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A quantitative analysis of cell volume and resting
potential determination and regulation in excitable cells

James A. Fraser and Christopher L.-H. Huang

Physiological Laboratory, University of Cambridge, Downing Street, Cambridge CB2 3EG, UK

This paper quantifies recent experimental results through a general physical description
of the mechanisms that might control two fundamental cellular parameters, resting
potential (E,,) and cell volume (V.), thereby clarifying the complex relationships between
them. E,, was determined directly from a charge difference (CD) equation involving total
intracellular ionic charge and membrane capacitance (C,,). This avoided the equilibrium
condition dE,/dt =0 required in determinations of E,, by previous work based on
the Goldman-Hodgkin-Katz equation and its derivatives and thus permitted precise
calculation of E,, even under non-equilibrium conditions. It could accurately model the
influence upon E,, of changes in C,, or V. and of membrane transport processes such
as the Na™—K"-ATPase and ion cotransport. Given a stable and adequate membrane
Na*—K*-ATPase density (N), V. and E,, both converged to unique steady-state values
even from sharply divergent initial intracellular ionic concentrations. For any constant set
of transmembrane ion permeabilities, this set point of V. was then determined by the
intracellular membrane-impermeant solute content (X™;) and its mean charge valency (zx),
while in contrast, the set point of E,, was determined solely by zx. Independent changes in
membraneNa™ (Py,) or K permeabilities (Px) or activation of cation—chloride cotransporters
could perturb V. and E,, but subsequent reversal of such changes permitted full recovery
of both V. and E,, to the original set points. Proportionate changes in Py,, Px and N,
or changes in Cl~ permeability (P;) instead conserved steady-state V. and E,, but altered
their rates of relaxation following any discrete perturbation. P, additionally determined the
relative effect of cotransporter activity on V_and E,,, in agreement with recent experimental
results. In contrast, changes in X;~ produced by introduction of a finite permeability term to
X~ (Px) that did not alter zx caused sustained changes in V. that were independent of
E,, and that persisted when Py returned to zero. Where such fluxes also altered the
effective zx they additionally altered the steady state E,,. This offers a basis for the suggested
roles of amino acid fluxes in long-term volume regulatory processes in a variety of excitable
tissues.
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Cell volume (V) and resting potential (E,,) constitute
two fundamental and interdependent baseline parameters
important for cellular function. Adrian (1956) showed
that membrane potentials of skeletal muscle fibres varied
with extracellular osmolarity in solutions where K*
constituted the only significant permeant ion. This E,,
shift followed predicted alterations in relative intra-
cellular and extracellular K* concentrations ([K*]; and
[K*].) as expected if V. varied linearly with reciprocal
extracellular osmolarity (Dydynska & Wilkie, 1963; Blinks,
1965). However, more recent findings suggested a more
complex relationship between V. and E, in more
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physiological extracellular solutions, and that this
relationship diverged between different cell types. Ferenczi
et al. (2004) suggested that osmotically induced shrinkage
in skeletal muscle fibres activated inward Nat—-K"-2Cl~
cotransport (NKCC). This stabilized E,,, despite expected
increases in [K*];/[K*]. (Adrian, 1956), by holding
[CI7]i/[CI"]. above its equilibrium value (cf. Aickin
et al. 1989). There was an accompanying trivial volume
recovery in agreement with earlier work (Blinks, 1965).
This behaviour contrasted sharply with that of several
other cell types in which shrinkage-induced cotransporter
activity produces marked regulatory volume increases
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(RVIs) (reviews: Lang et al 1998a; O’Neill, 1999),
but does not influence E,, (Lauf & Adragna, 2000).
Similarly, while exhaustive exercise leads to increases
in muscle fibre volume of up to 20% (Sjogaard et al.
1985), regulatory volume decrease (RVD) has never been
demonstrated in mature skeletal muscle fibres (Sejersted
& Sjogaard, 2000), although RVD is an almost ubiquitous
response to swelling in non-excitable tissues (O’Neill,
1999; Okada et al. 2001). Yet long-term muscle fibre
volumes in vivo remain remarkably stable (review: Proske
& Morgan, 2001) despite this apparent regulation of E,,
in preference to V. in the short term (Ferenczi et al.
2004).

The present study reconciled and clarified these findings
through the introduction of a mathematical model that
incorporated the principal factors known to influence
V. and E,. This interrelationship between V. and E,
is of potential importance particularly in excitable cells:
E,, depends on intracellular ion concentrations that are
altered both by volume changes and by volume regulatory
mechanisms. Skeletal muscle was used as a paradigm
of excitable cells in view of recently recognized inter-
actions between V. and E,, in this tissue (Geukes Foppen
et al. 2002; Ferenczi et al. 2004; Geukes Foppen, 2004).
This study examined how cellular volume and resting
potential might be determined, maintained and regulated
by the wide range of interdependent membrane transport
systems in excitable cells.

The model was designed to permit direct and precise
calculation of E;, for any value of its rate of change,
dE,,/dt. Therefore E,, was calculated directly from the
membrane capacitance C,, and the intracellular charge
difference, defined by the precise difference between the
total charge carried by the positive and negative ions within
the cell. This can be summarized in a charge difference
(CD) equation:

Ep = {F([Na"]; + [K"]; = [CI" ]; + zx[X" 1)}/ Cu,

where [X™]; denotes the internally sequestered osmolyte
concentration and zx its mean charge valency. Using
this formulation, it was possible to calculate E,, pre-
cisely even under conditions where volume changes
and/or volume regulatory mechanisms shifted trans-
membrane ion gradients away from electrochemical
equilibrium, resulting in net transmembrane ion
currents. Such currents would have violated the central
assumption of earlier analyses that employed the
Goldman-Hodgkin-Katz (GHK) equation (Goldman,
1943; Hodgkin & Katz, 1949), or derivatives such as the
Mullins-Noda (MN) equation (Mullins & Noda, 1963)
and the recent formulation of Armstrong (2003), which
required dE,,,/dt = 0.

Successive iterations using the charge difference method
could calculate the effect upon E,, of any combination of
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quantitatively defined membrane transport processes after
each suitably small time step of their activity. For example,
the calculations incorporated a Na*—K*-ATPase model
(Hernandez & Chifflet, 2000) and could simulate the
electrogenic effect of this pump directly from the changing
intracellular ion concentrations, without assuming the
condition that dE,/dt = 0, which is required for inclusion
of an electrogenic sodium pump term in GHK-derivative
equations (e.g. Mullins & Noda, 1963; Armstrong,
2003). This study additionally incorporated passive
E,,-dependent ion fluxes (Goldman, 1943), membrane
capacitance changes (Huang, 19814,b), cation—chloride
cotransport (Lauf & Adragna, 2000), non-monovalent
organic anion fluxes (review: Strange et al. 1996), changes
to zx such as may occur when organic anions buffer
pH changes, and volume changes and the consequent
concentration or dilution of intracellular ions. This
formulation could also be used to model ion anti-
port, rectifying and other non-linear permeabilities,
voltage-gated ion channels, and the influence of imposed
voltage steps upon V.. Many of these processes would be
difficult or perhaps impossible to model accurately using
a GHK-based formulation.

Finally, flexibility in the iteration time step would
permit modelling over any rate of change in any of the
parameters (e.g. even during action potentials), in direct
contrast to the central requirement of models based on
the GHK equation that dE,/dt =0. Thus, comparison
of the CD equation and the MN equation showed small
but demonstrably significant discrepancies in calculated
E., when dE,,/dt # 0. However, when dE,,/dt = 0, sub-
stitution of the solute concentrations that were determined
by the CD approach into the MN equation gave steady state
E,, values in perfect agreement with the CD modelling,
providing important confirmation of the validity of the
charge-difference approach.

This study first demonstrated that V. and E,, each
converge to unique steady state values thereby offering
fixed set points even in the absence of any specific
cellular mechanisms sensing V. or E,. Secondly, the
set point of V. at constant extracellular osmolarity
was determined entirely by the internally sequestered
solute content (X;) and its charge (zx), given stable ion
permeabilities and Nat—K*-ATPase density sufficient to
maintain a stable volume. Thirdly, steady-state E,, under
such conditions was determined solely by zx, and relaxed to
this value following any changes to intracellular inorganic
ion concentrations or membrane capacitance. Fourthly,
discrete changes in ion permeabilities, cotransport activity,
Na'—K"-ATPase density, or extracellular osmolarity were
shown to influence V. and/or E,,. However, whatever the
magnitude of the resulting perturbations, they completely
reversed with reversal of the underlying changes without
any requirement for specific V.- or E,,-sensitive control
mechanisms.
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Finally, changes in V. that in contrast were both
sustained and independent of E,, occurred only with
changes in cellular X~; content. Where such changes were
simulated by the introduction of a finite permeability
term to X~ (Px), the resulting transmembrane effluxes
of organic anion then produced sustained V. decreases
that persisted when Py was returned to zero and did not
influence the set-point of E,. This might offer a basis
for the possible role of amino acid fluxes in volume
regulatory processes in a variety of excitable tissues,
including cardiac muscle (Rasmusson et al. 1993), barnacle
muscle (Pena-Rasgado et al. 2001) and hippocampal
neurones (Pasantes-Morales et al. 2000; Olson et al. 2003).
In contrast, fluxes that resulted in a change in effective
zx also altered the E,, set point. This might occur, for
example, if an efflux consisted only of uncharged X,
thus altering the mean charge on the remaining X;. The
model thus confirmed that organic osmolyte fluxes are
entirely feasible for long-term volume regulation without
necessarily disrupting E,, and thus seem the most likely
candidate for volume regulation in skeletal muscle, a
cell type in which high Pq has been shown to prevent
cation—chloride cotransport mechanisms for this purpose
(Ferenczi et al. 2004). Furthermore, such changes to
organic anion content appear to be both necessary
and sufficient to produce volume changes of sufficient
magnitude and permanence to underlie processes such as
growth, atrophy and hypertrophy.

Mathematical model

The numerical model specifically avoided any dependence
on the assumption of electrochemical equilibrium that
was necessitated by earlier calculations of the membrane
potential, E,;, using the Goldman-Hodgkin-Katz (GHK)
equation or its derivatives (Mullins & Noda, 1963;
Armstrong, 2003). Thus E,,, was calculated at each iteration
time point, ¢, from the difference between the sums of the
intracellular positive and negative charges, i.e.

By = F([K"]; + [Na LC [Cl]i + zx[X7]5) (1)

F is Faraday’s constant (Cmol™!), C, (CV~'17!) is the
membrane capacitance referred to unit cell volume, [X™];
represents the total concentration (M) of a variety of
osmotically active and normally membrane impermeant
cellular constituents that include cytosolic proteins, amino
acids, nucleotides and phosphorus-containing anions
(Maughan & Recchia, 1985; Maughan & Godt, 2001) and
zx (dimensionless) is the mean charge valency of X™. zx
is negative; thus [X™]; balances the charge of the high
intracellular cation concentrations. Note that this equation
implicitly assigns the charge valencies of K*, Na™ and Cl~
as +1, +1 and —1, respectively.
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The passive ion fluxes were then modelled based on their
electrochemical potentials, using the Goldman equations
as modified by Hodgkin and Katz (Goldman, 1943;
Hodgkin & Katz, 1949), such that for any solute S its flux
(Js) per cm? of cell membrane (mol cm™2 s™!) is given by:

Js = Psem([S]ee! ™ — [S]ie) (2)
where:
FE, .. .
Q= ZSZRT (dimensionless),
2
Em = __v (dimensionless),
(e —e™?)

Ps (cm s™!) is the permeability of the membrane to S, [S].
and [S]; the extracellular and intracellular concentrations
of S (M), respectively, zs (dimensionless) the charge valency
of S, and F, Rand T have their usual meanings. Note that
fluxes of X~ could be simulated using this formulation,
although unless otherwise stated, Px = 0.

Nat—K*-ATPase activity was described by the detailed
kinetic model reported by Hernandez et al. (1989) using
rate constants and other numerical parameters as pre-
sented in Hernandez & Chifflet (2000). This employs a
six-stage sequential kinetic model of sodium pump activity
and calculates the pump flux Jp (mol cm™2s71) as:

1
Jp = EN(O(—,B) (3)

where « is the product of six ‘forward’ rate constants, 8 the
product of six ‘reverse’ rate constants, N the sodium pump
density, and X is a function of all the rate constants and
ligand concentrations, explicitly described in Hernandez
et al. (1989). Therefore the outward sodium flux is 3]p
and the inward potassium flux is 2/p. The rate constants «
and B depend on the following concentrations: [ATP];,
[ADP];, [inorganic phosphate] ([P;];), [KT]i%, [K*].%
[Nat];?, [Nat].? and E,,, as described in detail in the
original papers (Hernandez et al. 1989; Hernandez &
Chifflet, 2000) and not reproduced in full here. Hernandez
& Chifflet’s model effectively indicates that Jp depends
on the free energy changes inherent in each pump cycle:
thus Jp increases if the free energy change of each pump
cycle becomes more favourable, for example if the trans-
membrane Na*t, Kt or E,, gradients are reduced, or if the
reaction ATP — ADP + P; becomes more favourable (e.g.
by an increase in [ATP];). Such dependence of Jp upon
free energy changes has been explicitly demonstrated in
cardiac muscle (Jansen et al. 2003). No further regulatory
properties were added to this Nat—K*-ATPase activity.
The model also included contributions of the following
cation—chloride cotransporters to transmembrane ion
movements: the Na™—K"-2Cl~ cotransporter (NKCC)
and the Kt—CI~ cotransporter (KCC). As the purpose
of the study was to investigate the maximum possible
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contributions of these ion transport mechanisms, no
regulatory processes were modelled over and above
any dependence of the fluxes upon the intracellular
and extracellular concentrations of their transported
ions. These fluxes were modelled based on arbitrary
permeability terms, Pygxcc and Pyxcc (dimensionless)
expressed relative to the membrane permeability of
potassium. The ion fluxes through these cotransporters
were then calculated from the product of the transported
species’ transmembrane concentration gradients. Note
that ion fluxes through the cotransporters were therefore
independent of E,,, in agreement with experimental
evidence (Lauf & Adragna, 2000). Thus:

Jxce = PiP, ([K+]e[CI_]e - [K+]i[CI_]i) (43)

KCC

JNKCC = PkPNch([Na+]e[K+]e[Ci_]52
—[Na®Ji[K*};[Ci"]?) (4b)

For example if Pygcc=1, {([Nat].[K].[CI"].*)
/([Na* i [K L [CI 1)} = {[KH/[K* ]} and Ep =0,
then for every 1 mol flux of K* through background ‘leak’
channels, there would be a flux of 1 mol each of Na* and
K", and 2 mol of Cl~ through the NKCC. However, as the
transmembrane K flux is dependent on E,, while fluxes
through the NKCC are not, the ‘permeability’ terms of
the cotransporters are not straightforwardly comparable
to the basic ionic permeabilities at other values of Ey,.

At this stage of calculation the net ionic fluxes were
summed (expressed as Jrorar (Ms™!), positive inward), and
water movement (volume change) calculated by assuming
that all ion movements were accompanied by sufficient
water to render the ion fluxes isosmotic to the extracellular
medium. It is reasonable to assume water movement
follows ion movement with no lag as cell permeability to
water is at least 1000 times greater than to ions (Verkman,
1992; Frigeri et al. 2004). The relative volume after each
time step was thus:

(JroraL Am + i)
I,

Ve = Ve (5)

where A, is the membrane area per unit volume (cm?
I"!) and TII; and TII. represent total intracellular and
extracellular osmolarity, respectively (osmoll™'). Note
that A,, was maintained at a constant value that was
independent of cell volume. Although it is likely that
A, would indeed vary with volume in vivo, this was
not modelled for two reasons. Firstly, ionic permeability
per unit membrane area and sodium pump density
would be unlikely to stay constant if absolute membrane
area changed. Secondly, while A,, does clearly influence
the rate of transmembrane ion fluxes, it does not
influence the relative rates of such fluxes. In other
words, steady-state points of stability in the model are
independent of the value of A,. For a similar reason,
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average membrane permeabilities were used with the
assumption that each cell was a tube of 75 um diameter,
giving A, =5 x 10> cm 217!, No attempt was made to
model the transverse tubular system separately, as this
would influence the kinetics of the model, but not the
final values of the modelled parameters.

During each iteration step the calculations were
performed in the order of eqns (1)—(5). Then the new
membrane potential (Ep 1)) wWas once again calculated
from eqn (1) and the iteration cycles were repeated. The
model was initiated with a step size of 1078 s per iteration,
and this step size was then dynamically adjusted with each
iteration to maintain the rate of change of E,, at < 107°
V per iteration and the step size < 107> s per iteration.
The validity of this method was checked by repeating
several of the simulations with step sizes fixed at much
smaller or much larger step sizes (between 10~ and 1072 s
per iteration). These preliminary simulations confirmed
that, although excessively large step sizes could result in
oscillation of the calculated E,,, if step size was small
enough that such oscillations did not occur, step size
had absolutely no effect on the overall rate of change of
any parameter or on their final stable values. This step
size above which oscillations would occur was dependant
upon the rate of change of E,;,, and thus limiting the rate
of change of E,, in the variable step size model ensured
such oscillations did not occur. Modelling based on the
Mullins-Noda or Goldman-Hodgkin-Katz equation was
performed with a fixed step size of 10~ s per iteration. Each
of these simulations was then repeated with a fixed step size
of 10~* s per iteration, and the results were identical in all
cases.

Table 1 shows the standard parameters with which
the modelling process was initiated, unless otherwise
stated in the text. These parameters are representative of
amphibian skeletal muscle, and are derived from a variety
of sources. (Adrian, 1956; Eisenberg & Gage, 1969; Gage
& Eisenberg, 1969; Maughan & Recchia, 1985; Hernandez
et al. 1989; Huang & Peachey, 1989; Thompson & Fitts,
1992; Hernandez & Chifflet, 2000; Maughan & Godt, 2001;
Clausen, 2003).

Results

I. Volume determination in a cell with constant
membrane ion permeabilities, sodium pump density
and extracellular osmolarity

The intrinsic properties of Na™-K'™-ATPase activity
ensure both attainment and maintenance of stable
physiological values of E,, V. and intracellular solute
concentrations. Animal cells normally maintain stable
volumes (V.), membrane potentials (E,) and intra-
cellular ion concentrations: such homeostasis ultimately
requires a functioning Nat—K*-ATPase resulting in
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Table 1. Symbols used in the text, and initial values of parameters used in the model

Parameter Symbol Value Refs. (see legend)
Extracellular Na* concentration [Na']e 112.5 mm 1 (as frog Ringer)
Extracellular K concentration [K*]e 2.5 mm 1 (as frog Ringer)
Extracellular CI~ concentration [CI1e 115 mm 1 (as frog Ringer)
(Thus: Extracellular osmolarity) e 230 mosmol |~ 1 (as frog Ringer)
Intracellular ATP concentration [ATP]; 6 mMm 57,8
Intracellular ADP concentration [ADPJ; 6 x 1073 mm 57,8
Intracellular inorganic phosphate [P;i]i 4.95 mm 57,8
Membrane Nat permeability Pna 0.8x 102 cms! 1,2
Membrane K* permeability Pk 4x108cms! 1,2
Membrane CI~ permeability Pq 1.2x 1077 cms~! 1,2

(Thus: Ratio of permeabilities) PNa: Px: Pci 0.02:1:3

Na*+-K*-ATPase density N 5 x 10~'2 mol cm~2 5,8, 10
Mean organic osmolyte valency zx —1.6477 4,9
Membrane capacitance Cm 7 uF ecm—2 3,6

Key to references: (1) Adrian (1956). (2) Eisenberg & Gage (1969). (3) Gage & Eisenberg (1969). (4)
Maughan & Recchia (1985). (5) Hernandez et al. (1989). (6) Huang & Peachey (1989). (7) Thompson &
Fitts (1992) (8) Hernandez & Chifflet (2000). (9) Maughan & Godt (2001). (10) Clausen (2003).

effective sodium pump activity, without which cells
inevitably swell and eventually lyse due to an unopposed
net ion influx (Tosteson & Hoffman, 1960). A first
test of charge-difference (CD) modelling accordingly
examined whether a model cell with basic parameters
derived from experimental data (Table1) successfully
reproduced such pump-dependant stability. The results
were contrasted with approaches using the alternative
Goldman-Hodgkin-Katz (GHK) equation and its
variants.

Figure 1 summarizes a simulation that used semi-
arbitrarily chosen, as opposed to physiological, initial
solute concentrations in order to avoid presupposing
points of stability in the model: (to one decimal place)
[Nat];=126.7mmM, [KT];=2.5mm, [Cl"];=57.5mmM
and [X"];=43.5mm. These initial values, with the
exception of the replacement of approximately half
the CI~ by organic anions (X™), approximated normal
extracellular concentrations. Furthermore this particular
choice of values gave a total initial intracellular charge
difference of precisely zero, E.—0y=0mV, by the
CD method. Na*—K*-ATPase activity was left to be
determined solely by its intrinsic dependences upon
transported and energetic substrates, as described
in the Mathematical model section, without any
regulatory mechanisms involving any direct sensing of E,,
or V..

En, V. and each of the intracellular solute
concentrations gradually approached stable final steady
state values that strikingly reproduced the intracellular
ion concentrations and E,, found in frog skeletal muscle
(Hodgkin & Horowicz, 1959; Maughan & Recchia, 1985)
despite such arbitrary starting parameters. The membrane
potential E,n) was also calculated at each time point
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using the Mullins-Noda (MN) equation (Mullins &
Noda, 1963) for comparison with the corresponding
result E,,cpy from the charge difference equation. Ecp)
and the value of Enn calculated from the values of
the intracellular solute concentrations derived from CD
modelling independently converged to identical final
values (both precisely —88.235270 mV) despite the very
different methods of calculation, particularly regarding
the electrogenic sodium pump contribution. This
strongly corroborates the validity of the CD modelling
technique adopted here. However, E;nn) was almost
1 mV less negative than E,cp) in the initial transients.
This may reflect the condition in the MN equation
for calculation of resting membrane potential that
requires perfectly balanced leak and electrogenic pump
currents (Mullins & Noda, 1963). Similar requirements
would apply to other analyses similarly based upon the
Goldman-Hodgkin-Katz equation and its derivatives
(see also Armstrong, 2003). The initial phase shown in
Fig.1 would generate significant net ionic fluxes that
break this equilibrium assumption, result in dE,/dt # 0
and consequently additionally require treatment of the
capacitive current term C,(dE,,/dt).

However, at physiological resting ion permeabilities and
values of Nat—K*-ATPase density (N), dE,,/dt appears
relatively small even under disequilibrium conditions
such as the starting conditions for Fig. 1. Accordingly,
the significance of this early discrepancy between E.,cp)
and Enmn) was investigated. Alternative modelling,
nevertheless using the same initial values as in Fig. 1,
therefore calculated E,, at each step in the simulation
from the MN rather than the CD equation (eqn (1)) such
that E,,-dependant ion fluxes throughout the simulation
(eqns (2) and (3)) were dependant upon E ) rather
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than E,,cp). This alternative model successfully reached
stable final values of [Na't];, [K™];, [CI"]; and [X];
and E,,, but these values significantly differed from
those obtained using the CD model: [Na']; = 17.6 mm;
[KT];=105.6mmM; [Cl"]ij=43mm [X ];=102.4mm;
and E,, = —84.7 mV. These values appeared superficially
reasonable; however, they produced a large charge
discrepancy independent of the iteration time step
employed such that;

+1. 1. — [CI7 ] NF
F([K*] + [Na LC [CU)i+ X7 oy

Thus, in contrast to the convergence of E,,,un) with Encp)
as dE,/dt—0 in the CD equation model, these values
instead diverged with each iteration that dE,,/dr # 0
in the otherwise identical MN equation model to reach
impossible values. This emphasized the importance of
precise modelling of E,,,: transmembrane ion currents and
E,, are interdependent values. In Fig. 1, where dE,,/dt is
negative for each iteration until equilibrium is reached,
Emn is consistently slightly more positive than Eycp).-
An example of the consequences of this is that outward
K" flux is slightly increased over this period, amplifying
the small discrepancies in E,, with each modelling
step.

The recent formulation of Armstrong (2003) in which
a sodium pump term was added to the GHK equation
therefore shares its requirement that dE,/dt=0, and

__0.151 712
= K
s o1 \ B
8
= - 0.8
8 0.05 -
c
8 - 0.6 Ve
04
. 10CI” 20 30 40 50 T0.4
S
=2 -0.05 1
£ 102
u Em
-0.1- Lo

Time (min)

Figure 1. Activation of the sodium pump in a cell initially close
to passive equilibrium

The model was initiated with values of all intracellular ionic
concentrations close to equilibrium with the extracellular fluid,
although with approximately half the normal organic anion
concentration and a consequently lower [CI~]; to maintain a total
intracellular charge difference of zero. Thus initially

[Nat]i =126.7 mm, [KT]; = 2.5 mm, [CI7]; = 57.5 mm and

[X~]i = 43.5 mm. V¢ was initially defined as 1. Symbols are as follows:
K: [K*]i; Na: [Nat];; Cl: [CI=]i; X: [X~)i; Em: Em, VC: Vc. The basic
parameters such as ion permeabilities and sodium pump density were
derived from frog skeletal muscle (Table 1). Note that despite the
arbitrary starting conditions, each intracellular ion concentration,

V¢ and En, all reach stable values that are strikingly similar to normal
values for frog skeletal muscle.
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can additionally become insoluble due to a negative
logarithmic term when active fluxes are significantly
greater than passive fluxes. It was not therefore possible
to repeat the above comparison with the model based on
Armstrong’s equation.

CD modelling demonstrates a convergence of V. and
E,, to unique steady-state values that are independent
of the initial intracellular permeant ion concentrations
and membrane capacitance. Figure 1 thus demonstrated
that Nat—K*-ATPase activity alone, in the absence of
any specific regulation towards predefined values of
either E,, or V., inherently causes their convergence
to stable final values from an arbitrary starting point.
The following simulations investigated the factors that
determine these absolute values of E,, V. and each
intracellular solute concentration. First, Fig.2 displays
a simulation initiated from the final stable values from
Fig. 1 apart from resetting V. to 1. Complete inhibition
of Nat—K*-ATPase activity after 20 min (marked with
an asterisk) was followed as expected by the cell
contents beginning gradually to equilibrate with the
extracellular fluid. This was accompanied by a volume
change that tracked the changing [Cl™]; as might be
expected in the absence of any other extracellular anions.
However, Cl™ influx is not energetically favoured as Cl~
is normally passively distributed and thus at electro-
chemical equilibrium (possible effects of cation—chloride
cotransport mechanisms are considered in section IV).

0.15 -
s
S 017
s
§ 0.05 1
c
o
(@]
0 e
0051
Em 102
0.1 * t 1o

Time (minutes)

Figure 2. The effect of sodium pump inhibition

The model was initiated with variables derived from the final results
shown in Fig. 1, and therefore all variables were initially stable. For
clarity, [X~]i is not shown, as it is membrane impermeant, and thus its
concentration is straightforwardly related to V.. At the point marked
*, sodium pump density was reduced to zero, to simulate total sodium
pump inhibition. Note the rapid small upward step in En, that resulted
from the loss of the electrogenic pump activity. Following this there
was a gradual slower depolarization as [K*]; and [Na*]; began to
equilibrate with the extracellular fluid. This depolarization allowed
[CI=]influx and thus volume increase. At the point marked f, sodium
pump density was returned to its original value. Note that V, £, and
all intracellular ion concentrations returned to their starting values.
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Nevertheless, it is apparent from Fig. 2 that the Cl~ entry
could follow the depolarization of E,,, itself resulting
primarily from the gradual reduction in [K*];, as well
as the loss of the small electrogenic contribution of
the Nat—K*-ATPase. The time course of this cellular
swelling was somewhat more rapid than has been observed
in ouabain-treated skeletal muscle (e.g. Ferenczi et al.
2004), but closely agrees with previous attempts to
model such phenomena (Hernandez & Cristina, 1998;
Armstrong, 2003). Possible reasons for this apparent
discrepancy are explored in section II below. Restoration
of Nat—K™*-ATPase activity 50 min later (marked with a
dagger in Fig. 2) permitted recovery of each modelled
variable to precisely its original value. Thus steady state
V., E;, and all intracellular solute concentrations were
all unchanged by a period without Nat—K*-ATPase
activity despite the considerable perturbations that
resulted.

-
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Figure 3. Initial intracellular inorganic ion concentrations do
not influence eventual stable values of V. or E,,

A, the starting conditions of three cells used as examples. The model
was initiated with the intracellular organic anion concentration
identical to that eventually reached in Fig. 1, but with three arbitrary
and sharply different intracellular inorganic ion concentrations. Note
that none of the cells were initially isotonic to the extracellular fluid.
B, the final stable values reached after a 5-h modelling period.
Variation in the initial intracellular inorganic ion concentrations has no
influence on final stable values of V¢, En, [Nat];, [K¥];, [CI7]i or [X~];.
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The second set of convergence tests used sharply contra-
sting initial intracellular concentrations of inorganic ions
(Fig. 3A) but left [X™]; identical to the final value shown
in Fig.1 and all other cellular parameters identical to
those in Table 1. Figure 3B shows that corresponding final
values of E,,, V., [Nat];, [KT];, [CI]; and [X™]; after
a simulated 5 h period were entirely independent of these
enormously divergent initial inorganicion concentrations.
Thus Cell 1 (filled column) began with [total intracellular
osmolarity] < [extracellular osmolarity] and accordingly
shrankin the initial stages of the simulation, concentrating
all intracellular osmolytes. In sharp contrast, Cell
3 (grey column) began with a [total intracellular
osmolarity] >> [extracellular osmolarity] and showed an
initial swelling, which diluted all intracellular osmolytes.
Nevertheless, both cells eventually equilibrated to exactly
the same relative volumes and membrane potentials
entirely independently of these initial intracellular ionic
concentrations.

The possible influence of membrane capacitance (C,)
upon steady state value of E,, and V. was also investigated,
as C,, is known to vary significantly in skeletal muscle with
changes in E,, even in the physiological range (Huang,
1981a,b). Figure 4 therefore shows the effects of large step
changes in C,, in a simulation that was initiated with
identical parameters to Fig. 2, although it should be noted
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Figure 4. Membrane capacitance does not influence stable
values of V. or E,

The model was initiated with variables derived from the final results
shown in Fig. 1, and therefore all variables were initially stable. At
0.02 s, the membrane capacitance (Cry) was doubled from 7 uF cm—2
to 14 uF cm=2. This caused an immediate halving of En, but Er, then
relaxed towards its original value extremely rapidly (half-time 0.001 s).
Although this reflected a submicromolar change in the charge
difference, the ion concentrations and V¢ were grossly unchanged. At
0.04's, Cy was returned to 7 uF cm=2, resulting in a reverse of the
original step change in £, and a similar relaxation toward resting
values (half time 0.001 s). Finally at 0.06 s Cr, was halved to

3.5 uF cm~—2, resulting in an immediate doubling of £, followed by
its rapid relaxation towards the original steady state value (half-time
0.0005 s). Note the rapid time scale: Er, recovery to its steady state
value following C, changes occurs so rapidly that slow changes in C
do not cause detectable £, changes.



466 J. A Fraser and C. L.-H. Huang J Physiol 559.2

Table 2. A comparison of charge-difference-based modelling with Mullins-Noda equation-based modelling

[Na*]; [KT]; [CI7]; [X7]; Em(cp) Eman) IT;

En equation Cell Ve (m) (™) (m) (™) V) V) (m)
(Initial values) 1,t=0 1 0.138 0.000 0.000 0.084 0 —-0.09 0.222
2,t=0 1 0.200 0.200 0.262 0.084 0 +0.005 0.746
3,t=0 1 0.000 1.000 0.862 0.084 0 +0.002 1.946
cD 1, t=0 1 0.021 0.121 0.0038 0.084 —0.088 —0.088 0.230
cD 2, t=00 1 0.021 0.121 0.0038 0.084 —0.088 —0.088 0.230
CcD 3, t=00 1 0.021 0.121 0.0038 0.084 —0.088 —0.088 0.230
MN 1, t=00 0.81 0.017 0.105 0.0044 0.103 —1806 —0.084 0.230
MN 2, t=00 1.12 0.023 0.129 0.0036 0.075 +853 —0.090 0.230
MN 3, t=00 2.4 0.034 0.158 0.0029 0.035 +4509 —0.095 0.230

The table shows [Na™l;, [K*];, [CI"L;, [X~]i (Vo) and (Ey) for three cells with significantly different intracellular inorganic ion
concentrations at t = 0, prior to modelling. The final stable values of each of these variables is shown for otherwise identical models
based on either the charge-difference equation (CD) or the Mullins-Noda equation (MN) (t = cc). Note that while the charge-difference
model predicted that all three cells would stabilize with identical final values of each modelled variable, the Mullins-Noda model
predicts final values that are dependant on the starting conditions. However, the Mullins-Noda model predicted final intracellular ion
concentrations that were clearly impossible, as in each case there was a significant imbalance between the total concentrations of
positive and negative ions within the cell (the magnitudes of the voltages suggested by these imbalances are shown in bold type).
This resulted from the summation of many small errors in the calculation of Ey, produced at each iteration step of the Mullins-Noda
model for which dE,/dt was not precisely zero, and hence En,-dependant fluxes were consistently inaccurately modelled. In contrast,
the Mullins-Noda equation is in perfect agreement with the charge-difference equation if the former is applied at the final point of

stability of the charge difference model, where the assumption that dE,/dt = 0 is entirely valid.

that the results are plotted against a much faster time base.
As shown, each step change in C,, resulted in a reciprocal
change in E,,, but E,, then relaxed rapidly towards its
original resting value. When C,, was doubled from its
normal value of 7 uF cm™2 to 14 uF cm™? or when it was
halved from 14 uFcm=2 to 7 wFcm™? the half-time of
the E,, recovery was 0.001 s. When C,,, was halved from
7 nFem™ to 3.5 uF cm™2, the half-time of E,, recovery
was 0.0005 s. The half-time of relaxation of E,, therefore
follows the expected relationship with changing C,, that
it should be directly proportional to the magnitude of
that change and therefore to the total resultant trans-
membrane charge movement. It is therefore apparent that
even large changes in C,, do not influence steady state
values of E,,. Furthermore, E;, correction to its steady
state value following a change in C,,, occurs so quickly that
any changes in C,, that are considerably slower than those
considered here (i.e. that take place over more than a few
milliseconds) would not be expected to cause a detectable
change in E,,. V. and intracellular ion concentrations
are grossly unaffected by changing C,, although the
E,, corrections to steady state values do of course
reflect submicromolar readjustments in the precise ion
concentrations from which the charge difference equation
calculates E,,,.

E., V. and the concentrations of all intra-
cellular solutes thus converge to fixed set points
that are independent of other starting conditions
given similar conditions of sodium pump density, ion
permeabilities and intracellular impermeant organic

anion content. This intrinsic regulatory property for
baseline V. and E,, does not require any existence
of control processes explicitly sensitive to either V.
or E,. E, and V. similarly return to exactly these
unique stable values after any discrete perturbation
to intracellular inorganic ion concentrations such as
may occur during discrete periods of transmembrane
cation—chloride cotransport (explicitly demonstrated in
section IV).

Modelling based on the GHK equation fails to
demonstrate unique V. and E,, set points independent of
initial intracellular inorganic ion concentrations. Table 2
demonstrates that simulations based upon the GHK
equation and its derivatives yielded sharply divergent
results. Although modelling using both the MN and the
CD equations demonstrated that E,, V. and intracellular
solute concentrations all converge to final stable values,
only the CD model predicted that these final values were
independent of the initial intracellular inorganic ion
concentrations. By contrast, in the MN model these final
values markedly depended upon the initial intracellular
inorganic ion concentrations. Furthermore, use of the
MN model predicted enormous discrepancies between the
total intracellular concentrations of positive and negative
ions that would predict impossibly high transmembrane
voltages (shown in bold type). The contrasting predictions
of the two forms of model were further examined using
an analytic relationship between steady state V. and E,,,
for a cell with passive transmembrane distribution of
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Cl~, which is derived in the Appendix:

(1 — zx)[X™ Ji(=0)
I — 2[Cl™ ]celEnF/RD)

Velizoo) = (

This formulation cannot be used to predict the steady
state values of any of its variables but nevertheless usefully
defines the physically permissible relationships between
Ve, Em» zx> [X7];, e and [Cl™] by delimiting the range
of values under which intracellular and extracellular
osmolarity are equal, and the charge difference is small.
It thus provided an important assay of the validity of the
results from CD and MN modelling. The results in Table 2
from the CD model followed this relationship accurately.
In contrast, the results from the MN model did not, further
suggesting that the small inaccuracy in the calculated value
of E,, under disequilibrium conditions was significant
and that the precision of the CD model is an absolute
requirement for accurate cellular modelling under such
conditions. Furthermore, both the magnitudes and signs
of these erroneous voltages themselves varied with the
initial conditions. Using the basic GHK equation worsens
these discrepancies (results not shown). These findings
contrast sharply with charge difference-based modelling,
which provides steady state values of E,, that are in precise
agreement with the MN calculation based on the final
concentrations derived from the CD model.

Il. The effects of ion permeabilities and sodium pump
density on cellular volume determination

Although the sodium pump is required to maintain V
and E,, variations in its activity within defined limits
have little influence on their values in a stable cell. The
demonstration that V. and E,, converge to stable values
that are independent of the initial intracellular inorganic
ion concentrations prompted investigation of alternative
factors that might determine these apparent set points.
This began with an investigation of the relative importance
of the sodium pump density (N) and transmembrane ion
permeabilities in the determination of V. and E,,. The
simulation in Fig. 5A began from affer a period in which
the model was run from the final solute concentrations
of Fig. 2 to its point of stability with an extremely high
sodium pump density (N =107 mol cm~2) (Else et al.
1996; Clausen, 2003). Thereafter, at each point marked
with an asterisk, the sodium pump density was reduced
10-fold, and the model allowed to re-equilibrate. This
process was repeated until the resultant pump rate could
no longer maintain a stable cell volume as reflected
in the relative magnitudes of the leakage currents and
the maximum pump rate: the latter is achieved when
[Nat]; is at a maximum and E,, and [K']; are at a
minimum. Figure 5B summarizes such effects of sodium
pump density upon E;, and cell volume. Where N <
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approximately 2 x 107 molcm™2, V. and E,, did not
reach stable values, and therefore V. and E,,, are plotted for
t =50 min (dashed line) and 150 min (continuous line)
following a reduction in N to the lower value after a period
of equilibration with N =5 x 107" mol cm™2.

Figure 5 thus demonstrates that even extremely large
variations in N can leave E;, and V. unchanged. In
part this is a consequence of the fixed stoichiometry of
the sodium pump, as this would imply that there is a
point where the free energy output of hydrolysis of 1
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Figure 5. Sodium pump activity is required for volume stability,
but within limits, variations in its activity leave V. and E,
conserved

A, the effect of successive 10-fold reductions (each marked *) in
sodium pump density (N') from an initial value of 5 x 10~ mol cm=2.
Notice that at values of N sufficient to allow stable cell volume, large
changes in N had relatively little effect on V¢ or Eny, such that a

10 000-fold reduction to N =5 x 10~"2 mol cm~2 resulted in <1%
increase in V¢ and < 5% depolarization of £r,,. However, a further
10-fold reduction in N destabilized cell volume. B, a summary of the
relationship between N, V¢ (triangles) and En, (squares). Filled symbols
denote final stable values, while for values of N insufficient to stabilize
cell volume, the open symbols denote values of Em, or V¢ obtained
either 50 min (dashed line) or 150 min (continuous line) after N was
reduced from 5 x 1012 mol cm~2 to the value indicated. Note that,
for this particular set of ion permeabilities, a pump density of at least
2.5 x 10~"3 mol cm~2 was necessary for stability of V. or . Note
that for all values of N sufficient to result in £, of at least —80 mV
(N> 3 x 1072 mol cm=2), variation in N has little influence on V¢ or
Em. Thus for an excitable cell at least, variation of sodium pump
density could not be expected to regulate or determine V¢ or Ep,.
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molecule of ATP is insufficient to balance the free energy
requirements of pumping 3 Na® and 2 K* against their
respective electrochemical gradients. At this point, the
sodium pump density becomesirrelevant. In excitable cells
the electrochemical gradients are indeed extremely close to
the point where activity of the Na™—K*-ATPase becomes
energetically unfavourable (Jansen et al. 2003).

These findings suggest that if an excitable cell is to
remain highly polarized, then while a sufficient level
of sodium pump activity is clearly required to attain
and maintain a stable volume, changes in its activity or
density within such limits can have very little effect on
V. as sodium pump activity cannot influence V. and E,,
independently. Indeed, if N is the minimum sufficient
to maintain E;, at less than —80 mV, then increasing it
more than 1000-fold would decrease the cell volume by
less than 2%. Conversely, although a small reduction in
N from this point might result in significant swelling,
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this swelling would occur secondarily to a proportionately
larger depolarization. Furthermore, such depolarization
may result in a destabilization of cell volume due to CI~
entry. In other words, such very low pump densities may be
insufficient to maintain a stable cell volume, as maximum
total pump activity may therefore be less than the resultant
net leakage current. Finally, these properties arise simply
from theintrinsic dependences of its sodium pump activity
upon transported and energetic substrate in the absence
of mechanisms that involve any direct sensing of V. and
En.

Transmembrane ion permeabilities influence E,
but cannot independently determine V.. Figure6A
summarizes an investigation of how interactions
between sodium pump density and transmembrane ion
permeabilities influence V. and E,,. Figure 6Aa explores
the influence of the Py, : Pk ratio at constant Px showing
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Figure 6. The influence of sodium and potassium permeabilities on V. and E,

In each figure, open symbols mark the line showing the relationship between N and V. or £ for the case
of Pna : Pk =0.02: 1, the permeability ratio explored in detail in Fig. 5. For clarity, only N-values that result
in stable values of Em and V. are plotted in this figure. A, at constant Pk, the relationship between N and
(@) Em or (b) V. for four different Pk : Pna ratios. Pna : Pk ratios: @ 0.01:1; 0 0.02:1; A 0.05:1;, m0.1:1.
B, at constant Px/Pna, the relationship between N and (a) £y or (b) V¢ for four different values of Px. Pna : Pk
ratios: @ 0.002:0.1; 0 0.02:1; A 0.1:5; m 1:50. Note that increases in Py without alteration of the Pn; : P
ratio resulted in a rightward shift of the £ or V. against N plots of equal magnitude, such that variation in Px
with a constant Py, : Pk : N ratio did not change En, or V¢ set point. In contrast, an increase of the Py, : Pk ratio
at constant Py resulted primarily in an upward shift of the En, or V¢ against N curves. Pc did not influence the
steady state values of any of the modelled variables (not shown).
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only values of N that result in stable values of E,, and
V. for clarity. Increasing the Py, : Px ratio in isolation
depolarizes E, for all values of N and produces an
upward shift of the E,, against N plot. It also increased
the minimum value of N required to maintain a stable
cell reflected in the additional rightward shift of the E,,
against N plot. Figure 6Ab, shows that the change in E,,
and the resultant change in [Cl™]; shown in Fig.6Aa
secondarily influenced V.

In contrast Fig. 6 B shows that increases in both Py, and
Py in proportion simply produced a proportional right-
ward shift of the E,, or V. against N curves, and therefore
the original steady state set points of both V. and E,,
would be conserved provided the proportions Py, : Px : N
remained constant. Instead, any change in the magnitude
of these values altered the kinetics with which E,, and
V. returned to their set values following any discrete
perturbation. It may be noted that the rate of cell swelling
following sodium pump inhibition shown in Fig. 2 would
fit better with experimental observations (Ferenczi ef al.
2004) were Py rather lower than published values (Adrian,
1956) while maintaining the ratio Py, : Px : N.

Finally, all changes in P¢ where Pg > 0 had no effect
on the E,, or V. set points where the transmembrane
distribution of CI~ was entirely passive, as its intracellular
concentration, and hence V. would then be determined
entirely by the set point of E,,, which would be defined by
the other factors discussed. However, P can influence the
rateatwhich E,;, and V return to their set points following,
for example, cotransporter activation (see section IV).

lll. The role of intracellular impermeant solute in
cellular volume determination

Cellular volume is primarily determined by impermeant
ion content and charge. The previous simulations clearly
showed that sodium pump activity provides both a
necessary and sufficient condition for attainment and
maintenance of a stable V. (Figs1 and 2), that V_ is
then determined independently of initial intracellular
ion concentrations (Fig.3) and membrane capacitance
(Fig. 4), and that changes to sodium pump density (Fig. 5)
or inorganic ion permeabilities (Fig. 6) within stable limits
could have relatively little influence on V. without a far
greater effect on E,,. The simulations in Fig. 7 provide
a contrasting demonstration that it is the intracellular
impermeant anion content (modelled as a change in
the ratio [X™];: I1.) that influences the set point of V.,
but that this has no influence on the set point of E,.
Note that initial charge neutrality, despite these variations
in the initial value of [X™];, was achieved by adjusting
the initial concentrations of inorganic ions (Fig.7A).
Nevertheless Fig. 3 showed that the initial concentration
of inorganic ions does not influence set points of either
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V. or E,. Figure 7B shows that, whereas alterations in
the initial concentration of inorganic ions leaves V. and
E,, constant, changes in [X™];,—) altered the set point of
V. while leaving the corresponding set points of all other
parameters, including E,,, unaffected. The simulation
could be extended to the limit to demonstrate that intra-
cellular impermeant anion is necessary to prevent the
action of the sodium pump resulting in V. — 0.

As the impermeant anion, X7;, could potentially
influence V. and E,, through both its osmotic effect
and its electrical charge, the model was next extended
to clarify the effect of the mean charge valency of
X~ (zx). Once again initial concentrations of inorganic
ions were appropriately corrected to maintain an initial
charge difference of zero, but such changes do notinfluence
the set points of V. or E,,. Figure 8 summarizes the effect
upon V., of varying zx at a fixed initial [X]; (Fig. 8A) using
three values of zx =2 (filled column), 1 (open column)
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Figure 7. Intracellular organic ion concentration determines the
eventual stable value of V. but does not influence E,,

A, the starting conditions of three cells. These cells were modelled
with initially different intracellular organic anion concentrations. Note
that although initial intracellular inorganic ion concentrations also
varied between the three cells, this would have no influence on the
final stable values of V. or En, (see Fig. 3). B, the final stable values
reached after a 5-h modelling period. Each cell reached identical stable
values of E, [Na™];, [K*],, [CI7]i or [X~];, demonstrating that variation
of intracellular organic anion content has no influence on these
variables. In contrast, the final stable volumes were sharply different.
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and 0 (grey column), respectively. Figure 8B shows that
the value of zx influenced the set points of all modelled
variables, including those of both V. and E,,. Figure 8C
summarizes the precise relationship between zx, V. and
E,, and this shows that, for a given initial concentration of
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Figure 8. The mean valency of intracellular organic osmolyte
influences the eventual stable values of both V. and E,,

A, the starting conditions of three cells. These cells were modelled
with initially identical intracellular organic osmolyte concentrations,
but in each cell the mean charge valency of this osmolyte (zx) was
different. Note that although initial intracellular inorganic ion
concentrations also varied between the three cells, this would have no
influence on the final stable values of V. or Er, (see Fig. 3). Filled
columns: zx = 2; open columns, zx = 1; grey columns, zx = 0. B, the
final stable values reached after a 5- h modelling period. Each cell
reached stable values of V¢, En, [NaT];, [KF];, [CI7]i or [X~];, but there
were no similarities between the three cells. Increasing the negative
charge on intracellular organic osmolyte produced larger, more highly
polarized cells. C, a summary of the influence of zx upon £
(continuous line) and V¢ (dashed line).
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impermeant intracellular anion ([X~];,=)), the set point
of V. is almost linearly related to zx; the relationship
is linear for higher magnitudes of zx, while at lower
magnitudes of zy, the effect of the osmolarity of X~; hasa
proportionately greater influence. For zx >> 0, at physio-
logical initial values of [X™]; (approximately 85 mm), V.
is proportional to the magnitude of the valency with
the approximate relationship V. = 0.37zx 4+ 0.39 (a more
general relationship is derived in the Appendix). This
should be compared with the results of Fig. 3, in which
it was shown that cells with identical [X™];;=o reach
identical final values of V., E, and all intracellular solute
concentrations. Figure 8 C thus shows that this conclusion
is dependent upon zx. Furthermore, it is probable that the
value of zx may change in vivo, for example in response
to pH changes, and this could result in changes to steady
state V., E,, and all intracellular solute concentrations.

One further finding was that lower magnitudes of zx
required fewer Nat—K*-ATPase cycles to maintain stable
V. and E,, in a sense because reducing zx reduces the
tendency of the cell to swell. Although the maximum
obtainable E,, is also reduced by this manipulation, it may
be that non-excitable cells have lower zx than excitable cells
in order to conserve energy.

IV. Short-term versus long-term volume regulation

Cation—chloride cotransport permits short-term changes
in V. and/or E,, and such changes depend upon cellular
Cl- content and permeability. The simulations above
show that cell volume is ultimately maintained by
Nat-K*-ATPase activity, and when membrane ion
permeabilities are constant, is determined primarily by
the intracellular impermeant anion content and its charge.
However, many cell-types exhibit RVI and RVD driven by
transmembrane ion fluxes (reviews: Lang et al. 19984,b).
Furthermore, skeletal muscle is known to express at least
the K"—Cl~ cotransporter (KCC) (Lauf & Adragna, 2000)
and the Nat—K™-2Cl~ cotransporter (NKCC) (Wong et al.
1999; Lindinger et al. 2002). Together with the findings
above (see, for example, Fig. 3) that V. and E,, set points
appear independent of intracellular ion concentrations,
this prompted direct examination of the potential roles of
the cation—chloride cotransporters in volume regulation.

Figure 9A shows the effect of a 40-min period
of Nat—K*-2Cl~ cotransporter (NKCC) activation in
skeletal muscle. The value of Pygcc was initially zero,
was then increased to 10000 at 20 min, and was finally
returned to zero at 60 min. This transient activity had
three main effects. First, NKCC activity resulted in an
increase in V. (~20%) that was small in comparison to
the significant depolarization of E,, (> 50%). This was
because NKCC activity held [Cl™];/[Cl~]. above its normal
electrochemical equilibrium, and due to the high P¢ of
skeletal muscle, this resulted in significant depolarization
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Figure 9. The effects of cation—chloride cotransport activity
NKCC activity in a tissue with Pc)/Px = 3 (similar to that of skeletal
muscle) (A) and P¢/Px = 0.05 (similar to that of an erythrocyte) (B). All
other parameters were identical, and both cells were subjected to the
same levels of NKCC activity. Thus in each case Pnkcc was initially O,
was stepped to 10 000 after 20 min (marked *), and was then
returned to 0 at 60 min (marked t). Note that in each case, the NKCC
caused a rapid increase in [Na™]; and [CI7];, and a paradoxical
reduction in [K*]; despite an increase in cellular K* content, due to the
concomitant water influx. In addition, both cells reached new stable
values of V¢, Em and all intracellular solute concentrations despite the
continued ion influx through the NKCC. This was due to a reduction in
NKCC activity as the [Na+J[K+][CI~];2 product increased, and an
increase in Nat—K*-ATPase activity as the [Na™]; increased, [K*];
decreased and £, depolarized. However, in the cell depicted in
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of E,. Secondly, sustained NKCC activation did not
result in continued swelling or depolarization. Rather,
it shifted V. and E, to new stable values. This new
steady state reflected a gradual reduction in the rate of
NKCC activity and a parallel increase in Na*—K*-ATPase
activity. The decreased NKCC activity resulted from a
gradual reduction in the initially favourable gradient
for coupled Na™, K™ and 2 Cl~ entry as NKCC activity
increased the [Na*];[K*];[Cl~];* product. The increased
Nat—K*-ATPase activity was primarily due to increased
[Na*], and to a lesser degree to the depolarization of E,,
and the reduction in [K*];, this latter change occurring
despite K™ influx, due to the diluting effect of water influx.
Thirdly, it must be noted that cessation of NKCC activity
allowed complete and rapid recovery of E,, and V. to their
original set points.

Figure 9B shows the effect of NKCC activity in a cell
with the Pg: Pk ratio reduced from the approximately
3:1 ratio of skeletal muscle (Hodgkin & Horowicz,
1959) to a 0.05:1 ratio similar to that of, for example,
erythrocytes (Freedman & Novak, 1997). All other
parameters, including starting conditions and Pygcc were
identical to those in Fig. 9A to allow direct comparison
of the interaction between NKCC and Pg. It is clear that
P¢ profoundly influences the possible consequences of
NKCC activity. Firstly, the increase in V. (> 40%) was
very much greater in a cell with low Pg. Secondly, this
significant swelling was accompanied by only a small
depolarization of E,, (< 10% change). Thirdly, the rate
of volume recovery following cessation of NKCC activity
was very much slower, reflecting the much slower return
of the accumulated Cl7; to a passive transmembrane
distribution.

In addition, final stable intracellular ion concentrations
were also changed considerably less than in the cell with
high P¢; during NKCC activity. This is because the cell with
high P¢ showed a high rate ofion influx through the NKCC
even at the point of V. and E,, stability due to the much
greater Cl~ efflux through the background leak channels,
and despite the resultant increase in Nat—K'-ATPase
activity, intracellular ion concentrations were significantly
perturbed. In contrast, in the low Pq cell, the rate of ion
influx through the NKCC was eventually severely limited

panel A, En, depolarized very significantly (=~50% reduction) while V¢
increased by approximately 20%. In contrast, the cell depicted in panel
B showed very significant swelling (=40%) and very little
depolarization of £, (<10%). The rate of recovery to normal values of
Em and V. following cessation of NKCC activity is also significantly
different between the two cells. C, corresponding effects of KCC
activity in a high P cell. Although efflux of K* and CI~ was initially
favourable, the efflux was severely limited by the low [CI~]; in such a
highly polarized cell. V( therefore decreased by <1%, while En,
hyperpolarized by 5 mV. Note the small increase in [Na™]; and decrease
in [K*]; due to the effect of this hyperpolarization upon the
Nat-K*+-ATPase.
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by the sustained high [Cl™];, and this allowed relatively
normal levels of Na*™—K™-ATPase activity to restore other
ion concentrations to close to their usual values. An
important consequence of this finding is that maintenance
of volume stability during similar levels of NKCC activity
would require much greater energy expenditure in a cell
with high P than in one with low Pg.

The simulations of high P¢ tissue thus fully reconstruct
the experimental findings of Ferenczi et al. (2004) which
showed that NKCC activity in skeletal muscle increased
the volume of cells shrunken in hypertonic solutions only
marginally, and instead depolarized cells sufficiently to
compensate for the hyperpolarization otherwise seen in
similarly treated muscle fibres in Cl™-free solutions (as
Adrian, 1956), or in which the NKCC had been inhibited.
It was therefore concluded that NKCC served to stabilize
E,, in skeletal muscle in hypertonic solutions, and the
current findings correspond well with this conclusion. The
relative magnitudes of the influence upon V. and E,, of
cation—chloride cotransport in the high P¢ simulation are
close to those reported experimentally by Ferenczi et al.
(2004). In each case, the magnitude of the influence upon
E., is 2-3 times the magnitude of the influence upon
V.. Similarly, in the low Pg simulation, the magnitude
of the influence of NKCC activity upon E,, is <20%
of the magnitude of the change in V., compatible
with the role of this transporter as a primarily volume
regulatory mechanism in the majority of non-excitable
tissues (Russell, 2000).
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Figure 10. Organic osmolyte efflux

Organic osmolyte efflux was simulated by introducing a small
membrane permeability to organic anions, Px = 0.0001, at the point
marked *, allowing gradual outward diffusion of X=. Such efflux drove
steady water efflux and volume reduction. It also caused a small
depolarization from —89 mV to —86 mV, as would be expected from
the introduction of a permeability term for an otherwise internally
sequestered anion. In contrast to the effect of a similar period of
cation—chloride cotransport (Fig. 9), the volume change was able to
continue almost indefinitely without any further alteration to the
membrane potential. Most strikingly, the cessation of organic osmolyte
efflux (at the point marked ) showed that the volume reduction was
not reversed by continued activity of the sodium pump, in sharp
contrast to volume changes resulting from inorganic ion fluxes.
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Finally, the effects of KT™—Cl~ cotransporter (KCC)
activity (Pgcc = 100) were also investigated (Fig.9C).
Its activity resulted in a slight reduction in [Cl7];,
although its activity was clearly limited by the initially
low [CI™];. However, although this precluded significant
volume decrease by this mechanism, there was a small
(~5mV) hyperpolarization of E,,. Higher or lower values
of Pxcc (1000 or 10) produced very similar changes to V.
and E,,, reflecting the fact that activation of this trans-
porter quickly equalizes the [K*];[Cl~]; and [KT].[Cl7].
products. Finally, V. and E,, returned to their original
values on cessation of KCC activity.

Organic anion fluxes result in significant and sustained
changes to cell volume without causing sustained
changes to E,. Cation—chloride cotransport thus
appeared unable to significantly change V. in skeletal
muscle due to the high P, and was unable to produce
V. changes that were sustained following cessation of
cotransport activity, with the rate of recovery to resting
V. influenced by Pc;. Instead, they caused significant,
although similarly unsustained, changes to Ey,, resulting
primarily from the effect of changes to [Cl™];.

In contrast, volume-sensitive organic anion fluxes have
been implicated in the volume regulatory process in
a variety of excitable tissues, including cardiac muscle
(Rasmusson et al. 1993), barnacle muscle (Pena-Rasgado
et al. 2001) and hippocampal neurones (Pasantes-Morales
et al. 2000; Olson et al. 2003). Their contributions to
volume and E,, regulation were accordingly investigated
by introducing a term to the model reflecting a small
permeability to X~; (Px). Figure 10 demonstrates that
introduction of Px = 0.0001 resulted in gradual volume
reduction accompanied by a small depolarization of E,.
However, in contrast to the effect of cation—chloride
cotransport activity, this volume reduction could continue
indefinitely, while E,, stabilized at this slightly depolarized
value. Most significantly, reduction of Px back to zero
resulted in a return of E, and all intracellular ionic
concentrations to normal, but at a significantly reduced
V. Furthermore, linkage of organic anion fluxes to cation
fluxes (Schultz & Curran, 1970; Hudson & Schultz, 1984,
1988), using electroneutral cotransport models analogous
to that used for the cation—chloride cotransporters,
allowed volume decrease or increase without the trans-
ient E,, shift that resulted from organic anion flux alone
(data not shown). However, at cessation of the activity of
such transporters, the steady state values of V. and E,,
were determined solely by the magnitude of the change in
X7 and zyx, and were not influenced by the accompanying
cation flux. Finally, organic ion influx similarly resulted in
sustained volume increase without E,, change (data not
shown).

Organic anion fluxes therefore emerge as the sole
mechanism by which muscle cells may change both V.
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and the V. set point without simultaneously changing
E.,. This is in marked contrast to every other mechanism
by which V. could be changed that was investigated in
the current study, including cation—chloride cotransport
activity, inorganic ion permeability or content changes,
sodium pump density and changes to the mean valency of
intracellular impermeant anions. Thus it seems likely that
such fluxes could underlie volume change in short-term
volume regulation as well as longer-term changes such as
muscle growth, hypertrophy and atrophy. In contrast, cells
with low P could employ cation—chloride cotransporters
to cause volume changes, with little influence on E,,,
although long-term changes to V. or E,, set points may
still require changes to the cellular content or mean valency
of intracellular organic anions.

Discussion

This paper clarifies the quantitative relationships between
two fundamental and related functional parameters, cell
volume, V., and resting potential, E,,, and investigates
the possible mechanisms for their determination,
maintenance and regulation, particularly in excitable cells.
It used a novel approach to calculate E,, directly from
the intracellular charge difference, rather than using
the Goldman-Hodgkin-Katz (GHK) equation or one of
its more recent derivatives. It therefore represents the
first quantitative analysis of the interdependence of V.
and E,, to calculate E;, using a method that does not
require any assumption of steady state, permitting precise
calculation of E,, even under non-equilibrium conditions.
This approach was necessary because the steady state
assumption (dE,/dt=0) that is central to the GHK
equation and its derivatives precludes entirely accurate
calculation of E, and V. in the same formalism, as
this assumption is violated when V. and hence E,, is
changing. Earlier papers therefore separately considered
E,, regulation in excitable cells such as skeletal muscle
(Adrian, 1956; Hodgkin & Horowicz, 1959), and nerve
(Hodgkin et al. 1952; reviews: Noble, 1966; Thomas,
1972) using the GHK approach, while V. regulation
was considered, again separately, in terms of electrolyte
and organic solute fluxes in non-excitable cells (Tosteson
& Hoffman, 1960; Schultz & Curran, 1970; Hudson &
Schultz, 1984, 1988).

This analysis was made possible by the quantitative
characterization now available about individual processes
that might influence E,, and V.. The present model thus
incorporated all the known major steady state membrane
permeabilities and transport processes, including electro-
genic ion transport (Hernandez et al. 1989; Hernandez &
Chifflet, 2000). It also incorporated identified membrane
transport processes that are known to influence and/or
respond to cell volume (review: Lang et al 1998b)
including cation—Cl~ cotransport (Lauf & Adragna, 2000;
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Russell, 2000) and changes in cation or anion permeability
(Zhang et al. 1993; Nilius et al. 1996; Strange et al.
1996) or membrane capacitance (Huang, 19814,b). Finally,
the effects of organic anion fluxes (Rasmusson et al.
1993; Pasantes-Morales et al. 2000; Olson et al. 2003)
were simulated explicitly through modelling of otherwise
membrane-impermeant anions with non-unity valency.

This study was therefore able to show quantitatively,
for the first time to our knowledge (O’Neill, 1999),
that even in the absence of specific cellular mechanisms
for volume detection, V. converges to a fixed set point
and that this is largely determined by the intracellular
membrane-impermeant solute content (X~;) and its mean
charge valency (zx). Furthermore, for given sodium pump
densities and sets of membrane ion permeabilities, E,,
was shown to be determined solely by zx. This approach
thus provided straightforward demonstrations, for the first
time to our knowledge, of a number of strategic properties
of the determination of E;, and V. in the reconstituted
system. It was further shown that the charge-difference
model introduced here was necessary to demonstrate these
apparent set points, as they were not predicted by otherwise
identical GHK- or Mullins-Noda-based models.

The principles of volume regulation were also
investigated. The specific modelling examples were
prompted by a number of both early and more recent
experimental observations of manoeuvres designed to
modify both E, and V. First, early experiments
demonstrated that under conditions where K was
the only significant membrane-permeant ion skeletal
muscle V., followed a simple inverse dependence upon
extracellular osmolarity, while E,, followed the resultant
K* Nernst potential (Adrian, 1956; Dydynska & Wilkie,
1963; Blinks, 1965). Subsequent studies demonstrated
swelling-induced regulatory volume decreases (RVDs)
(O’Neill, 1999; Okada et al. 2001) and shrinkage-induced
regulatory volume increases (RVIs) brought about by
cotransporter activity in many other, often non-excitable,
cell types (reviews: Lang et al. 1998a; O’Neill, 1999).
However, such regulatory volume adjustments have
not been observed in mature skeletal muscle fibres
(Sejersted & Sjogaard, 2000). Instead, recent findings
have suggested a complex relationship between E,, and
V. that may vary between cell types. For example,
a recent study reported that skeletal muscle fibres in
Cl™-containing extracellular solutions did not hyper-
polarize following osmotically induced shrinkage despite
increased [K'];/[K*]. (Adrian, 1956). Ferenczi et al.
(2004) demonstrated that in this situation Na™-K™—2Cl~
cotransport (NKCC) held [C]~];/[Cl~]. above equilibrium
values but did not cause significant regulatory volume
increases (RVIs) in agreement with earlier work (Blinks,
1965). Thus in skeletal muscle the volume-sensitive
cation—chloride transport processes that underlie volume
regulation in other cell types appeared instead to influence
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Table 3. Summary of main findings for a cell with constant Na*-K+-ATPase density and ion permeabilities

In a cell with constant Na*-K*-ATPase density and ion permeabilities:
e The steady state volume (V) is determined by the total impermeant anion content (X~;) and its mean valency (zx).
e The steady state membrane potential (Ey,) and intracellular solute concentrations are determined by zx alone.
zx must be significantly negative if a cell is to be highly polarized.
e The Nat-KT-ATPase is able to attain and maintain these steady-state values of V. and E, without extrinsic regulation of

its activity.

Cation-chloride cotransport activity may change V. and En, by altering the transmembrane Cl~ distribution.
e V. and Ey, recover to their set points following cessation of cation-chloride cotransport activity at a rate determined primarily by

the CI~ permeability (P¢).

e Sustained changes to the V. set point that do not change Er, can only result from mechanisms that change X;.
e When chloride is passively distributed, V. and E, are related as follows:

(1 = 2)[X Tie=0)
(e — Z[CI_]ee(EmF/RT))

VC(f:oc) =

E,, (Baumgarten & Clemo, 2003; Geukes Foppen, 2004)
apparently in place of significant influences upon V.
(Ferenczi et al. 2004). However, while exercise increases
muscle fibre volume by up to 20% (Sjogaard ef al. 1985),
long-term muscle fibre volumes in vivo remain remarkably
stable (review: Proske & Morgan, 2001) despite the
apparent short-term regulation of E, in preference to V.
(Ferenczi et al. 2004). These discrepancies were explored
in the present study, and mechanisms by which E,,, and V.
may be regulated independently were identified.

The present study was therefore able to formulate
several principles underlying volume determination and
regulation. These principles are summarized in Table 3.

First, the CD model inherently converged to stable final
values that closely reproduced in vivo intracellular ion
concentrations and E,,,. The latter additionally agreed pre-
cisely with the corresponding value calculated from these
final ionic concentrations using the Mullins-Noda (MN)
equation (Mullins & Noda, 1963). This convergence did
not require any extrinsic modulation of Nat—K*-ATPase
activity through either E,, or V.. These steady state
values were independent of initial intracellular inorganic
ion concentrations, membrane capacitance, and any
interposed perturbations given similar conditions of
sodium pump density, ion permeabilities and intra-
cellular impermeant osmolyte content. In contrast,
simulations whose individual steps calculated E,, from
the MN rather than the CD equation converged
to significantly different [Nat];, [KT];, [Cl7]; and
[X"]; and E, values that were influenced by initial
intracellular inorganic ion concentrations. However,
the final ion concentrations contained large charge
discrepancies reflecting accumulating errors from the
inherent assumption that dE,,/dt=0, and failed an
analytic criterion constraining the relationship between
steady state V. and E,, for cells with passive trans-
membrane distributions of Cl~ (see Appendix).

Secondly, investigation of the relative importance
of the sodium pump density (N) and transmembrane

ion permeabilities in the determination of V. and
E, demonstrated that even large variations in
Nat—K*-ATPase activity above a critical value had
little influence on V. and E,, values. This is explicable in
terms of a fixed pump stoichiometry that would define
a point where the free energy output of hydrolysis of 1
molecule of ATP is insufficient to balance the free energy
requirements of pumping 3 Na™ and 2 K" against their
respective electrochemical gradients (Jansen et al. 2003).
Stepwise reductions in N from a high value had little
influence on V. or E,, until a critical value of N, below
which V. and E,, became unstable. Only when N was
very close to this critical value could its value significantly
influence V. and E,,. Furthermore, changes in N could
not independently influence V. and E,,,.

Thirdly, the critical value of N necessary to maintain
stable values of V. and E,, was determined primarily by
the overall cation permeability. Proportional increases in
both Py, and Pk altered this critical value. Conversely,
altering the magnitude of Py,, Px or N at a constant
Pya: Px : N proportion left the final stable values of V.
and E,, unchanged but produced a directly proportional
change in the rate at which these stable values of V. and
E,, recovered from any given perturbation. In contrast,
alterations in the Py, : Px ratio influenced E,, (Hodgkin &
Katz, 1949; Hodgkin & Horowicz, 1959), with an increase
in this ratio resulting in depolarization at any given sodium
pump density. Finally, P¢ did not influence either the
stable values of V. or E,,, or the critical value of N for
any non-zero value of Pg.

Fourthly, in contrast to the independence of V. and
E,, from initial intracellular inorganic ion concentrations,
the simulations demonstrated that the intracellular
membrane-impermeant solute content (X7;) and its mean
charge valency (zx) are the primary determinants of
the steady state value of V.. Thus given stable ion
permeabilities and a fixed sodium pump density sufficient
to attain a stable cell volume, cells with identical initial
[X~]; and zx reached identical final stable values of E,,,
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Vo [Nat];, [KT];, [ClI7]; and [X7]; that were entirely
independent of other starting conditions, including the
initial values of E,, [Na'];, [K*]; and [Cl"]; and
initial total intracellular osmolarity. Furthermore, use of
accepted values of N (Clausen, 2003), Py,, Px and Pq
(Adrian, 1956) gave final values of E,,, [Na™ ];, [K™];, [Cl™];
and [X™ |; that were similar to those found in the literature
(Maughan & Recchia, 1985) and independent of the initial
values of any of the dependent variables and of membrane
capacitance. However, while initial [X~]; did not influence
the final values of E,,, [Na™];, [KT];, [Cl7]; and [X™];, it
profoundly influenced final cell volume.

In contrast, zx influences the final stable values of E,,,
[Na*];, [K*];, [CI7];, [X7]; and V.. It is thus the primary
determinant of E,,, assuming constant ion permeabilities
and sodium pump density. Thus more negative charge
valencies resulted in larger, more polarized cells. Strikingly,
the negative charge on X™; was shown to be an absolute
requirement for significantly polarized values of E,, at any
value of N. For example, at the Py, : Px ratio of skeletal
muscle the stable values of E,, were at least —85 mV for all
valuesof zx > 1,butifzx < 0.1, the maximum polarization
of E,, atany value of N was approximately —50 mV. If zx is
very low or zero, it is not possible to obtain the high intra-
cellular [K™]; necessary to produce polarized values of Ep,,
as clearly a similarly high concentration of some negatively
charged ion is then required. The negative charge carried
by X~; normally balances this charge on K*;, and CI~
cannot perform a similar role, as it is excluded from a
polarized cell.

Fifthly, the final simulations in the model suggested that
separate mechanisms mediate transient and steady-state
changes in V, particularly in skeletal muscle. Short-term
volume regulatory mechanisms particularly involving
volume-sensitive cation—chloride cotransport systems
(Lauf & Adragna, 2000; Russell, 2000) or anion channels
(Zhang et al. 1993; Nilius et al. 1996; Strange et al.
1996) have been reported in a wide range of cell types.
Yet mature skeletal muscle does not perform RVI or
RVD in response to applied osmotic stress (Sejersted
& Sjogaard, 2000). Furthermore there is considerable
evidence for the presence of the NKCC cotransporter in
skeletal muscle and for its activation by cellular volume
changes (Dorup & Clausen, 1996; Wong et al. 1999;
Russell, 2000; Lindinger et al. 2002). Recent experimental
evidence suggests that it may stabilize E,,, following cell
shrinkage rather than perform RVI (Ferenczi et al. 2004).
The current study corroborates this suggestion by showing
that the high membrane Pg of skeletal muscle precludes
NKCC activity increasing V. without also resulting in
depolarization of E,. Furthermore, ion fluxes through the
NKCC decreased as they increased intracellular [Cl™];, and
such fluxes were opposed by increases in Na*—K*-ATPase
activity secondary to increased [Na't]; and depolarization
of E,,. Therefore a new steady-state V. and E,, could
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be reached despite continued NKCC activation. In cells
with low Pg, such as erythrocytes (Tosteson & Hoffman,
1960), the simulations showed that an identical NKCC
activation could increase V. without greatly depolarizing
E... Furthermore, the V. at the new steady-state was
considerably greater, and the increase in Nat—K*-ATPase
activity considerably lower, than in the high P cell. Due to
reduced passive re-equilibration of Cl~ in low Pg; tissues,
[CI™]; was greater at the new steady state, and this resulted
in a greater opposition to ion influx through the NKCC.
This in turn caused a lesser increase in Na™ influx at steady
state, when compared to that in high P tissues, and so
provoked a lesser increase in Na™—K*-ATPase activity,
and therefore less opposition to the NKCC-driven V.
increase.

The mechanism of RVD using the KCC, a method
common to a number of cell types (Lang et al. 19984;
O’Neill, 1999), was also studied. One might expect its
activity to be severely limited in excitable cells, simply
because [Cl™]; is extremely low in such highly polarized
cells. However, the KCC is expressed in skeletal muscle
(Lauf & Adragna, 2000), and the present simulations
showed that KCC activity is energetically favoured in
resting muscle, and that its activity, whilst unable to
significantly alter cell volume, may be able to reduce
[CI"]i/[CI"]. below the ratio determined by passive
distribution according to the membrane potential. Thus
it was shown that KCC activity could potentially cause
significant hyperpolarization in skeletal muscle, as due to
the high P in this tissue a change in the equilibrium
potential of Cl~ will be reflected by a changed E,,.
Thus this cotransporter could potentially have a role
in stabilizing muscle E,,, for example during exhaustive
exercise.

It was shown that the V. and E,, changes resulting
from cation—chloride cotransport were entirely reversed
on cessation of their activity, due to the action of the
sodium pump. Again, this was principally true for muscle
tissue: although Na™—K'-ATPase activity was shown
eventually to restore cell V. and E,, following any discrete
perturbation of intracellular ionic content in a cell with
any non-zero Pg), the rate at which it was able to do
so was dependent on the P and therefore recovery was
slow if P was low. In other words, high P was shown
to assist the activity of the sodium pump in restoring
normal intracellular ionic concentrations, V. and E,,
following a perturbation of any of their values, and likewise
a low Pg significantly hampered it. It is interesting to
speculate whether this constitutes a part of the physio-
logical significance for the high P¢ in skeletal muscle
(Adrian, 1956), reflecting the high and unpredictable levels
of activity in this tissue.

This influence of P is also of wider interest in view
of the broad range of tissues in which volume-sensitive
Cl~ channels have been identified (review: Nilius et al.
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1996). It is clear that P can have no influence on V. or
E,, if its transmembrane distribution is entirely passive.
This study has shown, however, that P¢ influences the
rate at which a cell attains its set volume. Therefore any
change in the set volume, such as would follow organic ion
fluxes, would result in a more rapid cellular volume change
if P was simultaneously increased, thereby facilitating
re-equilibration of Cl7;.

Finally, a mechanism by which excitable cells, and
skeletal muscle in particular, may be able to regulate
volume without simultaneously changing E, was
identified. The efflux of organic anions was shown to
result in volume decrease limited only by the initial
cellular content of this class of osmolyte, and without
the large changes in membrane potential resulting from
cation—chloride fluxes. Indeed, volume-related organicion
fluxes have been identified in a number of excitable tissues
including cardiac muscle (Rasmusson et al. 1993), barnacle
muscle (Pena-Rasgado et al. 2001) and hippocampal
neurones (Pasantes-Morales et al. 2000; Olson et al. 2003).
In contrast, NKCC and KCC activity may, in certain tissues,
regulate E;,, and not cellular volume.

Appendix

The relationship between V., E,,, I, X; and zx at steady
state is constrained as follows:

(1) Intracellular and extracellular osmolarity must be
equal:

[X7)i + [Na®]; + [K*]; + [CI"]; = I,
(2) Total intracellular charge is almost exactly zero:
[Na®]; + [K]i = [CI" ] + 2x[X"]; 0
(3) Substituting for [Na™]; 4+ [K*]; = [Cl7]; - zx[X 7 ];
[(X7]i — zx[X7]i + 2[Cl ] = I1,

Thus[X™|; = (ITe — 2[CI" ];)/(1 — zx)

(4) X~ is membrane impermeant, and thus any change to
X7 (i.e.atransientchangein [X~];) drives transmembrane
water fluxes until [X™]; is restored to its original value (see
Fig. 7). If V. =1 at t = 0, then at steady state:

Veir=oo) = [X Jitr=0)/[X lir=o0)
(5) Therefore the relationship between V., X~ and zx is:

v (1= zx)[X Jig=0)
U= T (M, - 2[C )

(6) If Cl™ is passively distributed, then:

[CI); = [CI JoeEnP/AD

J Physiol 559.2

(7) Therefore at steady state and under conditions of
passive chloride distribution, the relationship between V.
and E,, is:

(]' - ZX)[Xi]i(tzo)
(T, — 2[Cl™ ] eEnF/RT))

This can also be expressed as:

(1-— Zx)(Xi_/Vc(zzo))
(He - Z[CI_]edEmF/RT))

Vetr=oo) =

Vet=o0) =
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