+ symporter is described by the following formula:

JPH ¼
nPH

F
ki
"
ko
#

ko
#
þ ki

"

no
Pno

H � ni
Pni

H

� �
: ð2:56Þ

The ion flows through the electrogenic H+, K+, Ca2+, Cl- uniporters:

JH ¼
nH

F
ki

H"
ko

H#

ki
H#

no
H � exp uð Þni

H

� �
; ð2:57Þ

JK ¼
nK

F
ki

K"
ko

K#

ki
K#

no
K � exp uð Þni

K

� �
; ð2:58Þ

JCa ¼
nCa

F
ki

Ca"
ko

Ca#

ki
Ca#

no
Ca � exp 2uð Þni

Ca

� �
; ð2:59Þ

JCl ¼
nCl

F
ki

Cl"
ko

Cl#

ki
Cl#

no
Cl exp uð Þ � ni

Cl

� �
: ð2:60Þ

By using the flow of ions that was published previously (Melkikh and Seleznev
2012), the system of equations for the conservation of particles of each component
and charge were recorded. This system allows the determination of the internal
concentration and electrical potential of mitochondria as a function of the con-
centration in the solution and time.

Due to the complexity of the system of equations, the solution is possible only
with the use of numerical methods. To accomplish the task of restoring the
characteristics of the flow of ions through the mitochondrial membrane, must be
utilized a special program of experimental work to the duplicate samples of
mitochondrial suspensions from the cell body of a particular species to restore the
features of the investigated organelles.

Melkikh and Seleznev (2012) undertook a simpler alternative approach, which
allowed for the derivation of analytical formulas for the potential and internal
concentrations of ions as functions of their external concentrations. It is suggested
that through evolution, living organisms have selected structures and physiological
processes that optimally control vital functions and provide the necessary adapt-
ability and robustness of that control.

Based on this principal and assuming that the system has reached steady state,
we can obtain the following system of equations:
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mJr þ nJA ¼
¼ mA� exp Dlr � mDle

H

	 

� 1

	 

þ n exp nDle

H � DlA

	 

� 1

	 

¼ 0

ð2:61Þ

ni
T þ ni

D ¼ no
T þ no

D; ð2:62Þ

ni
T no

D exp euð Þ � ni
Dno

T ¼ 0; ð2:63Þ

no
Pno

H � ni
Pni

H ¼ 0; ð2:64Þ

ni
Kno

H � no
Kni

H ¼ 0; ð2:65Þ

no
Cl exp uð Þ � ni

Cl ¼ 0; ð2:66Þ

ni
n þ ni

Cl þ 2ni
T þ ni

D þ ni
P ¼ ni

K þ ni
H : ð2:67Þ

Here, A* is a constant that relates to the ratio of the numbers of F-ATPases and
respiratory chains. In the obtained system, the following values are unknown:
le

H ; ni
T ; ni

D; ni
P; ni

K ; ni
Cl; u; and all of these variables should be determined by

the seven Eq. (2.61–2.67).
In accordance with Melkikh and Seleznev (2012), we shall now consider the

normal physiological condition. For ATP synthesis (JA [ 0), the difference
between chemical potentials of the synthesis reaction Dli

Awas less than nDle
H :

When utilizing the experimental value of Dli
A ¼ 25:6; it is easy to determine the

stoichiometric number n:

n� 25:6
8:2
� 3:

Taking into consideration that

le
H ¼ ln

no
H

ni
H

� u; ð2:68Þ

the following expression for the ratio of proton concentrations inside and outside a
mitochondrion can be easily derived:

no
H

ni
H

¼ exp
li

A

3
þ u

� �
: ð2:69Þ

ni
T ¼

no
T þ no

D

	 

no

T exp �uð Þ
no

T þ no
D exp �uð Þ : ð2:70Þ

ni
D ¼ no

T þ no
D �

no
T þ no

D

	 

no

T exp �uð Þ
no

T þ no
D exp �uð Þ ¼

no
D no

T þ no
D

	 

no

T þ no
D exp �uð Þ : ð2:71Þ

Phosphate ion concentration:
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ni
P ¼

no
Pno

H

ni
H

¼ no
P exp

Dli
A

3
þ u

� �
: ð2:72Þ

Potassium ion concentration:

ni
K ¼

no
Kni

H

no
H

¼ no
K exp �

Dli
A

3
� u

� �
: ð2:73Þ

By using the neutrality equation, we shall obtain the approximate equation for
determining the resting potential:

exp �uð Þ ¼
2 no

T þ no
D

	 

þ ni

n

no
K þ no

Hð Þ exp
Dli

A

3

� �
; or ð2:74Þ

u ¼ ln
no

K þ no
H

	 

2 no

T þ no
Dð Þ þ ni

n

�
Dli

A

3
: ð2:75Þ

A simplified system of equations allows us to understand the basic mechanisms
that are responsible for the reaction in the mitochondria after an environmental
change.

Another area of mitochondrion physiology investigation is related to the study
of regulatory functions of calcium transport systems. As shown by studies from the
last 30 years, the cell utilizes a large sum of energy in maintaining a low con-
centration of calcium ions. Calcium ions are universal intracellular regulators, they
transmit incoming signals to the cell through enzymatic systems. In the resting
cell, the concentration of calcium is low, but when the cell receives the appropriate
signal, it responds with an avalanche-like increase in the concentration of calcium
ions.

It is necessary that cellular systems control the concentration of calcium in the
cytoplasm and are able to rapidly lower these levels, and these systems are built
into the cell membrane. In the outer membrane, the Ca-ATPase is a pump that acts
against the Ca2+ gradient from the cell and into the intercellular medium. An
additional system, the Ca2+–Na+ exchanger, is responsible for lowering the con-
centration of calcium in the cytoplasm by exchanging intracellular Ca2+ for
extracellular Na+.

The Ca-ATPase is located on the membrane of the endoplasmic reticulum. This
enzyme pumps Ca2+ ions from the cytoplasm into the endoplasmic reticulum
cisterns by way of ATP hydrolysis. In addition, in the mitochondria, a special
transport system can pump calcium from the cytoplasm to the matrix.

Increased intracellular Ca2+ is a type of alarm. In response to an increase in the
concentration of calcium ions, the cell mobilizes all its systems, which removes
calcium. Furthermore, the elevated concentration of calcium in the cell occurs only
for a short period, which allows for transmission of the stimulus.

The above scheme of signal transduction through calcium ions is at the base of
many systems, especially of muscle contraction.
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2.6.2 Sarcoplasmic and Endoplasmic Reticulum

The sarcoplasmic reticulum (SR) is a depot for calcium ions. To provide this
function, the SP membrane contains an ATP-dependent calcium pump that
transports two calcium ions from the cellular plasma into the SP for one event of
ATP hydrolysis.

The SR membrane is connected to the tubes of the T-system, which are directly
linked to the membrane of a muscular cell, by special membrane bridges
(Fig. 2.23). The signal for necessary muscle contraction travels through this sys-
tem to the SR membrane, Ca+2 channels open, and Ca+2 ions are injected into the
cytoplasm of the muscle cell where they excite muscle fiber contraction. During
the rest period, Ca+2 channels close, and Ca+2 ions are pumped into cisterns by an
ATP-dependent pump. For the described system to function, potential-dependent,
passive channels with variable permeability and an active calcium pump should be
present in the SP membrane.

The results of previous investigations (Meissner 2001; Shannon et al. 2000,
2001) show that no electric potential exists on the SP membrane or that this
potential is very low. Moreover, when the channels are closed, Ca+2 pumps
maintain the ratio of the concentration of Ca+2 ions inside and outside the SP at
approximately 7,000. It is reported that the Ca+2 pump also works as the mode of
ATP synthesis.

Functions of the endoplasmic reticulum (ER) consist of accumulation and
transport of substances that are important for a cell, and the ER, like the SR, is a
depot for Ca+2. The resting potential on the ER membrane is obtained within the
framework of the model for ion transport in the ER that was developed in a
previous paper (Marhl et al. 1998), and the balance of Ca+2 concentration in the
cytosol is carried out within this model. In particular, the passive and active flows
of Ca+2 ions through the ER membrane contribute substantially to this balance.

Fig. 2.23 Simplified scheme of the ion transporters in sarcoplasmic reticulum
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Thermodynamically correct expressions for the ratio of the concentrations of
calcium ions on the membranes of the SR and ER were obtained previously (Melkikh
and Seleznev 2012) on the basis of the proposed algorithm. From experimental data
on the stoichiometry of the ATP-dependent calcium pump (two Ca2+ ions for the
hydrolysis of one molecule of ATP), the following reaction can be written:

F þ 2Ca2þ
o þ T , F þ 2Ca2þ

i þ Dþ P: ð2:76Þ

In accordance with (6.6), we write the expression for the calcium flux with a
small calcium concentration as:

JATP
Ca ¼ kCa

# nFnDnP ni
Ca

	 
2
exp 4uð Þ exp DlA � 4eu� 2DlCað Þ � 1½ � ð2:77Þ

Because the calcium concentration is much smaller than the concentrations of
potassium, sodium and other ions, and because there are no pumps other than
calcium pump, in the SR, the potential will be close to zero. This result is in
agreement with the experimental data. Then, following from (2.77), the ratio of the
concentrations of calcium ions across the membrane in the case (JATP

Ca ¼ 0) can be
determined by the relation:

DlCa ¼ ln
ni

Ca

no
Ca

¼ DlA

2
: ð2:78Þ

With DlA ¼ 20; we have:

ni
Ca

no
Ca

¼ exp 10ð Þ � 22000;

which is in qualitative agreement with the experimental value of this ratio. The
reason for the difference, in all likelihood, is that we have neglected passive
transport of Ca2+ ions in (2.78).

2.6.3 Synaptic Vesicles

A model of active ion transport in synaptic vesicles has been discussed in detail in
Melkikh and Seleznev (2007, 2012). Here, we consider the model’s basic results.

Neurotransmitters are molecules that open channels and control the generation
of nerve impulses in neurons (for example, see Nicholls et al. 2001). At rest,
neurotransmitters are kept in synaptic vesicles (or in large, dense-core vesicles and
synaptic-like microvesicles (Harada et al. 2010)). During impulse propagation,
neurotransmitters leave the vesicles and open neighboring cellular channels in the
place of synaptic contacts.

According to some publications (Nicholls et al. 2001), a proton gradient, which
is created by H-ATPase as it transports protons into synaptic vesicles, is used to
transport neurotransmitters into synaptic vesicles.
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Experiments have shown that proton flow into a synaptic vesicle is provided by
energy from ATP. An expression for the flux of protons through an H-ATPase has
the following form:

JH ¼ ~CH expðDlAÞ n�H
	 


� exp 4uð Þ ni
H

	 
� �
ð2:79Þ

From this equation, we can calculate the steady-state proton concentration
within a synaptic vesicle as:

exp
DlA

4
� u

� �
no

H ¼ ni
H : ð2:80Þ

Neurotransmitters accumulate in various synaptic vesicles with individual
active transport systems. The schemes of select neurotransmitter transport systems
are shown in Figs. 2.24, 2.25, 2.26 (Nicholls et al. 2001).

The passive flow of all neurotransmitters was neglected based on the need for
the maximum effectiveness of ATP hydrolysis in energy utilization.

The active flow of neutral neurotransmitters into a vesicle has the following
form for monoamines and acetylcholine:

JT ¼ C1 no
T exp uð Þ ni

H

	 
2�ni
T no

H

	 
2
� �

: ð2:81Þ

Expressing this equation as the internal concentration of positive neurotrans-
mitters with an electroneutrality condition, the resting potential can be expressed as:

Fig. 2.25 The transport
scheme of GABA and glycine

Fig. 2.24 The transport
scheme of monoamines and
acetylcholine
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u ¼ ln
ni

T þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ni

Tð Þ
2þ4no

�no
þ

q

2no
�

0
@

1
A: ð2:82Þ

The concentrations of passive negative ion and positive ions are roughly equal
on the outside of the vesicle and are on the order of 0.1 M. The concentration of
the mediator on the inside of the synaptic vesicle is approximately 0.5 M. Con-
sidering that DlA has a magnitude of 20, the calculated potential is approximately
41 mV.

The proton concentration within the vesicle is equal to 0.0011 mM, which
corresponds to a DpH of 1.46 across the vesicle membrane. This value coincides
with the experimental data, which reports a DpH \ 2 (Gidon and Sihra 1989; Tabb
et al. 1992).

The mediator concentration outside of the vesicle is approximately 0.1 mM.
Similarly, we can derive an expression for the potential of GABA and glycine

as follows:

u ¼ 1
2

ln
no

H exp
DlA

4

� �
þ no

K

no
Cl

�
no

H exp
DlA

4

� �

2no
Cl

� 2:97	 10�5: ð2:83Þ

In dimensional units, the potential is 7.4 9 10-4 mV. This value is very small
in comparison to the characteristic potentials of a cellular membrane. In this case
we can consider the potential on the membrane of a synaptic vesicle to be absent.

The cellular mediator concentration is 3.4 mM in this case. This value quali-
tatively agrees with the experimental data.

For glutamate transport in a stationary case, the expression for potential will
take the form:

u ¼ ln
�ni

T þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ni

Tð Þ
2þ4no

�no
þ

q

2no
�

0
@

1
A; ð2:84Þ

which results in a negative potential of approximately—41 mV in dimensional
units. The cellular neurotransmitter concentration is 18 mM. This result is also on
the same order of magnitude as the experimental data.

Fig. 2.26 The transport
scheme of glutamate
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Neurotransmitters play an extremely significant role in ensuring the normal
functioning of the nervous system. At the same time, maintaining the concentra-
tion of neurotransmitters in the intercellular space and regulating the transport of
synaptic vesicles within the cell are also important. However, models of these
processes are absent from the literature.

2.7 Conclusions

By constructing models of transport systems in four cell types and compartments,
we were able to verify some of the proposed algorithms in Chap. 1. A comparison
with experimental data suggested that the proposed algorithms can qualitatively
describe ion transport processes across cellular membranes and compartments.
A transport system model was constructed for steady-state, allowing us to offer
algorithms for the regulation of ion transport. Ion concentrations could be main-
tained at level required by the cells, which may correspond to conditions with
insufficient experimental data.

Good agreement between the numerical modeling results and the mammalian
cell data supports the validity of our previous hypotheses to simplify the model. In
particular, this result supports the electroneutrality of the internal environment and
the minimum osmotic pressure difference across the membrane. Thus, within the
framework of our algorithm, it can be argued that animal cells have sufficient
commonality and that their structural and functional differences can be ignored. In
the future, the proposed algorithm can be used for building regulatory transport
systems in any animal cell, even in the absence of experimental data. Also justified
is the assumption that, in the framework of our model, compartments can be
considered isolated systems for modeling transport across the membrane.

References

Alvarez-Leefmans FJ (2001) Intracellular chloride regulation. In: Sperelakis N (ed) Cell
physiology sourcebook, 3rd edn. Academic Press, San Diego

Barish ME (1991) Increases in intracellular calcium ion concentration during depolarization of
cultured embryonic xenopus spinal neurons. J Physiol 444:545–565

Baumgarten CM, Feher JI (2001) Osmosis and regulation of cell volume. In: Sperelakis N (ed)
Cell physiology sourcebook, 3rd edn. Academic Press, San Diego

Beard DA, Qian H (2008) Chemical biophysics quantitative analysis of cellular systems.
Cambridge University Press, Cambridge

Cavalier-Smith T (1998) A revised six-kingdom system of life. Biol Rev Camb Philos Soc
73(3):203–266

Cavalier-Smith T (2002) The phagotrophic origin of eukaryotes and phylogenetic classification of
protozoa. Int J Syst Evol Microbiol 52:297–354

Chesler M (2003) Regulation and modulation of pH in the brain. Physiol Rev 83:1183–1221

2.6 Regulation of Ion Transport in Compartments of a Mammalian Cell 81

http://dx.doi.org/10.1007/978-94-007-5893-3_1


Craciun G, Brown A, Friedman A (2005) A dynamical system model of neurofilament transport
in axons. J Theor Biol 237:316–322

El-Mallakh RS (2004) Ion homeostasis and the mechanism of action of lithium. Clin Neurosci
Res 4:227–231

Faber GM, Rudy Y (2000) Action potential and contractility changes in [Na+]i overloaded cardiac
myocytes: a simulation study. Biophys J 78:2392–2404

Fossat B, Porthé-Nibelle J, Pedersen S, Lahlou B (1997) Na+/H+ exchange and osmotic shrinkage
in isolated trout hepatocytes. J Exp Biol 200:2369–2376

Freedman JC (2001) Membrane transport in red blood cell. In: Sperelakis N (ed) Cell physiology
sourcebook, 3rd edn. Academic Press, San Diego

Freedman JC, Hoffman JF (1979) Ionic and osmotic equilibria of human red blood cells treated
with nystatin. J Gen Physiol 74:157–185

Freudenrich CC, Murphy E, Liul S, Lieberman M (1992) Magnesium homeostasis in cardiac
cells. Mol Cell Biochem 114(1–2):97–103

Furimsky M, Moon TW, Perry SF (2000) Evidence for the role of a Na+/HCO3- cotransporter in
trout hepatocyte pHi regulation. J Exp Biol 203:2201–2208

Garcia-Romeu F, Cossins AR, Motais R (1991) Cell volume regulation by trout erythrocytes:
characteristics of the transport systems activated by hypotonic swelling. J Physiology
440:547–567

Gidon S, Sihra T (1989) Characterization of a H+-ATPase in rat brain synaptic vesicles. Coupling
to l-glutamate transport. J Biol Chem 264(14):8281–8288

Giffard RG, Papadopoulos MC, van Hooft JA, Xu L, Guiffrida R, Monyer H (2000) The
electrogenic sodium bicarbonate cotransporter: developmental expression in rat brain and
possible role in acid vulnerability. J Neurosci 20(3):1001–1008

Gusev GP, Agalakova NI, Lapin AV (1996) Activation of the Na+–K+ pump in frog erythrocytes
by catecholamines and phosphodiesterase blockers. Biochem Pharmaco 52(9):1347–1353

Harada K, Matsuoka H, Nakamura J, Fukuda M, Inoue M (2010) Storage of GABA in chromaffin
granules and not in synaptic-like microvesicles in rat adrenal medullary cells. J Neurochem
114:617–626

Hoffman EK, Dunham PB (1995) Membrane mechanisms and intracellular signaling in cell
volume regulation. Int Rev Cytol 161:173–262

Hume JR, Duan D, Coller ML, Yamazaki J, Horowitz B (2000) Anion transport in heart. Physiol
Rev 80(1):31–81

Jamshidi N, Edwards JS, Fahland T, Church GM, Palsson BO (2001) Dynamic simulation of the
human red blood cell metabolic network. Bioinform 17(3):286–287

Jamshidi N, Wiback S, Palsson BO (2002) In silico model-driven assessment of the effects of
single nucleotide polymorphisms (SNPs) on human red blood cell metabolism. Genome Res
12(11):1687–1692

Joshi A, Palsson BO (1989) Metabolic dynamics in the human red cell: part I. a comprehensive
kinetic model. J Theor Biol 141(4):515–528

Lew VL, Bookchin RM (1986) Volume, pH and ion-content regulation in human red cells:
analysis of transient behavior with an integrated model. J Membr Biol 92:57–74

Lluch MM, de la Sierra A, Poch E, Coca A, Aguilera MT, Compte M, Urbano-Marquez A (1996)
Erythrocyte sodium transport, intraplatelet pH, and calcium concentration in salt-sensitive
hypertension. Hypertens 27(4):919–925

Luo Ch-H, Rudy Y (1991) A model of the ventricular cardiac action potential, depolarization,
repolarization and their interaction. Circ Res 68:1501–1526

Luo Ch-H, Rudy Y (1994) A dynamic model of the cardiac ventricular action potential. Circ Res
74(6):1071–1096

MacManus ML, Churchwell KB, Strange K (1995) Regulation of cell volume in health and
disease. N Engl J Med 9:1260–1266

Marhl M, Schuster S, Brumen M, Heinrich R (1998) Modelling oscillations of calcium and
endoplasmic reticulum transmembrane potential. Role ot the signaling and buffering proteins
and of the size Ca2+ sequestering ER subcompartments Bioelectroch Bioener 46(1):79–90

82 2 Models of Ion Transport



Meissner G (2001) Ca2
+ release from sarcoplasmic reticulum. In: Sperelakis N (ed) Cell

physiology sourcebook, 3rd edn. Academic Press, San Diego
Melkikh AV, Seleznev VD (2007) Models of active transport of neurotransmitters in synaptic

vesicles. J Theor Biol 248(2):350–353
Melkikh AV, Seleznev VD (2012) Mechanisms and models of the active transport of ions and the

transformation of energy in intracellular compartments. Prog Biophys Mol Bio
109(1–2):33–57

Melkikh AV, Sutormina MI (2008) Model of active transport of ions in cardiac cell. J Theor Biol
252(2):247–254

Melkikh AV, Sutormina MI (2010) A model of active transport of ions in hepatocytes. Biophys
55(1):67–70

Mulquiney PJ, Bubb WA, Kuchel PW (1999) Model of 2,3-bisphosphoglycerate metabolism in
the human erythrocyte based on detailed enzyme kinetic equations: in vivo kinetic
characterization of 2,3-bisphosphoglycerate synthase/phosphatase using 13C and 31P NMR.
Biochem J 342(3):567–580

Murphy E, Coll K, Rich TL, Williamson JR (1980) Hormonal effects on calcium homeostasis in
isolated hepatocytes. J Biol Chem 255:6600–6608

Murphy E (2000) Mysteries of magnesium homeostasis. Circ Res 86(3):245–248. doi:10.1161/
01.RES.86.3.245

Nicholls JG, Martin AR, Wallace BG, Fuchs PA (2001) From neuron to brain, 4th edn. Sinauer
Associates, Sunderland

Raupach T, Ballanyi K (2004) Intracellular pH and KATP channel activity in dorsal vagal neurons
of juvenile rats in situ during metabolic disturbances. Brain Res 1017:137–145

Sarkadi B, Parker JC (1991) Activation of ion transport pathways by changes in cell volume.
Biochim Biophys Acta 1071(4):407–427

Shannon TR, Chu G, Kranias EG, Bers DM (2001) Phospholamban decrease the energetic
efficiency of the sarcoplasmic reticulum ca pump. J Biol Chem 276(10):7195–7201

Shannon TR, Ginzburg KS, Bers DM (2000) Reverse mode of the sarcoplasmic reticulum
calcium pump and load-dependent cytosolic calcium decline in voltage-clamped cardiac
ventricular myocytes. Biophysical J 78:322–333

Sillau AH, Escobales N, Juarbe C (1996) Differences in membrane ion transport between
hepatocytes from the periportal and the pericentral areas of the liver lobule. Experientia
52:554–557

Sperelakis N (2000) Physiology and Pathophysiology of the Heart, 4th edn. Academic Publishers,
Boston

Sperelakis N, Gonzales-Serratos H (2001) Skeletal muscle action potentials. In: Sperelakis N (ed)
Cell physiology sourcebook, 3rd edn. Academic Press, San Diego

Sriboonlue P, Jaipakdee S, Jirakulsomchok D, Mairiang E, Tosukhowong P, Prasongwatana V,
Savok S (2005) Changes in erythrocyte contents of potassium, sodium and magnesium and
Na, K-pump activity after the administration of potassium and magnesium salts. J Med Assoc
Thai 87(12):1506–1512

Swietach P, Tiffert T, Mauritz JMA, Seear R, Esposito A, Kaminski CF, Lew VL, Vaughan-Jones
RD (2010) Hydrogen ion dynamics in human red blood cells. J Physiol 588:4995–5014

Tabb JS, Kish PE, Van Dyke R, Ueda T (1992) Glutamate transport into synaptic vesicles. roles
of membrane potential, pH gradient and intravesicular pH. J Biol Chem 267(22):
15412–15418

Werner A, Heinrich R (1985) A kinetic model for the interaction of energy metabolism and
osmotic states of human erythrocytes. Analysis of the stationary ‘‘in vivo’’ state and of time
dependent variations under blood preservation conditions. Biomed Biochim Acta
44(2):185–212

Yachie-Kinoshita A, Nishino T, Shimo H, Suematsu M, Tomita M (2010) A metabolic model of
human erythrocytes: practical application of the E-cell simulation environment. J Biomed
Biotechnol ID 642420. doi:10.1155/2010/642420

References 83

http://dx.doi.org/10.1161/01.RES.86.3.245
http://dx.doi.org/10.1161/01.RES.86.3.245
http://dx.doi.org/10.1155/2010/642420


http://www.springer.com/978-94-007-5892-6


	2 Models of Ion Transport in Mammalian Cells
	2.1…Introduction
	2.2…Cardiac Cellcardiaccells
	2.2.1 Model of Transport Systems
	2.2.2 Regulationregulation of Ion Transportion transport

	2.3…Neurons
	2.3.1 Model of Transport Systems
	2.3.2 Model of Ion Transportion transport with a Restriction of Deviation from the Experimental Data
	2.3.3 Regulationregulation of Ion Transportion transport

	2.4…Erythrocytes
	2.4.1 Model of Ion Transportion transport
	2.4.2 Model of Regulationregulation of Ion Transportion transport: Efficiency or Robustness?

	2.5…Hepatocytes
	2.5.1 Model for Ion Transportion transport
	2.5.2 Regulationregulation of Ion Transportion transport

	2.6…Regulationregulation of Ion Transportion transport in Compartments of a Mammalian Cell
	2.6.1 Mitochondriamitochondria
	2.6.2 Sarcoplasmic and Endoplasmic Reticulum
	2.6.3 Synaptic Vesicles

	2.7…Conclusions


