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Abstract

Thermodynamic considerations predict changes of the Na* pump current (1,)—voltage (V') relationship of animal cells upon variations
of the electrochemical gradients against which cations must be pumped. Experimental data in support of the predictions are sparse.
Therefore, the effect on the /,—V relationship of various electrochemical gradients for pumped Na™ and Cs™ was studied at constant
AG,rp (= —39 kJ /moD) in cardioballs from sheep Purkinje fibres. Control of the subsarcolemmal ionic concentrations during whole-cell
recording was ensured by activation of I, below its half maximal activity or by measuring the initial I, following reactivation of the
Na* /K" pump. With gradients close to physiological conditions I, was outward over the entire voltage range and the I~V relationship

showed a maximum near zero potential. Steepening the ionic gradl;ents diminished the I, amplitude and outward pump current was no
longer detectable between —65 mV and — 110 mV. Flattened ionic gradients increased the /, amplitude and shifted apparently the
reversal potential E,, to more negative values. These changes are in line with theoretical considerations. The measured [ -V
relationships were fitted by curves computed on the basis of a simplified Post-Albers scheme of Na* /Cs™ pumping. The increased 1,
amplitude at flat ionic gradients was due to a decrease of [Cs*], for half maximal 1, activation. The maximal /, amplitude remained

unaffected.

Keywords: Whole-cell recording; Internal perfusion; Sodium ion depletion; Sodium pump current; Reversal potential; Ionic gradient; (Cardiac Purkinje
cell)

1. Introduction profound effect on the IP—V curve. Under conditions,
which decrease AG,;p and simultaneously steepen the
cation gradients, an inwardly directed ], has been recorded
[1,7,8]. Furthermore recent measurements on isolated, cul-
tured cardiac Purkinje cells revealed a shift of the cardiac
1,V relationship to the right and downwards to the V' axis

The Na®/K* pump of animal cells extrudes 3 Na™*
from the cell and takes up 2 K™ per each molecule of ATP
hydrolysed. Thus, the electrical current produced by the
activity of the Na*/K* pump, the Na* pump current [,
is an outward current under physiological conditions. The

. . wi of t constant sarcolemm
amplitude and voltage dependence of I, are influenced by filgie:l?sg ;} (iﬁzreajzl d Acgt?(T);sa ASO as consi, uenie t}?;
various factors. The activation of I by intra- and extracel- g pumpe ’ q

. 4 L. reversal potential (E_ ) of I, i.e., the membrane potential
lular monovalent cations has been studied in several cells po (E,,) P

of different species and alterations of the cellular Na* where 1, is zero and reverses its direction, is moved into
P . . . . the range of membrane potentials, which is experimentally
pump current—voltage relationship (IP—V relationship) by

o : . - feasible [13]. While theoretical considerations predict that
variations of the cation concentration have been described . .
e . alterations of the transmembrane gradients of the pumped
[4,23,25,26]. In addition it has been reported that simulta- . . .
oy . cations at constant AG,1p will also affect the cardiac I -V
neous variation of the amount of free energy available P

. relationship supporting experimental evidence is sparse.
;izr;eﬁgpazzgzl}xﬁiciigggisanmdusotfbt: ;J:s;:?e:;::sn: The experiments presented below address this point for the

first time. The results lend support to the theoretical pre-
dictions. Some of the results have already been published
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2. Methods
2.1. Preparation of single Purkinje cells

Single cells were isolated from sheep cardiac Purkinje
fibres obtained from either ventricle at the local slaughter-
house. The isolation procedure has been described in detail
before {10]. Briefly, the isolation was carried out at 37°C
in a lamina flow cabinet. The fibres were superfused for
about 100 min with Ca’"-free Tyrode solution containing
protease (0.2 mg/ml, type XXVII, P-4789; Sigma, St.
Louis, MO, USA), collagenase (0.5 mg/ml, 1213865;
Boehringer, Mannheim, Germany) and elastase (10 pl/ml,
20931; Serva, Heidelberg, Germany). Afterwards six dif-
ferent mixtures of a culture medium (Medium 199; Gibco,
Paisley, UK) and of the Ca’*-free Tyrode solution were
subsequently applied for 20 min each to the fibres in order
to increase stepwise the extracellular Ca>* concentration.
The culture medium was supplemented with 5% fetal calf
serum (210463; Boehringer) and 1% Nutridoma-SR
(1271091; Boehringer). The final superfusion fluid con-
tained 50% culture medium and 50% Ca®*-free Tyrode
solution. Purkinje cells were squeezed out of the trimmed
fibres into culture dishes (diam. 35 mm; Falcon, Becton
Dickinson, Plymouth, UK) containing culture medium.
The cells were cultured for up to 7 days at 95% humidity,
2% CO, and 37°C in an incubator (Heraeus B 5060
EK/CO,; Hanau, Germany). Following 24 to 48 h in
culture the cells exhibited a spherical shape (diam. be-
tween 40 and 70 wm; ‘cardioballs’, cf. [2]). The measure-
ments were performed on cells cultured for 1 to 5 days.

2.2. Solutions

2.2.1. Control of the subsarcolemmal Na™ concentration

The Na*-containing pipette solution for intracellular
perfusion was composed of (mM): 80 KCl, 40 KOH, 20
CsCl, 15 NaCl, 6 MgATP, 5 MgCl, (free [Mg?*]1=3.3
mM), 6 EGTA, 56 Hepes. In the Na™-free pipeite solution
NaCl was replaced by KCl. The constituents of the Na*-
containing external bathing medium were (mM): 150 NaCl,
10.8 KCl, 1.5 MgCl,, 0.9 CaCl,, 2 BaCl,, 5 NiCl, and 10
Hepes. Ba’" and Ni** were added to diminish the K* and
Ca’* conductances of the sarcolemma and the sarcolem-
mal Na'/Ca®* exchange. The Na'*-free extracellular
medium contained 150 mM choline chloride (plus 5 - 10~°
M atropine sulfate) instead of 150 mM NaCl. The other
constituents remained unchanged. In one experiment (Fig.
{B) Cs*-containing solutions were applied. The composi-
tion of the pipette solution and the external media was the
same as in series III (see below).

2.2.2. I~V curves at various sarcolemmal cationic gradi-
ents and constant AG,7p

Variations of the gradients were achieved by changing
the concentration of the intracellular (Cs*) and extracellu-

lar (Na®) main cation while keeping the concentration of
the intracellular (30 mM Na*) and external (20 mM Cs™)
activator cation of the Na* /K" pump constant. Cs* was
used as extracellular activator cation because it inhibits
simultaneously the pacemaker current I, [17], which might
interfere with measurements of /, at membrane potentials
negative to = —50 mV. In order to shift E,,, into a range
of membrane potentials, which is experimentally feasible
at steep ionic gradients, the concentrations of ATP, ADP
and inorganic phosphate in the pipette solutions for inter-
nal perfusion were adjusted to obtain an internal AG, of
about —39 kJ/mol in each series of experiments. The
details of the procedure were described elsewhere [13].

In series I intermediate sarcolemmal gradients, against
which intracellular Na* (Na;") and extracellular Cs ™ (Cs)
must be pumped, were established. The pipette solution
contained (mM; concentrations of the main intra- and
extracellular cation in bold type): 60 CsCl, 50 CsOH, 20
NaCl, 10 NaOH, 10 MgATP, 20 TrisADP, 10 Cs,HPO,,
10 CsH,PO,, 3 MgCl, (free [Mg?* ] = 0.4 mM), 6 EGTA,
36 Hepes. The composition of the external medium was
(mM): 140 NaCl, 10 NaOH, 20 CsCl, 1.5 MgCl,, 0.9
CaCl,, 2 BaCl,, 5 NiCl,, 20 Hepes. The sarcolemmal
gradients for the pumped Na;" and Cs} were steepened in
series Il. The constituents of the pipette solution were
(mM): 170 CsCl, 50 CsOH, 20 NaCl, 10 NaOH, 10
MgATP, 20 Tris-ADP, 10 Cs,HPO,, 10 CsH,PO,, 3
MgCl, (free [Mg>*]= 0.4 mM), 6 EGTA, 36 Hepes. The
extracellular medium contained (mM): 240 NaCl, 10
NaOH, 20 CsCl, 1.5 MgCl,, 0.9 CaCl,, 2 BaCl,, 5 NiCl,,
20 Hepes. The transmembrane gradients, against which
active Na;” and Cs/ transport has to occur, were lowered
in series Ill. The pipette solution for intracellular perfu-
sion was composed of (mM); 20 CsCl, 30 NaOH, 10
MgATP, 20 TrisADP, 10 Cs,HPO,, 10 CsH,PO,, 3
MgCl, (free [Mg?*]1= 0.3 mM), 6 EGTA, 36 Hepes. The
external medium had the following constituents (mM): 30
NaOH, 20 CsCl, 1.5 MgCl,, 0.9 CaCl,, 2 BaCl,, 5 NiCl,,
60 Hepes. The total concentrations of internal and extracel-
lular Na* and Cs* used in series I-III are listed in Table
2.

The kinetics of I, activation by Cs; were studied under
the conditions of series I and III. However, the external
media contained 40 mM (CsCl + TEAC). Variations of
the extracellular Cs* concentration ({Cs*],) were compen-
sated by corresponding changes of the external [TEACI] in
order to keep the concentration of CsCl plus TEACI
constant at 40 mM.

The pH of all solutions mentioned above was adjusted
to 7.4 by HCI or the hydroxide of the main cation.

2.3. Drugs
Dihydroouabain (DHO, No. 7197; Roth, Karlsruhe,

Germany) was occasionally added to the external media
from an aqueous stock solution (1072 M) in order to
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identify I, as current blocked by the cardiac glycoside.
Cardiac glycosides are known to be specific blockers of
the Na* /K™ pump [27].

2.4. Experimental procedure and whole-cell recording

A dish containing several hundred cardioballs was fixed
at the stage of an inverted microscope (IM 35; Zeiss,
Oberkochen, Germany) and a plastic ring was pushed
down to the bottom of the culture dish in order to reduce
its volume to = 0.3 ml. The prewarmed (32-34°C) exter-
nal solution was pumped into the dish at = 0.6 ml/min
and sucked off opposite to the inflow. The cell studied was
superfused in addition by the external medium via a
multibarrelled pipette (internal tip diam. = 200 wm) near
the cardioball. The solution was released from the pipette
by gravitational force. The release was controlled by a
command valve unit. Judging from variations in membrane
current upon switching between media containing different
[K*] the solution change was complete in less than 1 s.

Current (I)-voltage (V) curves were measured by
means of whole-cell recording [14]. The initial resistance
of the patch pipettes filled with one of the pipette solutions
was between 1 and 3 M (2. The pipettes were positioned at
the sarcolemma by means of a micromanipulator (MO-103;
Narishige, Tokyo, Japan). They were mounted on a holder
as designed by Soejima and Noma [29] for intracellular
perfusion with various media and modified as described
elsewhere [10]. Voltage pulses were applied to the car-
dioball under study from a holding potential of —20 mV.
The resulting membrane current was measured by means
of an L/M EPC-7 patch clamp amplifier (List-Medical,
Darmstadt, Germany). The current and the clamp potential
were displayed on an oscilloscope (Tektronix 5111 A;
Tektronix, Beaverton, OR, USA) and recorded by means
of a penrecorder (R-50; Rikadenki Kogyo Co., Tokyo,
Japan) or stored via an A /D converter (DT2801A; Data
Translation; Marlborough, MA, USA) in a personal com-
puter. The kinetics of [, activation by Cs, were studied at
holding potential. /, was identified as current, which was
activated by Cs_ (or K) and blocked by DHO, a specific
inhibitor of the Na® /K" pump. Assuming a regular geo-
metrical shape (cf. [10]) the surface of the cardioballs was
estimated from the diameter measured through the micro-
scope. Recording started 10—15 min after establishment of
the whole-cell configuration to allow a sufficient exchange
of the cytosol.

2.5. Statistics

Whenever possible data are shown as means + S.E. As
a rule S.E. is presented only if exceeding the size of the
symbols in the figures. Differences between zero and mean
values were checked by Student’s one sample, two-tailed
t-test. They were considered significant if P <0.05. n
represents the number of cells studied.

3. Resulits
3.1. Control of the subsarcolemmal Na™ concentration

Whole-cell recordings from freshly isolated cardiac
Purkinje and ventricular cells revealed variations of the
subsarcolemmal Na™® concentration upon abrupt changes
of the Na*/K* pump activity [3]. Thus, this technique
does not guarantee per se an adequate control of subsar-
colemmal ion concentrations under all experimental condi-
tions. For experiments aimed at the effects of different
sarcolemmal ionic gradients it is a prerequisite to ensure
the existence of the intended gradients during whole-cell
recording. Fig. 1A shows the activation of the Na* pump
current [, in a single cultured cardiac Purkinje cell by
various extracellular K* concentrations ([K*])) at the
holding potential —20 mV. After a period of superfusion
with a solution containing no activator ion of the Na*/K*
pump the cell is superfused with media containing various
K* concentrations as indicated in the top trace of the
figure. The bottom trace represents the membrane current.
The outward shift of membrane current occurs following
activation of the Na*/K" pump and represents I, [4].
Short pulses of K*-free media indicate no variation of the
membrane current in the absence of Na* /K™ pump activ-
ity. The various [K*], evoke an 1,, which declines from
an initial peak to a lower steady-state value. This variation
of the I, amplitude is small with 1 mM K! and is more
pronounced at higher [K*] . Prolonging the period in
K *-free solution to more than 1.5 min affects neither the
peak nor the steady-state I, amplitude, whereas shortening
reduces the peak I, amplitude but leaves the steady-state
value unaffected (data not shown). Reapplication of K*-
free medium shifts the membrane current in inward direc-
tion to the level observed prior to /, activation. Repetitive
short pulses of K*-containing solution evoke an increasing
1, amplitude. Half maximal peak [, was observed at 2.1
mM K7, half maximal steady-state was measured at 1.4
mM K! (n=4). Fig. 1B depicts a similar experiment
where I_ is activated by various external Cs* concentra-
tions ([Cs*],) or a maximally effective concentration of
K* (conditions of series III, see below). Changes between
media without activator cations and solutions containing
Cs} or K} are indicated by the upper trace. The lower
trace displays the membrane current at holding potential.
Cs, concentrations of <10 mM evoke an [, with a
constant amplitude. Higher concentrations of Cs_ cause an
I,, which declines from an initial peak to a steady-state
amplitude, similar to the activation of I, by 10.8 mM K.
Half maximum peak I, activation by Cs} occurred at 8.5
mM Cs} (K, s value) in this cell. Note that the decline of
1, is still small in the medium containing 20 mM Cs ¥ Fig.
1C reveals that the occurrence of a peak /,, which declines
to a steady-state amplitude, is most probably due to subsar-
colemmal Na* depletion during a strong Na® /K™ pump
activation by external cations. A cardioball is internally
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Fig. 1. Sample records from three cardioballs at the holding potential of —20 mV. (A) Activation of /, by extracellular K*. The upper line denotes
variations of the extracellular K* concentration, the bottom trace displays the corresponding membrane current. (B) Activation of I, by extracellular Cs*.
The Cs* concentrations applied are indicated above the current trace. Conditions of series IIl. (C) Effect of internal perfusion with pipette solutions
containing different Na* concentrations. The variation of [Na*];, is shown by the top line. The middle line denotes variations of [K*],. The bottom trace
represents the corresponding membrane current. The noise on the current trace is caused by manual switching to the pipette solution containing 15 mM

Na®. In this and the following figures ionic concentrations are presented in mM.

perfused first with a pipette solution containing 50 mM
Na* (Naj ) and afterwards with a medium containing
only 15 mM Na* (upper trace). I, is activated by 5.4 mM
K! as shown by the middle trace. The bottom trace
represents the membrane current at holding potential (—20
mV). [, is nearly constant at higher [Na*],, during the
Na*/K™* pump activation. A subsarcolemmal Na* deple-
tion exerts less effect on I, at high intracellular Na”
concentrations than at lower Na™ concentrations because
1, activation by [Na*] ; exhibits saturation kinetics {10,23].
Thus, a decrease of the subsarcolemmal Na* concentration

at high internal [Na*] does not diminish I, since the
Na*-binding sites of the Na* /K" pump remain saturated,
whereas the same subsarcolemmal Na* depletion reduces
1, at lower intraceltular [Na*] because Na*-binding to the
pump declines.

These data prompted the question whether experimental
conditions exist, which permit a control of the subsar-
colemmal Na* concentration by intracellular perfusion
with pipette media or whether such control is impossible at
all because the Na* influx across the sarcolemma deter-
mines the subsarcolemmal Na* concentration.

[Na‘]pip—L 0

(e, 0 L 150

[K’]c T, 108 1 e e L
I(pA)

30s
Fig. 2. Sample record from a cardioball. Changes of the Na* concentration of the pipette solution and of the Na* and K* concentration of the external

medium are indicated by the upper three lines, the bottom trace displays the membrane current at a holding potential of —20 mV. The noise in the current
trace is due to manual switching to the Na*-free pipette solution.
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In order to address this question measurements of I,
were carried out on cardioballs, to which intra- and extra-
cellular media containing various Na* concentrations were
applied. Fig. 2 presents an example. The upper three traces
represent the Na* concentration of the pipette solution
([Na+]pip), the external Na* concentration ([Na*] ), and
the extracellular K* concentration ([K*] ), respectively.
The bottom trace displays the membrane current at holding
potential (—20 mV). At the start of the record the car-
dioball is internally perfused with a pipette solution con-
taining 15 mM Na™ and superfused with a Na*-free and
K *-free medium. Increasing [K*], to 10.8 mM activates
I,, which immediately peaks (=70 pA) and declines
afterwards towards a steady-state value. After a switch to a
Na™-free pipette medium I, slowly decreases and vanishes
after about 9 min when the membrane current is much the
same in the presence or absence of K . Following applica-
tion of a superfusion fluid containing 150 mM Na™ at
continued Na™-free internal perfusion a small [, (= 10
pA) can be reversibly activated upon an increase of [K*],
to 10.8 mM. Reapplication of the Na‘*-free external
medium again abolishes /.

We conclude from the experiments illustrated in Figs. 1
and 2 that Na™ influx through the sarcolemma is of minor
importance for setting the actual subsarcolemmal Na™
concentration. The concentration is mainly determined by
the Na* influx from the pipette into the subsarcolemmal
space and the Na™ efflux from this space via the Na* /K™
pump. A reasonable control of the subsarcolemmal Na™*
concentration by intracellilur perfusion seems feasible im-
mediately after reactivation of the Na*/K* pump when
[Na*] beneath the sarcolemma is not yet lowered by Na™*
pumping or if the pumped Na* efflux does not exceed
about 50% of the maximum active Na* efflux (Fig. 1A
and B).

3.2. 1,-V relationships at different sarcolemmal ionic gra-
dients and constant AG,7p

Three series (I to I1I) of experiments were carried out at
constant AG,7p but different Na* and Cs* gradients. In
each series the pipette solution for internal perfusion was
composed to produce a AG, 1, of about —39 kJ /mol. The
concentration of the pumped activator cations remained
constant throughout ([Na+]pip: 30 mM; [Cs*],: 20 mM).
Different sarcolemmal Na* and Cs™ gradients (see also
Table 2) were established by various concentrations of the
main intra- and extracellular cations (Cs}; , NaJ).

Series I comprises experiments, in which external solu-
tions containing 150 mM Na* and a pipette medium
containing 140 mM Cs* were applied to the cardioballs.
Fig. 3 displays an experiment of this series. The lower
trace in part A represents the membrane current, the upper
trace indicates the extracellular Cs™ concentration. First
the cell is superfused with Cs*-free solution where I, is
absent. The small rectangular signal in the beginning of the
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Fig. 3. 1,-V relationship of a cardioball. (A) Sample record from a
cardioball at various [Cs* ], (indicated by the top trace). The bottom trace
presents the membrane current. Small rectangular signal indicates zero
current level, vertical lines are due to voltage pulses applied from the
holding potential of —20 mV. Experimental conditions of series I. (B)
Current-voltage curves recorded in A in Cs*-free medium () and in
Cs*-containing solution with (@) or without DHO (O). () f,-V
relationship derived from the measurements in Cs*-containing solution
(O minus @). Line drawn to connect the data points.

current trace recorded during this period marks zero cur-
rent level. Switching to an external medium containing 20
mM Cs* activates 1, and shifts the membrane current into
the outward direction. Addition (bar above the trace) of the

cardiac glycoside DHO, a specific inhibitor of the Na* /K™
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pump, blocks I . The membrane current reaches the same
level as in Csf-free solution. The vertical lines indicate
three time intervals where /-V curves are taken by apply-
ing 200 ms voltage pulses to the cell at about 1 Hz from
the holding potential of —20 mV. The resulting membrane
current at the end of each clamp pulse is plotted versus
clamp potential in Fig. 3B. The open diamonds represent
the /-V relationship measured in Cs*-free solution. Fol-
lowing I, activation by 20 mM Cs; the [-V curve is
shifted into the outward direction over the entire potential
range studied (O). Addition of DHO to the external
medium results in an I-V relationship (@), which super-
imposes on the curve measured in Cs*-free solution since
1, is absent under both conditions. In order to derive the
I-V curve the difference between corresponding mem-
brane currents observed in Cs*-containing solution with or
without DHO is plotted versus membrane potential in Fig.
3C. I, displays a maximum near zero potential and de-
clines more strongly at negative than at positive membrane
potentials. The pump current is outward over the entire
range of membrane potentials studied.

Series Il includes experiments where the sarcolemmal
gradients, against which Na; and Cs} must be pumped,
were steepened. For this purpose the medium for internal
perfusion contained 250 mM Cs™ and the external solution
contained 250 mM Na™ as the main cation. Fig. 4 shows
an experiment on the cardioball, which exhibited the most
positive E., of I, and the strongest inward [, at more
negative potentials. The membrane current of the car-
dioball is measured at the holding potential (~20 mV) and
is displayed in Fig. 4A. Application of DHO (right part of
the trace) blocks 1, and shifts the current by = 10 pA into
the inward direction. The vertical deviations from the base
line current represent the measurement of -V relation-
ships in DHO-free and DHO-containing medium, respec-
tively. Voltage pulses of 500 ms duration are applied
starting from the holding potential and the corresponding
membrane currents are recorded. A close inspection re-
veals that the current is more inward in DHO-containing
solution at positive clamp potentials, but is more outward
at very negative voltages. The -V curves measured in
DHO-free (<) and DHO-containing ( 4} medium are plot-
ted in Fig. 4B. They indicate a reversal of I, at —45 mV.
The reversal potential of I, is more clearly seen in the
1~V relationship depicted in Fig. 4C. I, is outwardly
directed at membrane potentials positive to —45 mV and
is an inward current at more negative voltages. However,
three other cardioballs examined in series II displayed I,
reversal potentials between —65 mV and —95 mV and [
densities between —0.17 wA cm ™2 and —0.28 uA cm'g
at —110 mV. Two additional cells showed positive I,
amplitudes over the entire range of membrane potentials
tested. Their I, densities amounted to +0.06 uA cm™?
and +0.12 #A cm™? at —110 mV.

Normalized mean [~V relationships at constant AG,1p
and various sarcolemmal gradients of the transported Na

A 2x10-4M OHO
I(pA) 22
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Fig. 4. I,~V curve of a cardioball at steep ionic gradients (series II). (A)
Sample record from a cultured Purkinje cell. Application of DHO is
indicated above the right membrane current trace. The vertical deviations
from the base line current are due to voltage pulses applied from the
holding potential of —20 mV. (B) Current—voltage curves in Cs*-con-
taining external solution with (#) or without DHO (<) (from A). (C)
I,—V curve derived as difference from the /-V relationships depicted in
B. Line drawn to connect the data points.

and Cs ions are displayed in Fig. 5. The figure also
includes the mean [,—V dependency (a) of the car-
dioballs studied in series III where the transmembrane
gradients, against which Na;" and Cs} must be pumped,
are low ([Na*] : 30 mM, [Cs+]pip: 50 mM). Each -V
relationship comprises the results from 6 cells. The I,
amplitudes observed at the various membrane potentials
are first normalized to the corresponding /, amplitude at
+5 mV and then scaled with the respective mean [,
density at this potential (series 1. @, 0.41+0.07 uA
cm™?; series II: M, 0.32 + 0.05 wA cm~?; series III: a,
0.45 4+ 0.12 uA cm™?). Steepening the sarcolemmal gra-
dients of the pumped cations shifts the I,—V relationship
towards the V axis and to the right. In each series I,
decreases with increasingly more negative membrane po-
tentials. However, I, reaches E,, only in series II. The
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Fig. 5. Normalized /,~V relationships of cardioballs at different sar-
colemmal Na® and Cs™ gradients. @, series I; B, series II; A, series
IIT. Each data point represents the mean of 6 cells. The curves represent
fits to the data on the basis of a simplified Post-Albers scheme (Fig. 6),
parameters are listed in Table 1. They cross the V axis at —88 mV,
—159 mV and —340 mV, respectively.

two other [~V relationships suggest reversal potentials of
I, negative to the potentials, which are experimentally
feasible. Thus E,_, seems to be shifted to more negative
voltages with lower sarcolemmal gradients of the pumped
Na® and Cs™.

3.3. I,-V curves derived by computer simulation

To describe the 1,—V relationship for the varying Na™
and Cs* gradients (Fig. 5) we fitted an eight-step reaction
scheme (see Fig. 6) based on the Post-Albers cycle to the
data. Voltage dependence is assigned to the steps associ-
ated with extracellular Na* and Cs™ binding (comp. [32])
and is described by voltage-dependent rates:

bl =bl*e‘zMEF/RT (1)

fH=f e e tR (2)
E denotes the membrane potential. ', R and T have their
usual meanings. z,, and z., represent apparent dielectric
lengths of the access channel within the electric field for
external Na™ and Cs™, respectively. Asterisks indicate the
voltage-independent parts of the rate constants. Since two
voltage-dependent steps are not sufficient to describe the
complex voltage-dependence of pump activity, we arbitrar-
ily assumed that external Na* deocclusion (f, in Fig. 6)
represents an additional voltage-dependent step:

S =13 @l EF/RT (3)
Since one net charge is translocated across the entire
membrane potential the z values have to obey:

ZNa — Zes T Zdeoee = 1 (4)

Zgeoce > 0 means outward movement of a positive charge
or inward movement of a negative charge during step f;.

The 16 rate coefficients, f; and b,, are not independent
but have to obey the principle of detailed balance:

v LSS
b by byb,bsbo b by

=e—AGT/RT (5)

where
AG AG 3RT|1 Na, _EF
= + — —_——
1= @Aly7e n Na,  RT
Cs, EF
—2RT[In -— (6)
Cs; RT

representing the change in total free energy. The free
energy supplied by ATP hydrolysis is set to AG,p = —39
kJ/mol, o was taken as an additional fit parameter and
turned out to be close to one. The other two terms repre-
sent electro-chemical contributions due to the translocation
of three Na and two Cs ions across the cell membrane,
respectively. By applying the diagram method [16,19] and
taking into account that one net charge (e*) is transported
across the cell membrane per pump cycle, the current 1,
carried by N pump molecules can be written in the form:
+

e
Ip - T(f1f2f3f4f5fef7f8 = bybybybybsbsbybg)  (7)

T, in terms of the diagram method represents the sum of
all directed trees. If I is expressed as current density (Fig.
5) N indicates the number of pump molecules per um?®.
As shown by Liuger [20], this can also be written in the
form:

"

Ne
I=——(¥-1) (8)

LS

i=1

where

sp=(1+ K, (1 + K5 (1 + K, (1 + K1+ K(1

+K,(1 +Ky)))))))/b, (9)

external
aNa” 2Cs”
fy f
INGEP L e Ep «Dew 20 p
by bz
bg}fs
P, fa) by
(3NQ)E,P (2CS)E,
®7|7 .~ ADP AP ~J4%
3NQE <-T>b6 EATP <2 CsE ATP
[@] 'ATP ' QT’Z Sk,
fs fs
3Na’ 2Cs”
internal

Fig. 6. Simplified, eight-step Post-Albers cycle of Na* /Cs* pumping.
The forward (f) and backward (b) rate constants of the partial reactions
are indicated . E; and E, denote the two main conformational states of
the Na* /K* pump. (3Na) and (2Cs) refer to the occluded states of the
jons.
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Table 1
Numerical values of the fitted parameters in the simplified Post-Albers scheme (Fig. 6) of Na* /Cs* pumping used for the computations according to Eq.

®

Transition number F Constraint B Constraint Ky s (mM) h Effective valence
1 0.55s ! mM~" 0.1-100 70 1.5 1.9

2 10°s™ ! mM~* 10-10° 1.7 145 1.0

3 25557 mM™! 1-5-10% 0.47 1

4 108 s7! mM™! 104-10° 0.3 1

5 1s7' mM~! 1-103 37 2

6 103 s~ ! mM™" 10-1000 9 1.53

7 10s™' mM~! 1-10° 7.5 1

8 103 57! 0.1

The bold-printed parameters were kept constant and taken for external Cs* binding from Fig. 7 and for internal Na* binding from Ref. [10]. The rate
coefficients F and B represent the voltage- and concentration-independent parts for the respective rates f; and b;. The values for N and a (see Eqgs. (7)
and (6)) were 560 wm~2 and 0.96, respectively. Constraints give the range of values the parameters were allowed to vary in the fit procedure. 4 represents
the Hill coefficient.

5, = (1 + K3(1 +K 4(1 + K5(1 + Ks(l +K,(1 kept constant; one of the respective rate coefficients, f; or
b;, was then fitted. Afterwards one to three of all parame-
+Ky(1+K 1)))))))/ b, (10) ters were fitted simultaneously in different combinations,
5y = (1 " K4(1 + K, (1 n Ks(l + K, (1+Ky(1 + and finally :.111 parameters were fitted together to the data.
The curves in Fig. 5 show the result of the fit and Table 1
K,(1+ Kz))))))) /b (11) lists the numerical values of the parameters used. Table 2
compares E_, values for series I to III calculated accord-
sy ={1+Ks(1+Kg(1+ K, (1 + Kg(1+K,(1+ ing to Eq. (6).
K (1+K3)))))))/bs (12) .
_ 3.4. Kinetics of I, activation by Cs, at different Na* and
5= (l + Kﬁ(] + K7(1 +K (1 +K (1 +K,(1 Cs* gradients across the sarcolemma
+K3(1+K,)))))))/bs (13)
Judging from Fig. 5 different sarcolemmal gradients
S6 = (1 + K7(1 +Ky(1+ K, (1 + K,(1 + K5(1 (comp. Table 2) of the pumped Na and Cs ions vary the
+K,(1+K5)))))))/ s (14)
7= {1+ Kg(1 + K, (1 +K,(1 + K;(1 + K (1
-2
+K5(1+K,)))))))/bs (15) lp (uAxcm=2)
l -
= (1+ K, (1+ Ky(1+ K5 (1 + Ky(1+ Ks(1 *10
+Ko(1+K7)))))))/bs (16)
and
K;=f/b, (17)
For the fitting, K, values and Hill coefficients were +051

first assumed based on published values [20-22,30] and

Table 2
Concentration ratios and calculated reversal potentials for experiments of
series 1-11I 0 -
Series [Na*], /[Na* ], [Cs*], /ICs* ], E2AG
(mM /mM) (mM /mM) (mV) tog ( [(s +]o /mM)
I 150/30 20/140 —159
i 250/30 20/250 —88 Fig. 7. I, activation by Cs! at different sarcolemmal gradients of the
m 30/30 20/50 —340 transported cations. @, series I; A, series III. The curves follow Eq. (18),

with Kg5=19.8 mM (@) and K;5=99 mM (A). n=6 and h=145
E246 refers to aAGyp = —0.96 X 39 kJ /mol. for both curves.
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amplitude of 1,. We studied possible differences in the I,
activation by Cs? on cardioballs under the experimental
conditions of series I (@; [Cs*], : 140 mM, [Na*],: 150
mM) and IIT (a; [Cs*] 0 50 mM, [Na*],: 30 mM). The
experiments were performed at the holding potential (— 20
mV). Results from 6 cells in each series are depicted in
Fig. 7. Normalized I, densities are plotted as a function of
the logarithm of [Cs*] . The I, amplitudes measured at
the various [Cs™], are first normalized to the respective I,
amplitude recorded at 40 mM Cs_ and then scaled with
the 7, density observed at this [Cs7], (e. @: 059 £ 0.12
uA cm™2; a: 066+ 0.18 uA cm~?). The curves fitted

to the data obey the Hill equation:

, Kys "
L=l /1 + m (18)

where [, ., denotes the maximum I, density and K
stands for the [Cs'],, at which I activation is half
maximal. k represents the Hill coefficient and equals 1.45
in both series. Also I .., is nearly identical under both
conditions (@: 0.80 uA cm™2; a: 0.75 wA cm ?).
However, K, differs and amounts to 9.9 + 1.06 mM
under the conditions of series III (A) and to 19.8 + 1.1

mM under the conditions of series I (@).

4. Discussion
4.1. Measurement of 1,

In the experiments described above the Na® pump
current was measured as current activated by external K*
or Cs* and blocked by the cardiac glycoside DHO. Fig.
3A and B demonstrates that 1, is nearly the same regard-
less of whether it is defined as current activated by pump
activator cations or as current inhibited by DHO. Both
methods provided a reliable estimate of I, over the entire
range of membrane potentials studied. I, was taken as an
indicator for the activity of the Na* /K" pump. This is
correct only if the stoichiometry between the pumped Na*
and K* fluxes remained unchanged under the present
experimental conditions. So far a constant coupling ratio
was observed following variation of ionic concentrations
and membrane potential (see [6,28]) or in media containing
cardioactive steroids [11]. To our knowledge no evidence
exists for a direct regulation of the Na*/K* pump by
osmolarity or C1~ concentration. Furthermore control ex-
periments, in which the osmolarity was varied by addition
of choline chloride to the intra- and extra-cellular media,
showed no different 1~V relationship (unpublished con-
trols) and measurements with various Cl~ concentrations
in the pipette solution for internal perfusion revealed no
effect on I, (cf. [15]). Therefore, it is unlikely that the
results described above are due to changes in osmolarity
and/or CI~ concentration in series I to II1.

4.2. Control of the subsarcolemmal Na™ concentration

The introduction of the patch-clamp technique into
electrophysiology rendered possible a better experimental
control than hitherto of the media at both sides of the cell
membrane. However, recent findings indicate that in the
whole-cell mode of this technique an effective control of
subsarcolemmal ionic concentrations, especially of Na*, is
not guaranteed under all experimental conditions (for a
review see [5]). Figs. 1 and 2 show that this is true also in
our experiments on single cultured Purkinje cells. A satis-
factory control of the subsarcolemmal Na™ concentration
could be achieved initially after a period without Na* /K~*
pump activity or during moderate activation of the
Na® /K" pump, when the diffusional exchange with the
patch pipette solution determined the subsarcolemmal
[Na*]. The latter condition was chosen in the present
experiments to study the voltage dependence of I, at
various ionic gradients across the sarcolemma. In each
series (I to ITI) 7, was activated by 20 mM Cs . In series I
half maximal I activation occurred at 19.8 mM Cs; and
an even higher K,; value has to be assumed for the
experiments of series II. In series III the K, was lower
than 20 mM (Fig. 7), but Fig. 1B demonstrates that under
the conditions of series III the variation of the subsar-
colemmal Na* concentration is still small. In the experi-
ments aimed at the activation of /, by Cs! the initial peak
of the pump current after a period without Na* /K™ pump
activity in Cs*-free medium was taken as a measure of I .
Thus, a reasonable control of the subsarcolemmal Na™*
concentration by internal dialysis existed during all experi-
ments described above.

4.3. The 1,-V relationship of cardioballs varies with the
sarcolemmal gradients of the transported cations

In order to study the effect of various transmembrane
gradients of the pumped cations on the cardiac [,—V
curve, we carried out experiments at a constant 4G, qp but
different ionic gradients, against which the ions must be
pumped. In series I a conventional [ -V relationship was
recorded (see [4,23]). The curve displayed a positive slope
at negative membrane potentials but only slight /, varia-
tions at positive voltages. The I, density differed from
zero over the entire range of membrane potentials studied
(Fig. 5). The I,-V curve was shifted toward the V axis
and to the right if the sarcolemmal gradients of the pumped
ions were steepened (series I1). The difference between the
measured /, densities and zero current level was insignifi-
cant at —65 mV to —110 mV suggesting the reversal
potential of [  to be within this range of membrane
potentials. Similarly the computer simulation yielded a
E., of —88 mV for the experiments of series II (Table 2).
In this context it is appropriate to note that also the mean
I, density at —110 mV, the most negative membrane
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potential tested in series II (see Fig. 5), was statistically
not different from zero, though 4 out of 6 cardioballs
showed an inwardly directed I, at this potential (see, for
example, Fig. 4C). This is probably due to experimental
shortcomings since the I, densities within an appreciable
range of membrane potentials near E,, are known to be
small and thus difficult to estimate, especially at low
AG,pp [13) As in series I I, in series III (diminished
cationic gradients) differed significantly from zero current
over the entire potential range tested. Clearly, a decrease
of the sarcolemmal Na* and Cs™ gradients shifted the
[~V relationship upwards and to the left. Thus, the I,
density was increased throughout. E,., seemed to be more
negative than in the other two series. Thermodynamic
considerations indeed predict a shift of E_, into the
negative direction with lowering the ionic gradients. The
[,—V curves derived by computer simulation provided a
satisfactory fit to the data (curves in Fig. 5). E,, values
calculated for series I-1II are listed in Table 2. A close
inspection of Fig. 5 shows that the fit tends to get worse at
the extreme voltages. This might indicate additional voit-
age-dependent partial reactions in the pump cycle apart
from those included in the reaction scheme used for simu-
lations (comp. Fig. 6 and Egs. (1)-(3)). However, clear
experimental evidence for such additional potential-depen-
dent reactions is not available at present.

4.4. I, increases with decreased sarcolemmal ionic gradi-
ents

A change of the sarcolemmal ionic gradients not only
altered the voltage dependence of I, but also influenced
the K, 5 for I, activation by Cs, whereas I, remained
unaffected. This is in contrast to the effect on the cardiac
1,~V curve of lowering AG,yp at constant transmembrane
gradients, against which Na* and Cs™ must be pumped.
Under those conditions I, ., declined whereas the K|,
value remained unchanged [13]. A decrease of the ionic
gradients, which was accompanied with a decrease of
[Na*],, lowered K, (Fig. 7) from 19.8 mM (series D) to
99 mM (series III). An interaction of external pump
activator cations with Na} is known since the work of
Post, Merritt, Kinsolving and Albright [24] and Garrahan
and Glynn [9]. Recent papers confirmed a common binding
site for these ions [18,32]. Our results are in line with a
competitive antagonism between the cations with respect
to the activation of the Na™/K* pump.

However, the main result of the present paper is that at
constant AG,yp the cardiac 1 -V relationship varies with
alterations of the sarcolemmal gradients of the pumped
cations. The experimental data presented above are the
first in support of the pertinent theoretical predictions.
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