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Change of Na+ pump current reversal potential in sheep
cardiac Purkinje cells with varying free energy of ATP

hydrolysis

H. G. Glitsch and A. Tappe

Department of Cell Physiology, Ruhr-University, D-44780 Bochum, Germany

1. The Na+-K+ pump current, Ip, of cardioballs from isolated sheep cardiac Purkinje cells was
measured at 30-34 °C by means of whole-cell recording.

2. Under physiological conditions Ip is an outward current. Experimental conditions which
cause a less negative free energy of intracellular ATP hydrolysis (AGATP) and steeper
sarcolemmal gradients for the pumped Na+ and Cs+ ions evoked an Ip in the inward
direction over a wNide range of membrane potentials. The reversal of the IP direction was

reversible.

3. The inwardly directed Ip increased with increasingly negative membrane potentials and
amounted to -013 + 0 03 ,uA cm-' (mean + S.E.M.; n = 6) at -95 mnV.

4. The reversal potential (Frey) of Ip was studied as a function of AGATP at constant

sarcolemmal gradients of the pumped cations.

5. In order to vary AGATP the cell interior was dialysed with patch pipette solutions
containing 10 mm ATP and different concentrations of ADP and inorganic phosphate. The
media were composed to produce AGATP levels of about -58, -49 and -39 kJ mol-'.

6. A less negative AGATP shifted rev to more positive membrane potentials. From
measurements of Ip as a function of membrane potential Erev was estimated to be -195,
-115 and -60 mV at AGATP levels of approximately -58, -49 and -39 kJ molPl,
respectively. The calculated E, amounted to -224 mV at AGATP -58 kJ mol-,
-126 mV at AGATP I-49 kJ mol-' and -24 mV at AGATP .-39 kJ mol-'.

7. Possible reasons for the discrepancy betwzeen estimated and calculated Fre, values are

discussed.

8. Shifting AGATP to less negative values not only altered rer, but also diminished Ip at each
membrane potential tested. The maximal Ip (Ip,max), which can be activated byl external
Cs+ (Cs+), decreased under these conditions, whereas [Cs+]. causing half-maximal Ip
activation remained unchanged. Similarly, the voltage dependence of Ip activation by Cs+
was unaffected.

9. It is concluded that Frey of I, varies with AGATP at constant sarcolemmal gradients of the
pumped cations. This agrees with thermodynamic considerations.

The energy required for active Na+ and K+ transport
across cell membranes is provided by the free energy of
intracellular ATP hydrolysis (AGATP). According to
thermodynamic considerations it should be possible to
reverse the direction of the active cation transport and to
produce ATP from ADP and inorganic phosphate (Pi) at
the expense of a downhill movement of Na+ and K+
through the Na+-K+ pump. In fact, Garrahan & Glynn
(1966, 1967) deimonstrated the synthesis of ATP by the
pump in erythrocytes which were pretreated to have low

intracellular Na+ and ATP but high K+, ADP and Pi
concentrations. In K+-free inedia with a high Na+
concentration these cells incorporated labelled Pi into
ATP bv a mechanism blocked by cardiac glycosides which
are known to be specific inhibitors of the Na+-K+ pump
(Schatzmann, 1953). During the following years
experimnents on red cells (Lant & Whittamn, 1968; Lew,
Glynn & Ellory, 1970) and non-myelinated nerve fibres
(Chmouliovsky & Straub, 1974) confirmned that lowering
the free energy of ATP hydrolysis combined with steep
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transmemibranal gradients for the transported ions forces
the Na+-K+ pump to run backwards and syntlhesize ATP.

A backwards-running Na+-K+ pump should produce an
inwardly directed II. The reversal potential (E'ev) of the
Na+ pump current is the meinbrane potential at which
AGATP equals the energy required for the active transport
of Na+ and K+, and Ip vanishes (cf. De WTeer, Gadsby &
RakowN-ski, 1988 b):

AOA.I'1 + )il (-FFT,.ev + RT ln jX2+])

+ I? FF-rev + RT n (1)

[Na+]0 and [K+]0 represent the extracellular and [Na+]i
and [K+]i the intracellular ion concentrations, in and n

stand for the number of Na+ and K+, respectively, which
are transporterl pei pump cycle and F, R and T have
their usual meanings. Rearranging and introducing the
3Na+: 2K+ stoichiomnetrv of the active Na+-K+ exchange
y-ields:

AGtATe
I".e\ =AC, + 3ENa - 2EK. (2)

E,,a and EK denote the Nernst potential of the respective
ions. E,ev is calculated to be -200 to -240 mV under
physiological conditions (De WAeer et al. 1988 b). Ip is
inw-ard negative to Er but outwN-ard at more positive
potentials. Thus, under physiological conditions, I is an
outw-ard current in the range of membrane potentials
wi-hich are experimentally accessible. In order to mneasure
an inward Ip, El, lhas to be shifted to more positive
potentials. According to eqn (2) this can be achieved by
producing a less negative AGATP and a sinultatneous
increase in the Na+ and K+ gradients across the cell
membrane. A few authors have chosen to use this
procedure and reported on an inwardly directed I) oveer
the whole potential range which can be studied (De WVeer
& Rakowtski, 1984; Bahinski, Nakao & Gadsby, 1988;
Efthviniadis & Schwarz, 1991). The aim of the present
study was to show by measurements of Ip the reversibility
of this procedure and to demonstrate predictable
variations of Ere, following changes in AGATP at conistant
sarcoleinmal ionic oradients in cardiac cells. Some of the
results have already been published in abstract form
(Glitsch & Tappe, 1.993 b, c, 1994a, b).

METHODS
Preparation of single cells
Single Purkiijie cells were isolated from shee) cadcliac Hurkinje
fibres dissected fromn either ventricle at the local slaughterhouse.
The enzynmatic treatmiienit has been described ear lier in detail
(Glitsch, Krahnii & l'usch, 1989). In short, cell isolation was
l)erfoimed in a laminar. flow- calhinet at 37 °C ('a2-freeTrfode

collagenase and elastase wN-eIe applied to the fibres for about
100 min. Afterwards the extracellular Caa21 concentration was
increasecl in six steps by superfusing the fibres for 20 inin with
each of six differenit mixtutres of Ca2+-free Tyrode solution and
culture medlium (Aledium 199; Gibco, Paisley, UK), supplemented
with 5% fetal calf serum (Product No. 210463; B3oehringer,
Alannheimn, FRG) and % Nutridoma-SR (Product No. 127 1091;
Boehringer). The final me(lium w-as composed of Ca2+-ftree Tyrode
solution and culture medium in equal amounts. The Purkinje
cells were then squeezed out of the fibres into culture dishes
(diameter 35 mm; Falcon, Becton Dickinson, Plymouth, UK) and
cultured in culture miiedium for up to 7 days in an incubator
(Heraeus B 5060 EK/C02; Hanau, FRG) at 95% humidity, 2%
(C02 and 37 O. All media contained gentamycin (Product No. 16-
760-45; Flows Laboratories, Irvine, UK) and kanamycin
(K-0129; Sigma, St Louis, MO, USA), 10 /ug mnl' each. After
24-40 h in culture isolated Purkinje cells display a spherical
shape with a diameter of 40-70,m ('eardioballs', cf. Bechem,
Pott & Rennebaum, 1983). For geometrical reasons they are

better suited for whole-cell recording (see below) than freshly
isolated Purkinje cells. We have previously shown that the
control of the subsarcolemnmal ionic concentration by the patch
pipette solution is better in the spherical cardioballs than in
cylindrical cells of considerable length and rather small diameter
(Bielen, Glitsch & Vercdonck, 1991 a; Glitsch & Tappe, 1991). The
experiments were ca rried out on cells after 1-5 days in cultuire.

Solutions
Reversal of Ip. For the experiments aimed at the reversal of the
Na+-K+ pump curri ent, media were used -which were designed to
steepen the sarecolenmmal gradients of the transported Na+ and
Cs+ and to lower simultaneously the firee energy of ATP
hydrolysis. Tlhe external (Cs+-free) solution contained (mAm): 140
NaCl, 10 NaOH, 6 I'EACI, 1 5 A9gCl2, 0 9 CaC12, 2 BaCI2, 5 NiCl2
and 20 Hepes. BaCl2 and iCl2 were added in order to suppiess
sarcolemmal K+ concluctances and the Na+-Ca2+ exchange,
respectively. The composition of the (Na+-free) patch pipette
mnedium was (Imii): 1 10 CsCl, 30 CsOH, 15 TEACI, 5 TlrisADP, 2-5
Cs2HPO0, 2-5 CsH2104, 3 M9gC12 (fiee _lg2+ -06 m), 6 EGTA,
21 Hepes, 5 2-deoxy -D-glucose (added directly) and 0 002
carbony-lcyanide- m-clhloiophenyl-hydirazone (from a 2 m.i stock
solution in dimethl lsulphoxide). The latter two substances block
the ATP synthesis via oxidative phosphorylation and glycolysis.
Dimethylsulphoxide (1 %o) had no effect on Ip. In ordei to abolish
the reveersed Ip and to ev-oke Ip in the (physiological) outward
diirection, solutions which induce lo-w sarcolemmal ionic gradients
and increase the free energy of ATP hydrolysis were applied to
the cardioballs. Tlhe external medium contained 6 m.-i CsCl
instead of TEACI; otherwise the composition was the samne as

giv-en above. The patch pipette solution now contained (m.i): 130
CsCl, 10 CsOH, 15 NaOH, 10 MgATP, 10 glucose, 3 MIgCl2 (free
Mg2+ - 2- 1 inii), 6 EGTA and 26 Hepes.

Erev
The

external mediuin containing

6 mnii CsCl was usedl thioughout. The patch pipette solutions for
AGATP levels of --58, --49 and --39 kJ mol-L are gixven in

Table 1. In addition, l was studied at twro AGATI levels as a

function of [Cs+]o in superfusion media containing either 40 or

60 mni CsCl plus T'EACl: variation of [CsCl] in the two solutions
was compensatecl by changing [TEACl] in oirdeI to keep
[CsCl] + [TEAC(] constant at either 40 or 60 mrI. 'I'he pH of all
solutions was adjusted to pH 7 4, either with HCl or with the

hy-droxicle of the miain cation.solution containilln Xvarious concentrations of protease,
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Table 1. Patch pipette solutions for varying AGATP

AGvrp CSCl CsOH NaOH MlgATP TiisADP Cs HPO, CsH P(k.JAno l) 1lWI) mArp(lni) tn5I (llAl (lnNI)2 4 l 2 4

110 30 10 10 0 3 0.15
127 10 10 10 2-0 100
60 50 10 10 20-0 10 00

Calculation of AGATP
AGATP can be calculated from the composition of the various
patch l)ipette solutions by:

AGATP=AGTP+RT [ADP][ (3)
[ATP]

wher e AGT.rp denotes the standard firee energy of ATP
hvdrol ysis. [ATP], [ADP] and [Pi] represent the respective
concentrations of adenosine triphosphlate, adenosine diphosphate
and inorganiic phosphate in the patch pipette media. R and T
have their usual mleaning. AGOTP was derivxed according to the
procedure of Guynn & Veech (1973) wrho related the equilibrium
clissociation constant, KATP, of the ATP hydrolysis at any [H+]
and [1g2+] of the media to KATP measured under standard
conditions defined by the authors. Knowing KATP at given [H+]
and [Mlg2+] permiits the calculation of the actual AGOTP by:

AGATP = -RTln KATP. (4)

In order to calculate KATP, various stability constants of ATP,
ADP, Pi ancl ECTA compounds with ionic constituents of the
solutions have to be known. These constants were computed by
means of a program published by Fabiato (1988). Table 2
1)resents values of AG'TP and AGATP calculated for three patch
pipette solutions and the corresponding EreV which was derived
by means of eqn (1). The free [Ig2+] of the different solutions
varies. Prev-ious unpublished measurements (H. G. Glitsch &
T. Krahn) rev-ealed no effect on Ip following variation of [M1g2+]
in the pipette solution between 0 and 11ImI MIg2+.

Experimental procedure and whole-cell recording
A culture dish containing a few hundred cardioballs was installed
on the stage of an inverted microscope (IAM 35; Zeiss,
Oberkochen, FRG). The external medium (prewarmed to
30-34°C) was pumped into the dish at 0 5-0 7 ml min-' and
removed by suction opposite to the inflow. The cardioball under
study \was adclitionally superfused by the external medium with
or without dihydroouabain (DHO; Product No. 7197, Roth,
Kiarlsiuhe, FRG; 2 x 10- A) via a multibarrelled pipette
(inter-nal tip diameter 200 ,tm) nearby. The release of the
solution from the pipette uwas carriecl out at 0 l -0-2 ml min ' by
gravitational force and controlled by a commnand valve unit.
Solution change was compllete -within 400 ms as judged from the

0.15
1P00

10-00

M1gC12
(Mnnu)

ECGTA Hepes
(n1Im) (nv.I)

3 6 56
3 6 10
3 6 36

variation in membrane current upon sNwitching between media
containing different [K+].
Current (1)-voltage (V) relationships w-ere obtained by wvhole-
cell recording (Hamill, -Marty, Neher, Sakmann & Sigworth,
1981) from the cardioballs. The initial resistance of the patch
pipettes filled with one of the patch pipette media was measured
to be 1-3 AMI. The pipettes were fixed in a holder designed for
intracellular perfusion with various solutions. The holder was
originally described by Soejima & Noma (1984) and was modified
as reported earlier (Glitsch et al. 1989). Starting from a holding
potential of -20 mV voltage pulses were applied to the cell
studied. The resulting membrane cu rrent was measured by
means of an L/AM EPC-7 patch clamp amplifiei (List-MIedical,
Darmstadt, FRG). The clamp potential and the corresponding
membrane current w ere displayed on an oscilloscope (model
51111A; Tektr-onix, Beaverton, OR, USA) and recorded on a pen
recorder (R-50; Rikadenki Kogyo Co., Tokyo, Japan) or stored
by means of an A/D converter (DT 2801A; Data Translation,
Marlborough, MA, USA) in a personal computer. In some
experiments, the membrane current wras only measured at the
holding potential under various conditions. The Na+-K+ pump
current I) was identified as the current activated bY external Cs+
and inhibited by the cardiac glycosicle DHO. The surface of the
cells was estimated from the diameter measur ed through
the microscope assuming a regular geometrical shape for the
cardioballs (cf. Glitsch et al. 1989).

Statistics
WVhenever possible data are presented as means + S.E.I. The
s.E.M. is shown in the figures only- if it is larger than the size of
the symbols. Differences between means and zero were checked
for significance by Student's one-sample, txwo-tailed t test. They
were deemed significant if PS 0 05. n denotes the number of
cardioballs studied.

RESULTS
Measurement of Ip
As mentioned above,,I was measured as current activated
by Cs+ and blocked by the cardiac glycoside DHO. The
lower trace of Fig. 1A displays the membrane current of a
cardioball at the holding potential of-20 mV 6 min after
establishing the whliole-cell configuration. The upper trace

Table 2. Calculated free Mg2" concentration, AGATP, AGATp and Ere, for the pipette solutions used to study Erev
as a function of AGATP

l'ipette solution

ADP
(INII)

0 3
20

20s0

Pi
(mINI)

0 3
2-0

20-0

Frlee Alg2+
(mmvu)

199
146
0 35

AGOTP
(kJ mol-')
-28-7
-28.9
-30 7

AGCATP
(kJ mol')
-58-18
-48*75
-38-87

Ele

(mnV)

-224
-126
-24

Approximate
AGCATP
(kJ nol-')

- -49
- -39

ATP
(nvIZI)
10
10
10
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indicates [Cs+]0. Initially the cell w\as superfused with a
Cs+-free solution, w\hich contained no activator cation of
the pump. Switching to a medium containing 40 mirI Cs+
caused an outw\ard shift of the holding current which
coincided with the activation of the Na+-K+ pump and
thus probably represents I[. Due to variations of the
subsarcolemmal Na+ concentration Ip reached its steady
state only after many seconds (cf. Bielen et at. 1991a;
Glitsch & Tappe, 1991). Addition of 2 x t0-4 M DHO
(horizontal bar between the traces) blocked Ip as expected
and therefore shifted the membrane current in the inward
direction to the level observed in Cs+-free solution where
Ip is absent. This level remained nearly constant
throughout the experiment. The block of IP by DHO is
partially reversible. The outward current component
reappears in drug-free mnedium containing Cs+. However,
the amplitude of the outward current evoked by Cs+ is
smaller at the end than at the beginning of the record.
This 'run-dow\n' of I, has already been described for
cardioballs (Glitsch & Tappe, 1993a). Three times during
the experiment, voltage steps of 200 ms duration were
applied from the holding potential (indicated by the

J. Physiol. 484.3

vertical lines labelled a-c). In order to establish the
voltage dependence of the membrane current, the current
amplitude at the end of each clamp pulse was plotted
versus the clamp potential during the pulse. Figure 1B
shows the resulting I-Vcurves. The first I-Vrelationship
was measured in the external medium containing 40 mm
Cs+ (0; a in Fig. 1A). The second I-Vcurve was obtained
during the inhibition of the Na+-K+ pump by DHO (0; b
in Fig. 1A). Due to the blockade of Ip which is an outward
current under the conditions chosen, the membrane
current was shifted to the inward direction over the whole
range of membrane potentials tested. The final I- V
relationship was recorded after partial recovery of Ip (K; c
in Fig. 1A). The membrane current was more outward
again but, in general, did not reach the initial amplitudes.

In order to derive the Ip- V curve the difference between
the current amplitudes a and b (Fig. 1A) in media with or
without DHO was plotted versus the membrane potential
in Fig. 1 C. The resulting curve shows a nearly constant Ip
at positive potentials and a decrease of Ip at negative
clamp potentials.

40 mM
[Cs+]. 0

DHO

(pA)

-50] Jb

ab

-100 -50 0 +50

Figure 1. Measurement of Ip in a cardioball
A, inemnbrane current at various [Cs+].. Upper trace, [Cs+]O; lower trace, membrane current at -20 mV.
Current-voltage relationships are measured at a, b and c and indicated by vertical lines. Bar above
the current trace states application of DHO-containing solution (2 x m0-X). AGATP -58 kJ moF'.

B, current-voltage curves recorded before (a in A; 0), during (b in A; 0) and after (c in A; O)
application of DHO. C, I,- V relationship. I,, lerived from the difference between membrane current
before (O in B) and during (O in B) application of DHO.
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It is a prerequisite for a study of 1p- V curves to ensure
that the shape of the '-0 V relationship under a chosen
condition reinains unchanged during the experiment.
Figure 2A displays the membrane current of a cardioball
superfused with a solution containing 6 mM Cs+. The bars
above the current traces indicate the application of
2 x 10-4 M DHO. The record starts at holding potential
(-20 mNV) 10 min after establishing the whole-cell
configuration. First, the I- V relationship wvas measured in
drug-free solution (a). Thereafter the cardioball was
superfused with a medium containing DHO and a second
I- V curve was recorded (b). After washing off the drug
for more than 10 min the procedure was repeated (c and
d). The 1p- Vcurves derived from the differences a -b (0)
and c - d (0) are presented in Fig. 2B. The IP amplitudes
of each curve are normalized to the corresponding
amplitude at +5 miT, which were measured to be 31 (0)
and 24 pA (0). Both curves exhibit a positive slope at
negative membrane potentials and little change at
positive voltages. The shape of the curve is nearly the
same, regardless of whether measurements were made 10
or 22 min after establishing the whole-cell configuration.
Thus, 10 min was long enough for complete equilibrium to
be reached betwN-een cytosol and patch pipette solution.
Furthermore the shape of a cell's 10- V relationship does
not change with time.

Reversal of 1p
Figure 3A shows five sets of meInbrane current (a-e)
measured in a cardioball which was clamped to the
membrane potentials indicated on the extreme left of the
figure. The sample records start 11 min after access to the
cN-tosol was obtained. The cell interior was perfused with

A

DHO

a b

an ATP-free patch pipette solution containing blockers of
the physiological ATP synthesis, high concentrations of
ADP and Pi, Cs+ as the main cation and no Na+. The Cs+-
free superfusion medium contained 150 mm Na+ as the
principal cation. Any external activator cation of the
Na+-K+ pump was absent. Thus, the sarcolemmal
gradients of the transported cations were very steep and
AGATP was less negative than under physiological
conditions. Under the conditions specified above, the left
set of membrane currents (a) was obtained as a control in
the drug-free superfusion solution. A few seconds later a
superfusion medium containing 2 x 10' M DHO (bar
above the current traces) was applied. Compared with the
control the membrane current (b) was little affected at the
holding potential (-20 mV), suggesting that Ip is small.
This is also true for positive and other moderately
negative clamp potentials. However, at very negative
potentials the membrane current under DHO is more
outward than the corresponding controls. Therefore Ip
must be an inward current in this potential range. The
thiIrd set of currents (c) represents a second control
obtained 11 min after switching to the DHO-free
superfusion medium. As in the first control the membrane
current at very negative voltages Nas more iniward than
in DHO-containing solution, whereas the current showed
little difference at other clamp potentials. Immediately
after the second control the patch pipette medium (for
intracellular perfusion) was changed to a solution
containing 15 IM Na+, 10 mm ATP and 10 mM glucose,
but no ADP, Pi or metabolic inhibitors. The main cation
was still Cs+ (140 mM). The (external) superfusion solution
now contained, in addition, 6 mM Cs+. The alterations in
the composition of the media decreased the sarcolemmal

B
DHO

c d

I (pA)
+50 l

0 10 min

10 s
-100 -50

V (mV)

0

Figure 2. The shape of the Ip- V curve does not change with time
A, two sample records of membrane current from a cardioball superfused with DHO-free or DHO-
containing medium at -20 mV. ACATP --58 kJ mol-'. Interxval between the records was 10 min. Bars
al)ove the current traces indicate application of 2 x 10-4 M DHO. Small rectangular signals indicate
zero current lev-el. Current-voltage relationships are measured at a, b, c and d. B, normalized I,p- V
curves. Jp normalized to the respective Jp amplitude at +5 mV, arbitrarily set to 100%. Jp derived at
different times during the experiment (0, a-b; 0, c-d).
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gradients of the pumped cations and i ereased the fiee
energy of ATP hydrolysis. Following 10 min application
of the new media a fourth I- V curve was measured in
DHO-free solution (d). Clearly, not only the holding
current at -20 mV, but also the membrane current at
positive and other moderately negative clamp potentials
are shifted in the outward direction. A final application of
DHO-containing superfusion mediumn now generally
induced an inward slhift of the membrane current at the
various membrane potentials (e).

Two I. - V curves derived from the sample record in
Fig. 3A are depicted in Fig. 3B. They were obtained by
subtracting, at eaclh potential, the current amplitude
measured at the end of the clamp pulse in DHO-
containing mediumn from the corresponding membrane
current recorded before in DHO-free solution. The filled

A

-20 mV

B

+55
+40
+20
+5
-10
-30
-45
-65
-80
-95
-100
-125

I (pA)
+50 -

O-

1 00 ms

Ip (pA)
+40 -

+20-

V (mV)

-1 00 ---_-4_

/ -20-

DHO
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circles represent the Ip- V relationship of the cardioballs
under conditions which lower the free energy of ATP
hydrolysis and steepen the sarcolemmal gradients of the
transported cations (a - b in Fig. 3A). Ip reverses its
direction near zero potential. The current is outward at
positive voltages ancd inward at negative membrane
potentials. The I-- V curve measured later on at lower
ionic gradients and more negative AGATP (d- e in
Fig. 3A) is represented by open circles. The curve displays
a positive slope at negative potentials up to -30 mV and
little change of Ip at more positive voltages. This shape of
the I0- V relationship is characteristic for cardioballs from
cardiac Purkinje cells under 'physiological' conditions
(Glitsch et al. 1989).

Figure 3C shows the mean p- V curve from six cells
studied at increased sarcolemmal Na+ and Cs+ gradients

DHO

1 1 min min

C

+50

Ip (uA cm-2)
+0.1l-

V (mV)
-100 -50

L I

fl * * *
/* -0*1-

-0 2-

TT +
+s'

Figure 3. Reversal of Ip
A, fix-e sets of membIane currents (a-e) mneasured at the clainp potentials indicated on the left. Bars
abo-e the cuiient traces denote application of 2 x I 0-4 AI DHO. Gaps in the trace of holding current
represent omission of recodcl for the time giv-en below the trace. The first three sets of meinbrane
curient (a-c) are taken at low free energy of ATP hydrolysis and steep ionic gradients; d and e are
measured at more negativxe AGATP and flat ionic gradients. B, I0- Vcurxves derived eithei frorn the I-at
relationships a and b in A (a) or from the I- curves d and e in A (0). C, normalized mean Ip- Vcurve
of six carcdioballs at low free energy of ATP hydrolysis and steep ionic gradients. The Ip density of each
cell is noirmlalized to the corresponding Ip density at -95 mV, arbitrarily set to 100%, and scaled with
the mnean 1p density at this potential (-0-13 tA cm-2). Asterisks indicate lp densities different froin
O /tA cm'1-2.

a)



J. and AGATP in cardioballs

and decreased free energy of ATP splitting. In order to
allowr for the necessary exchange between cytosol and
patch pipette solution the measurements wNere started
10-15 min after establishing the whole-cell configuration.
The Ip,- V relationship displays a negative Ip at voltages
negative to +30 mV. The negative Ip density increases
with increasingly more negative clamp potentials and
amounts to -0-13 + 0 03 ,uA cm- (n = 6) at -95 mV.

4p- V relationship at various AGATP levels
According to eqn (2) the reversal potential (Erev) of Ip
depends on the sarcolemnal gradients of the transported
cations and on AGATP. Consequently, keeping the ionic
gradients constant, Erev should vary with AGATP. In order
to test this prediction we studied Erev at three different
AGATP levels (- -39, --49 and --58 kJ mol-1) and
constant ionic gradients. Thus, under all conditions, the
patch-pipette media contained 140 mM Cs+ and 10 inm
Na+, whereas the external solutions alwiays included
150 mM Na+ and 6 LM Cs+. As an example, Fig. 4
illustrates an estimation of Erev at a AGATP of
--39 kJ mol-'. Fig. 4A displays two sets of membrane
current (right) measured in media wsith (bar) or without
2 x 10-4 M DHO. The various clamp potentials at whicl
the currents were recorded are indicated on the left.
Generally speaking, the difference between the currents
obtained at the same potential in solution with or without
DHO is small and thus Ip is small. The voltage dependence
of Ip is shown in Fig. 4B. IP reverses its direction near the
holding potential. The pump current is outward at more
positive potentials and is inwardly directed at more
negative voltages. Similar experiments were performed at
AGATP I-49 and -58 kJ mol-'. Figure 5 summarizes the
mean Ip- V curves derived from measurements at the three

DHO
A

-20 mV -

+55

+40

+20

+5

-10

-30

-45

-65

-80

-95

-110

--125

I (pA)
+100]

0lm

100 ms

10 s

iifferent AGATP levels. Each curve is based on the results
from five cells. The Ip amplitudes observed at the various
clamnp potentials under each AGATP are first normalized to
the corresponding amplitude of Ip at +5 mV and then
scaled with the mean IP density at this potential under
the condition chosen. The uppermost curve (0) represents
the Ip- V relationship of the cardioballs at
AGATP I-58 kJ mol-'. The Ip density displays a
maximum around zero potential (0 35 + 0 07 jtA cm-2 at
+5 mV), a small decrease at positive voltages and a more
pronounced decrease at negative potentials. Over the
w-hole range of membrane potentials tested Ip is an
outward current. A linear extrapolation of the Ip- Vcurve
suggests an Erev of about -195 mV. The voltage
dependence of Ip at AGATP `-49 kJ mol' is illustrated
by the middle curve (*). Ip is smaller over the whole
potential range tested (0-19 + 0 07 ,uA cm-2 at +5 mV)
but the general shape of the I,p- V curve is essentially
unchanged. I,p seeins to reverse its direction at about
-115 mV. However, the Ip density is not significantly
different from 0 /tA cm- between -80 and -125 mV
(asterisks). The bottom curve (A) represents the I-p- V
relationship at AGATP -39 kJ mol-'. The amplitude of
Ip is further diminished at all potentials
(0-11 + 0 02 ,uA cm- at +5 mV). Ip is nearly constant at
potentials positive to -10 mV and is more and more
reduced at increasingly more negative voltages. Erev
seenms to be at about -60 mV. It is pertinent, however, to
note that I,p does not differ significantly from 0 #tA cm-
between -20 mV and -95 mV (asterisks). The current is
significantly inward at more negative potentials and
significantly outward at more positive voltages. Again the
general shape of the Ip- V curve is unaffected. Thus
decreasing the free energy of ATP lhydrolysis at constant

B Ip (pA)

+20 ,

V (mV) ; f
-100

-20

+50

Figure 4. 1Ip- Vcurve of a cardioball at AGATP --39 kJ mol'
A, sample records of membrane currents measured at the clamp potentials indlicated on the left. Bar
above the current traces denotes application of 2 x XI D)HO. Interval between the sets of current
tiaces 10 s. B, Ip- V cum-ve derixed fiom the difference between corresponding currents ineasured in
DHO-free or DHO-containing medium and displayed in A. The arrowv indicates Ere. calculated
accorcling to eqn (2) (-24 mnV).
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gradients of the transported cations shifts the Ip-V
relationship of the cardioballs in the inwNard direction.

Activation of Ip by Cs' at different AGATP levels
As can be seen from Fig. 5, variation of AGATP does not
only shift Erev but also diminishes the amplitude of Ip
over the whole voltage range tested. In order to exclude
that the kinetics of It activation by Cs+ varies wvith AGATP
wN-e studied the kinetics at AGATP -58 and -49 kJ mol-'.
A sample record from an experiment under the former
condition is show-n in Fig. 6A. The clamp potential was
manually changed to preset values, as indicated by the
upper trace. The lowei trace represents the membrane
current. At each potential the cardioball was successively
superfused with Cs+-free solution and media containing 5,
10, 20 or 40 mm Cs+. Each Cs+ concentration applied
evoked an outward current which was considered to be IP.
The amplitude of II, depends on [Cs+]. and membrane
potential. Figure 6B presents the Ip density as a function
of [Cs+]. at zero potential. Mean values from four cells
each at AGATP -58 (0) and -49 kJ mol-' (*) are shown.
The curves fitted to the data obey the Hill equation:

Ip,max
,5)

( pK y'(5

I [Cs+] I

where Ipmax denotes the maximum IP density, Ko.5 is
[Cs+], for half-maximum IP activation and h represents
the Hill coefficient. Ko.5 is much the same under both
conditions (19-5 mm Cs+ for AGATP -58 kJ molP';
194 mMi Cs+ for AGATP %-49 kJ molP'), whereas Ip,max
decreases (from 0-50 to 0'37 1tA cm-2) at the lower AGATP.

The voltage dependence of Ko.5 under both conditions is
plotted in Fig. 6C (AGATP , 58 kJ mol-', 0;
AGATP "-49 kJ mol-', *). A single curve can be fitted to
both sets of data. The curve represents the equation:

K-.5= _5(1'= mv)exp(aFV/RT). (6)

a denotes (for monovalent ions) a fraction of an
elementary charge and amounts to 0-32 for the curve
shown. R, T and F have their usual meaning. Thus the
results presented in Fig. 6 demonstrate that variation of
AGATP between - -58 and --49 kJ mol-P has no effect
on the Ko.5 of Ip activation by Cs+ within the potential
range studied.

DISCUSSION
Measurement of 1p
Figure 1 shows that the current activated by Cs' is
blocked by the cardiac glycoside DHO and thus probably
represents Ip. This finding is in line with previous
measurements of Ip on isolated guinea-pig ventricular
myocytes (Gadsby, Kimura & Noma, 1985), cardiac
Purkinje cells (Bielen, Glitsch & Verdonck, 1991 b), squid
giant axons (Rakowski, Gadsby & De Weer, 1989) and
oocytes of Xenopus laevis (Lafaire & Schwarz, 1986). A
constant coupling ratio between active Na+ efflux and
active K+ influx under a variety of experimental
conditions is a prerequisite for considering Ip a reliable
indicator of the Na+-K+ pump activity and for predicting
Erev according to eqns (1) and (2). Earlier reports have
demonstrated that the coupling ratio is independent of

lp (/uA cm-2)
+0 5

,*I

** .-..A..***A.'

*+-100 ..- * -50
... *A... ,.*

T
-0 1

+50 V (mV)

Figure 5. Normalized Lp- Vrelationships of cardioballs at different AGATP levels
Ip density observed at the various clamp potentials is normalized to the respective Ip density at
+5 mV, arbitrarily set to 100%, and then scaled with the mean Ip density at +5 mV under the
condition chlosen. 0, AO,ATP, -59 kJ mol'; *, AGATP -49 kJ mol'; A, AGATP -39 kJ mol
Asterisks inark means not significantly diffeerent fromn 0 flA cm-2. Sarcolemmal gradients of Na+ and
Cs+ are constant throughout. The arrows indicate the theoretical Ere, (calculated according to eqn (2)) at
AGATP -49 kJ mol-' (-1 26 mV) and at AGATP e-39 kJ moP (-24 mY). Erev at
AGAT. ~-59 kJ mol-' is calculated as -224 mV and is not marked in the figure. For clarity errom- bars
are shown only- for one mean value in each curve. i = 5 for each AGATP level.
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changes in the intracellular ATP concentration (Eisner &
Richards, 1981; Goldshleger, Shahak & Karlish, 1990), in
extra- and intracellular ionic concentrations and in
membrane potential (see De Weer, Gadsby & Rakowski,
1988a for a review). Accordingly, a constant coupling
ratio is assumed in discussing the results described above.

Reversal of 4p
Equation (2) predicts a shift of Ere, for Ip to more positive
membrane potentials by lowering the free energy of ATP
lhydrolysis and/or steepening the sarcolemmal gradients
of the pumped cations. Steep ionic gradients were created
by application of a Na+-free pipette solution and a

Cs+-free external medium. In order to diminish AGATP an
ATP-free pipette solution containing inhibitors of
glycolysis and oxidative phosphorylation was used.
Previous experiments revealed that this treatment
effectively decreases the outward directed Ip of cardioballs
(Glitsch & Tappe, 1993a). Moreover, the addition of ADP
and Pi to the patch pipette solution further reduced the
free energy of ATP hydrolysis and provided at the same
time the substrates for the ATP synthesis by the
backward-running Na+-K+ pump. As can be seen from
Fig. 3C these experimental conditions caused a dramatic
shift of rev to more positive membrane potentials. Over

A

I (pA)
+50 -

O- v

a b

1 min

C
Ko/5 (mM)
40 l

10 102

[Cs+lO (mM)

103 -50 0 +50
V (mV)

Figure 6. Ip activation depends on [Cs+]o and membrane potential
A, I activ-ation in a cardioball at various [Cs+]. and clamp potentials. Upper trace, clamp potential;
lower trace, membn)rane current. At each potential Ip is activated by 5 (a), 10 (b), 20 (X) and 40 mn:x (d)
Cs'. 1, is extrenel! siiiall at +40 mV and 5 mm Cs+. B, semilogarithmic plot of mean Ip densities versus

[Cs+]L at AGATP -49 (*) and -58 kJ mol-' (A). Clamiip potential 0 mV. lp amplitudes normalized to
the coriesponding amplitude at 40 mm Cs+ and scaled with the respective Ip density at this [Cs+]o
(0, 0 39 + 0-081tA crn-2; *, 0-29 + 0 11 /uA cm-2). ai = 4 for both cur-es. The curves repiesent Hill
equations (eqn (5)) with Ko.5 = 19-5 m-m Cs+, = 0 50 ,uA cm-2, h = 1-84 and r2= 1 0 for * and
K0.5 = 19-4 maI Cs+, Jp maX = 03 /A cm-2, h = 1-82 and r'= 1-0 for *. C, Ko.5-varies with membrane
potential. Ko.5 values for It, activation by Cs+ plottecl versus membrane potential. Symbols and ii as in
B. The curve obeys e(qn (6) with a = 0-32, r2= 0-98.

B
Ip (,uA cm-2)

+05 1

0 -
0
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the whole range of memnbrane potentials studied I, is
significantly inward (asterisks) or insignificantly different
fromn 0 ItA cM . The inward direction of Ip can be
reversed to the 'physiological' outward direction during
continuous w-hole-cell recording after switching to intra-
and extracellular media which increase the free energy of
ATP splitting and lower the sarcolemmnal cationic
gradients (Fig. 3B). The first reported measurement of a

reversed Ip,N-as performed on squid giant axon (De WVeer
& Rakowski, 1984). Superfusion with a K+-free solution
and internal dialysis with an ATP-free medium
containing ADP, Pi and inhibitors of the ATP synthesis
caused an inwardlv directed Ip. Further experiments
(R,akowNski, De Weer & Gadsby, 1988) revealed Ip to be
zero at about +30 mV and to increase at negative
membbrane potentials towards a maximumn of
-0-24 /uA cm- between -80 and -100 mV. Bahinski et
aI. (1988) ere the first to describe a reversed Ip in cardiac
cells under simnilar experimental conditions. The reversed

Ip displayed a mnaximum of about -0-32 tA cm-2 at
-100 mV and a monotonic decrease at more positive
potentials. According to Efthymiadis & Schwarz (1991) a

reversed Ip is also observed in Xen opus oocytes containing
low Na+ and ATP but high ADP concentrations if they
are superfused witlh K+-free solution. The reversed Ip
increased with increasingly more negative clamp
potentials and amounted to --0 1 /tA Cm2 at -100 mV.
HowNever, the current exhibited no maximum at negative
voltages up to -140 mV.

A characteristic common to all reversed p- V curves

published so far is the increase of the inward IP with
increasingly more negative membrane potentials. A
backward-running Na+-K+ pump transports external
Na+ into the cell. The IP amplitude depends on the Na+
concentration at the extracellular Na+ binding sites of the
pump. These sites seem to be connected via an 'access
channel' to the external mediuin (e.g. Gadsby, Rakowski
& De XVeer, 1993). Both hyperpolarization of the cell
membrane and an increase of the external Na+
concentration tendl to augment the Na+ concentration at
the Na+ binding sites of the pump and thereby the
amplitude of the reversed I . The slightly different shapes
of the reversed Ip- V curve in various cells may reflect -

apart from species differences - the different extracellular
Na+ concentrations present during the measurements of IP.
Erev as a function of AGATP
In order to dcemonstrate the dependence of Erev on AGATP,
IP was mneasured at tlhree AGATP levels and constant
sarcolemmal gradients of the pumped cations. The control
of the subsarcolem-mal ion concentrations was facilitated
by applying a relatively low; concentration of external Cs+
in order to activate Ip (cf. Glitsch & Tappe, 1991). The
different AGATP levels Nere established by using pipette
solutions containing a H)bvsiological ATP concentration

(- 10 mM; e.g. Kammermeier, Schmidt & Jiingling, 1982)
and various concentrations of ADP and Pi. Previous
experiments (Glitsch & Tappe, 1993a) suggested that it is
difficult to lower effectively the ATP concentration at the
ATP-binding site of the Na+-K+ pump by mneans of an
ATP-free patch pipette solution, most probably due to
functional compartmentation.

AGATP is estimated to be between -55 and -60 kJ mol-'
in cardiac cells under physiological conditions
(e.g. Kammnermeier et al. 1982). Cardioballs internally
perfused with a pipette solution composed to establish a
AGATP --58 kJ mol-' display an Ip- V relationship
which is very similar to that found in cardioballs (Glitsch
et al. 1989) and freshly isolated cardiac Purkinje cells
(Bielen et al. 1991 b) when a systematic control of AGATP iS
not attempted. Ip is outwardly directed over the whole
potential range studied and displays a maximum near
zero potential. It decreases slightly at more positive
voltages and strongly at more negative voltages (Fig. 5).
The linearly extrapolated Erv of -195 mV is not too far
from the calculated value of -224 mV. Comparable Ip- V
curves have been reported for guinea-pig cardiac
ventricular cells (Gadsby et al. 1985), oocytes of Xenopus
laevis (Lafaire & Schwarz, 1986) and for the squid giant
axon (Rakowski et al. 1989). KSmall differences in the shape
of the p- V relationships may be due to the different
concentrations of the external pump activator cation used
(cf. Bielen, Glitsch & Verdonck, 1993).

A AGATP of --49 kJ mol-' shifts the measured Er,v to
about -115 mV (Fig. 5), in good agreement with the
calculated reversal potential which amounts to -126 mV.
From Fig. 5, Erev at AGATP -39 kJ mol-1 is estimated to
be about -60 mV, whereas the calculated value turned
out to be -24 mV. However, it is helpful to realize that
the mean values of the measured I,p are not significantly
different from zero between -20 and -95 mV (Fig. 5). The
discrepancy between the calculated and the measured Erev
at the various AGATP levels is probably - at least partly -
due to experimental difficulties in determining Erev exactly
because of the small Ip amplitudes in an appreciable range
of membrane potentials in the vicinity of Erev In
addition, we cannot exclude the possibility that the
subsarcolemmal AGATP differs slightlyr from that predicted
from the composition of the pipette solution. Finally it is
obvious that the linear extrapolation of the Ip- V curve
observed at AGATP "-58 kJ mol-' can only result in a
rough guess of Erev In fact a computer model of the
Na+-K+ pump studied by Chapman, Johnson & Kootsey
(1983) predicts a linear Ip- Vrelationship near 14ev only at
low AGATP (see Fig. 5, A) but a non-linear Ip- V curve in
this potential range at higher (more physiological) AGATP.
Considering these shortcoinings the observed similarity
between the calculated and the measured (or extrapolated)
values of Erev_ seems quite satisfying.
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Ip decreases at less negative AGATP
LowvNering the free energy of ATP hydrolysis not only
shifts Ere, towards more positive membrane potentials
but also reduces the amplitude of I- (Fig. 5). Interestingly
this behaviour of the I-p- V relationship has already been
postulated by Chapman et al. (1983) from their afore-
mentioned computations of electrogenic Na+ pumping
(see their Fig. 6). Figure 6 demonstrates that neither
[Cs+]o for lhalf-maximal I activation (Ko0.) nor its voltage
dependence change upon variation of AGATP whereas the
maximal Ip amplitude decreases at AGATP --49 kJ mol-'.
It is known from previous work of other authors
(e.g. Apell, Nelson, Marcus & Lauger, 1986; Kennedy,
Lunn & Hoffman, 1986) that the Na+-K+ pump activity
is clhanged under these conditions and the active cation
fluxes through the pump are diminished. However, the
underlying mechanism (inhibition of K+ deocclusion
and/or decreased phosphorylation of the Na+-K+ pump)
is under debate. Our experiments were not designed to
differentiate between these possibilities and thus the
mechlanism remnains to be elucidated. The Cs+
concentration w-hich causes half-maximal IP activation is
voltage dependent. The dependence can be described
according to eqn (6) with a = 0-32. This finding is in line
with the hypothesis that extracellular cations have to
pass through an 'access channel' in order to reach their
binding sites at the Na+-K+ pump. The concentration of
the external cations at the binding sites varies with
membrane potential and therefore the apparent
concentration for half-maximal Ip, activation by activator
cations like Cs+ also depends on voltage (cf. Lauger &
Apell, 1986). Similar observations and comparable
ax values have been reported from studies on Xenopus
oocytes (Rakowski, Vasilets, La Tona & Schwarz, 1991;
Omay & Schwarz, 1992) and freshly isolated rabbit cardiac
Purkinje cells (Bielen et al. 1993). The main conclusion
from our results is, however, that Erev of Ip varies with
AGATP if the sarcolemmal gradients of the pumped cations
are kept constant. This is what one expects from
thermodynamic considerations.
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