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SUMMARY

1. The whole-cell patch clamp technique was employed to study the effects of the
,f-agonist isoprenaline (ISO) on the Na+=K+ pump current, Ip, in acutely isolated
ventricular myocytes from guinea-pig hearts. Propranolol, a ,l-adrenergic antagonist,
was used to demonstrate that all of the effects of ISO, stimulatory or inhibitory, are
mediated by fl-receptors.

2. Below about 150 nm [Ca2+]i, we find that ISO reduces Ip, while above this
[Ca2+]i ISO increases Ip. The stimulatory and inhibitory effects of ISO on Ip are
independent of either intracellular sodium ([Na+]i) or extracellular potassium
([K+]O). These results suggest that the end-effect of ISO is directly on the maximum
pump turnover rate (Vmax) rather than indirectly through changes in [Na+]i or [K+]o
or modulatory effects on Na+ or K+ affinity.

3. The maximum effect of ISO increases Ip by 25% when [Ca2"] is buffered at
14/tM. A half-maximal effect is reached at roughly 10 nM-ISO and a near-maximal
effect by 0-5 /,M.

4. The permeabilized patch technique, using amphotericin B (Horn & Marty,
1988; Rae, Cooper, Gates & Watsky, 1991), was employed to minimize changes in the
normal second messenger systems and calcium buffers. In these experiments, we used
a high intracellular sodium solution (pipette sodium was 50 mM), thus sodium-
calcium exchange was depressed and we expected [Ca2+]i to be above 150 nm. ISO
increases Ip in these conditions as in the dialysed cells.

5. Our results suggest that fl-stimulation can increase Ip, but only if [Ca2+]i is
above about 150 nm. In the beating heart [Ca2+]i rises well above this value during
systole and the average [Ca2+]i, which depends on heart rate, is expected to normally
be above this level. During ,8-stimulation, the increase in Ip along with a concomitant
increase in IK (Giles, Nakajima, Ono & Shibata, 1989; Duchatelle-Gourdon, Hartzell
& Lagrutta, 1989) helps prevent action potential lengthening and allows an
increase in heart rate even in the presence of increased calcium current. Further,
fl-stimulation will compensate for the effects on Ip of either hypokalaemia or digitalis
toxicity, and so reduce the expected rise in both [Na+]i and [Ca2+]i.
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INTRODUCTION

The Na+-K+ pump exchanges three intracellular sodium ions for two external
potassium ions during each cycle. Since there is net outward movement of one
positive charge with each cycle, an outward (hyperpolarizing) current is generated.
The steady-state Na+-K+ pump current was studied by selective blockade of the
transport process using the cardiotonic steroid dihydroouabain (DHO) (Isenberg &
Trautwein, 1974; Daut & Rudel, 1982; Cohen, Falk & Mulrine, 1987), chosen because
of its rapid onset and reversibility. The rate of Na+-K+ transport is regulated by the
intracellular sodium concentration, [Na+]i, and the extracellular potassium con-
centration, [K+]0. It is also dependent on transmembrane voltage (Gadsby & Nakao,
1989). The whole-cell patch clamp technique allowed us to control or modulate each
of these factors.

In the mammalian heart, catecholamines act via fl-receptors to increase
intracellular levels of cyclic AMP, which in turn activates the A-kinase to
phosphorylate various membrane proteins. This phosphorylation, as well as direct G-
protein gating, alters Na+ conductance, Ca2+ conductance, and almost every K+
conductance in the cardiac cell membrane (Tsien, 1974; Gadsby, 1983; Brum,
Osterrieder & Trautwein, 1984; DiFrancesco, 1986; Giles et al. 1989; Duchatelle-
Gourdon et al. 1989; Nakayama, Palfrey & Fozzard, 1989; Schubert, VanDongen,
Kirsch & Brown, 1989; Tromba & Cohen, 1990). However, the effects of /1-
stimulation on Na+-K+ transport remain a matter of controversy. Some investigators
have observed a stimulation of transporter activity (Vassalle & Barnebei, 1971; Falk
& Cohen, 1982; Desilets & Baumgarten, 1986) while others have not (Gadsby, 1983;
Gadsby, 1990; Bielen, Glitsch & Verdonck, 1991). Alternatively, Gadsby (1983) and
Glitsch, Krahn, Pusch & Suleymanian (1989) suggested that fl-activation increases
K+ conductance, causing K+ accumulation in the narrow extracellular spaces, thus
indirectly stimulating Na+-K+ transport.

Previous studies performed using the whole-cell patch clamp technique and wide-
tipped pipettes have failed to demonstrate an isoprenaline (ISO)-induced increase in
the Na+-K+ pump current (Ip), although such an effect has been observed by some
investigators using multicellular preparations. This disparity may result because the
whole-cell patch clamp technique modifies the intracellular environment in ways
that might indirectly affect the Na+-K+ pump. The purpose of this investigation was
to determine the response of the Na+-K+ pump to /3-adrenergic stimulation and to
ascertain why the various techniques have given disparate results.

METHODS

Guinea-pig ventricular myocytes were prepared essentially as described by Isenberg & Klockner
(1982). Male guinea-pigs weighing 300-500 g were killed with sodium pentobarbitone (1 ml of
390 mg/ml) solution by peritoneal injection. The heart, with 2-3 mm of the aorta, was then
removed and placed in Ca2+-free Tyrode solution containing (in mM): NaCl, 137-7; NaOH, 2-3;
MgCl2, 1; glucose, 10; HEPES, 5; KCl, 5-4; pH = 7-4. The aorta was cannulated and perfused with
50 ml of Ca2+-free Tyrode solution followed by 100 ml of Tyrode solution with 30 /LM-CaCl2 and
0 4 mg/ml collagenase (Worthington Biochemical Co.) kept at 37 'C. The heart was then placed in
Ca2+-free Tyrode solution at room temperature for about 2 h. Afterwards, a piece of ventricle was
cut out and teased into smaller pieces in KB solution (Isenberg & Klockner, 1982) which contained
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(in mM): KCl, 85; K2HPO4, 30; MgSO4, 5; sodium pyruvic acid, 5; ,-OH-butyric acid, 5; creatine,
5; taurine, 20; glucose, 20; EGTA, 0 5; HEPES, 5; Na2-ATP, 5. The pH was adjusted to 7-2. All
the solutions were bubbled with 100% 02. The ventricular tissue was triturated with an electric
shaker (Thermolyne Speci-Mix, Sybron) for about 1 min. The dissociated cells were then kept in
KB solution at room temperature for at least 1 h before the experiment.
The isolated cells were placed in a temperature-controlled lucite bath (35 +0-5°C) in which

solution could be exchanged with a time constant of 13 s. An Axopatch 1A amplifier and the whole-
cell patch clamp technique was used to observe Na+-K+ pump currents. The patch pipettes were
initially 1-3 MQ in resistance but increased to 3-10 MCI after the electrode made contact with the
cell interior. Seal resistances were 5-20 GQ. The patch pipette solution contained (in mM):
potassium aspartate, 40; KOH, 48; KCl, 2; KH2PO4, 10; MgSO4, 1; HEPES, 5; EGTA, 11; CaCl2,
1; glucose, 10; NaCl, 40; and Na2-ATP, 5; pH = 7-2. In most experiments the total pipette [Na+]
was 50 mm to fully activate the internal Na+ site of the Na+-K+ pump (Nakao & Gadsby, 1989;
Gao, Mathias, Cohen & Baldo, 1990a). This increased our signal-to-noise ratio and minimized the
effect of changes in [Na+], on Ip. Changing pipette [Na+] to 6 mm did not alter our results. When
pipette calcium was increased or sodium decreased, CaCl2 or NaCl was substituted for potassium
aspartate. The free Ca2+ concentrations in the pipette solutions containing 11 mM-EGTA with 1,
2-5, 5, 7-5 and 10 mM-CaCl2 were 15, 43, 122, 314, and 1439 nm, respectively, according to
calculations using the SPECS program (Fabiato, 1988). Samples of the 122, 314, and 1439 nM [Ca2+]
solutions (without Na2ATP, due to its high absorbance at 259 nm) were measured experimentally
using BAPTA as a calcium indicator. This method gave values for [Ca2+] of 115, 600, and 1040 nM
[Ca2+], respectively.
We also utilized the perforated patch technique developed by Horn & Marty (1988) and modified

by Rae et al. (1991). The initial 100,UM of the pipette tip was filled by suction with the regular
pipette solution and the rest of the pipette was back-filled with pipette solution containing
amphotericin B (240 ,ug/ml), which was prepared just before the experiment. Using this technique,
the access resistance stabilized at 6-12 MQ, within 6-8 min after forming a seal.
The external solution contained (in mM): NaCl, 137-7; NaOH, 2-3; MgC12, 1; glucose, 10;

HEPES, 5; KCl, 4-6; CaCl2, 1-8; BaCl2, 0 5; CdCl2, 0-2. External pH was adjusted to 7-4 by titration
with HCl or NaOH. We performed some experiments with 20 mM-external KCl instead of the usual
4 6 mm. A [K+]. of 20 mm should fully saturate the external K+ site of the Na+-K+ pump (Nakao
& Gadsby, 1989; Gao et al. 1990a). DHO (1 mM) was added to the external solution that was
constantly flowing through the bath. Isoprenaline (ISO, 0 5 /M from 1 mm stock solution) was
added to the external solution before the experiment.
The current recorded by the patch clamp (I) = IpRin/(Rin +Rp) where Ip is the pump current, R,.

is the membrane input resistance, and Rp is the resistance of the patch pipette. The membrane
resistance of cells in our external solution was about 200 MQl, thus, for a worst case with a 12 MQ
access resistance, we would record at least 94 % of Ip. All patch clamp data were displayed on a
digital storage oscilloscope and recorded on computer disc for later analysis.

RESULTS

We used the whole cell-patch clamp technique (Hamill, Marty, Neher, Sakmann
& Sigworth, 1981) to study Na+-K+ pump current (Ip) in single ventricular myocytes
isolated from guinea-pig hearts. Application of 1 mM-DHO blocks at least 93% of
Na+-K+ pump activity in a myocyte clamped to -60 mV (Gao et al. 1990 a). However
for application of DHO to be a direct measure of Ip, DHO must not affect membrane
conductance. To examine this question we employed the protocol illustrated in Fig.
1. Small voltage steps (-5 mV) of brief duration (350 ms) were applied once per
second before, during and after DHO application. Our results showed the con-
ductance was unchanged during or after DHO application (during dI/dV = 0-98 +
0-035 (S.D.) of control (n = 14); after wash-out dI/dV = 1-00+0-032 (S.D.) (n = 11)
of control). Of these, half of the experiments were performed at 50 mm [Na+]i, and
half at 6 mm [Na+]i, and no difference existed between these two groups. Three
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were performed at 1-4 /aM pipette [Ca2l]; the rest were performed at 15 nM [Ca2+]i. No
effect of DHO on slope conductance was observed in either group. Similar results
suggesting an absence of DHO effects on passive membrane permeabilities were
reported by Schweigert, Lafaire & Schwarz (1988) for experiments on Xenopus laevis.
Therefore, the DHO-induced shift in holding current should be a direct measure of
Ip.

0.1

...... ..... , ........... . ...............

0 0 -

c -0.1

-0.2 - DHO

.... 20 ps/point
- 200 /us/point

-0.3-
Time

Fig. 1. Membrane conductance is not affected by DHO. Small hyperpolarizing voltage
pulses of 5 mV amplitude and 350 ms duration were applied from a holding potential of
-60 mV (not shown). The resulting changes in membrane current are illustrated before,
during and after 1 mM-DHO application. The first three current responses in each group
were measured and averaged, giving 35 1 pA in control, 34-2 pA in DHO, and 36-1 pA
after wash-out. Note the time base was expanded during the pulses to increase resolution.
In fourteen cells, the average conductance in DHO was 098+00035 of control and
following wash-out of DHO it was 1 00+ 0032 of control.

Since the Na+-K+ pump is stimulated as [Na+]i increases, we used patch pipettes
containing 50 mM [Na+] to fully saturate this Na+ site (Nakao & Gadsby, 1989; Gao
et al. 1990 a). This avoided any indirect changes in Ip due to isoprenaline-related effects
on membrane Na+ conductance. As will be shown later in the results, reducing [Na+]i
to a more physiological 6 mm does not alter the experimental outcome. We also put
0 5 mM-Ba2+ in the bath to block the majority of the K+ conductance (Cohen et al.
1983), thus minimizing accumulation/depletion of K+ in the T-system of the
myocytes. We estimate that changes in T-system K+ concentration are less than
0-1 mM. In all of the results presented in this section, Ip is measured in the same cell
with and without isoprenaline in the bath.

Intracellular [Ca2+] determines whether isoprenaline stimulates or inhibits Na+-K+
transport

Figure 2A illustrates the effects of ISO on Na+-K+ pump current at a pipette
[Ca2+] buffered to approximately 1 4 tm-free Ca2+ (10 mm [Ca2+], 11 mM-EGTA). This
free [Ca2+] is above that expected in a quiescent cardiac myocyte in which [Ca2+]i is

692



693ISOPRENALINE, CALCIUM AND THE Na+-K+ PUMP

0.5 , A

ISO

'p

DHO 'p

DHO

0 200 400 600
Time (s)

0-1 -1 B

0 -

c

-0.1

-0.2

Iso

DHO

DHO

0 250 500 750
Time (s)

Fig. 2. A, the stimulatory effect of ISO on Ip) with elevated [Ca2l], (-4/,M) and pipette
[Nal] = 50 mM. A ventricular myocyte was clamped at -60 mV and DHO (1 mM) was

applied. There was a reversible inward current movement of 125 pA due to blockade of
Ip during the DHO application. Following recovery, 0-5 LM-ISO was applied and an

inward current resulted due mostly to an increase in membrane conductance. When 1 mM-

DHO was re-applied in the presence of ISO, a larger (161 pA) pump current was observed.
B, the inhibitory effect of ISO on Ip with low [Ca2"], (43 nM) and pipette [Na+] = 50 mM.
A ventricular myocyte was clamped at -60 mV and DHO (1 mM) was applied,
demonstrating a pump current of 50 pA. Isoprenaline (0-5 /tM) was applied and an inward
current resulted. When 1 mM-DHO was re-applied in the presence of ISO a smaller Ip of
39 pA was recorded.

roughly 100-300 nM (Blinks, 1986). After whole-cell recording was initiated a period
of 6-8 min was required for the pipette and intracellular contents to come to steady
state (Oliva, Cohen & Mathias, 1988; Mathias, Cohen & Oliva, 1990). When steady
state was achieved, a saturating [DHO], 10-3 M, was applied and the holding current

0'

c

-0.5

-1.0
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at -60 mV moved inward by 125 pA. This change in holding current was reversed
upon wash-out of the DHO and was considered to reflect Ip. After the current had
again stabilized, ISO (0'5 /tM) was applied. This resulted in an inward movement of
holding current due to activation of an ISO-induced membrane conductance (see
Egan, Noble, Noble, Powell, Twist & Yamaoka, 1988; Harvey & Hume, 1989;
Bahinski, Nairn, Greengard & Gadsby, 1990). After a new steady state was achieved,
DHO (10-3 M) was again applied. This application resulted in a larger inward current
shift, 161 pA. In four experiments the ratio of the Na+-K+ pump current in ISO to
that in control solution (Ip(ISO)/Ip(CON)) was 1-23+0-08 (S.D.).

Figure 2B illustrates the effects of isoprenaline when Ca2+ is buffered to 43 nM
(2-5 mm-Ca2l, 11 mM-EGTA). Using the same protocol as before, 10-3 M-DHO was
applied, and an inward shift of holding current of 50 pA was recorded. Upon wash-
out the current returned to control levels. ISO, at 0 5 uM, was then applied and the
aforementioned inward current shift due to the ISO-induced membrane conductance
was observed. We then applied 1 mM-DHO in the presence of 0 5 mM-ISO and
observed a further inward shift of 39 pA. Thus at a free intracellular [Ca2"] of 43 nm,
ISO reduced Ip (to 0-78 of the control value in this example). In four experiments Ip
(ISO)/Ip (CON) = 0-81 + 0-11 (S.D.).

2.0 -

1.5 -

~10

0 5 -

5 6 7 8
pCa

Fig. 3. The relationship between pipette [Ca2+] and the effects of ISO on pump current.
Relative pump current, I, (ISO)/II (CON), is plotted on the ordinate and pipette pCa is
plotted on the abscissa. The dotted line indicates no effect of ISO on Ip. The vertical lines
through the points indicate the standard deviation. The number of observations at each
pCa is four or five. At [Ca2+]1- 150 nM, ISO has no effect on Ip. For [Ca2i]1 above this
value, ISO stimulates the pump and for [Ca2+] below 150 /LM, ISO inhibits I1.

We examined a series of free calcium concentrations beginning at values much
lower than normal and approaching the high levels that are expected in a beating
heart. Our results are illustrated in Fig. 3. The graph illustrates that the free [Ca2+]
determines whether Ip will be increased or decreased by ISO. The slope of the best-
fit regression line is 0-1 and is significantly different from 0 (P < 0.001).
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We next examined the concentration dependence of the ISO-induced increase in Ip
at elevated [Ca2+]j, Figure 4 illustrates our results at 1 4 AtM [Ca2+]j. Little effect of
ISO (I nm) on Ip is observed, while saturation is nearly achieved by 05 aM. The
maximal stimulation of Jp by ISO (obtained at 10/aM) was 25 %. The smooth curve
through the points is the best theoretical fit assuming one-to-one binding. It gives a
K, of 11V6 nM.

1.3

1.2

z

0

1.0 -

0.9

-9 -8 -7 -6 -5
log [ISO]

Fig. 4. The dose-response relationship for the stimulation of Ip by ISO at 1-4 ,um pipette
[Ca21]. The vertical lines indicate the standard deviation around the values. Five
measurements were made at each ISO concentration. The theoretical curve through the
points was the best fit to a one-to-one binding curve yielding a maximum value of 1-24
and a half-maximal effect concentration of l 16 nM-ISO.

Isoprenaline stimulates Na+-K' transport in a non-dialysed cell
The experiments in the previous section demonstrated that ISO can stimulate or

inhibit Na+-K+ transport depending on [Ca21]i. They do not, however, tell us
whether the response in the absence of dialysis is Na+-K+ pump stimulation or
inhibition. To answer that question we performed the following experiment, using
the perforated patch technique.
A patch pipette containing normal solution in its tip plus 240 mg/ml amphotericin

B in the shank was pushed against a myocyte and a seal was formed. As the
amphotericin B diffused into the tip, the resistance of the membrane within the
pipette fell continuously over 6-8 min until a stable access resistance of 6-12 MQ was
obtained. This decrease in resistance is due to the insertion of amphotericin B into
the membrane, where it forms a monovalent cation channel (and anions at much
lower conductance; Finkelstein, 1987). Thus, at steady state, intracellular Na+ and
K+ are close to the concentrations in the pipette whereas other intracellular
constituents, including intracellular Ca2+, remain largely independent of the pipette
concentrations. Under these experimental conditions with 50 mm [Na+]i, [Ca2+]i
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would be expected to be above that in a normal quiescent cell due to reduced efflux
of Ca2+ via Na+--Ca2+ exchange. Normal cellular Ca2+ buffering and second messenger
systems would obtain in the absence of dialysis. Once a stable holding current was
observed, 1 mM-DHO was applied, and an Na+-K+ pump current of 106 pA (Fig. 5)

0.4 -

ISO

0.2-

0- DHO DHO

-0.2 - DHO

-0.4
0 600 1200 1800

Time (s)

Fig. 5. The effects of ISO recorded using the perforated patch technique. A guinea-pig
ventricular myocyte was clamped at -60 mV with a pipette containing 240 1ug/ml of
amphotericin B and 50 mm [Na+]. Application of 1 mM-DHO revealed Ip = 106 pA.
Isoprenaline (0-5 /SM) was applied and the resulting conductance increase caused an
inward current. When DHO (1 mM) was re-applied in the presence of ISO, Ip, = 144 pA
was measured. When ISO was removed and DHO was again applied, I'p had returned
almost to control levels (109 pA). These results suggest that our usual whole-cell recording
technique has not significantly altered the normal intracellular second messenger systems.

was observed. After wash-out of DHO, 0.5 /LM-ISO was applied. An inward shift in
holding current due to activation of a membrane conductance again resulted. DHO
(1 mM) was then applied in the presence of ISO. An Na+-K+ pump current of 144 pA
was determined. The DHO was washed out, followed by removal of ISO. Another
application ofDHO in the absence of ISO demonstrated that Ip had returned to near
control levels (109 pA). In five experiments of this type, an average increase of Ip in
ISO over control of 24+ 9% (S.D.) was observed, suggesting that ISO increases pump
current with normal cellular second messengers and buffers, at elevated [Na+]i.

The effects of isoprenaline at 6 mM [Na+]i
We have demonstrated at elevated [Na+]i that free [Ca2+]i determines the response

of the guinea-pig myocyte to ISO. At low [Ca2+]i (< 150 nM), ISO reduces Ip, while
above that level ISO increases Ip. In this section we show, at a more physiological
[Na+]i of 6 mm, that there are similar effects of [Ca2+]i on the actions of ISO. Figure
6 provides sample data demonstrating these results.

Figure 6A shows results from an experiment, in which the free [Ca2+]i was 1-4 /LM.
The control Ip was 64-5 pA. After application of 0 5 /zM-ISO the pump current has
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Fig. 6. A, stimulation of I,, by ISO with physiological [Na+]i = 6 mm, and [Ca2+]i = 14 pM.
Application of DHO (1 mM) in control Tyrode solution demonstrates a 64-5 pA pump
current. Addition of ISO (0-5 /SM) causes the usual conductance increase and associated
inward shift in holding current. In the presence of ISO, application of 1 mM-DHO shows
a larger 79-1 pA I,. B, inhibition of I, by ISO with [K+]i = 6 mm and [Ca2+]i = 15 nm.
Application of DHO (1 mM) demonstrates a 52-4 pA pump current. ISO (2 /M) addition
results in an inward shift in current and a second DHO (1 mM) application in the presence
of ISO shows an Ip of 35-4 pA. These results with those in Fig. 2 show that the effect of
ISO on Ip is independent of [Na+],.

increased to 79-1 pA. The ratio Ip (ISO)/Ip (CON) for this experiment was 1-23. Five
such experiments yielded a Ip (ISO)/Ip (CON) ratio of 1P23 + 009.
We also investigated whether a low [Ca2+]i (15 nM) at 6 mm [Na+]i would yield a

reduction in Ip (Fig. 6B). Application of 2 /tM-JSO reduced Ip from 52-4 to 35-4 pA,
or 0-68 of control. For five such experiments, Ip (ISO)/Ip (CON) = 0-77 + 008.
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Fig. 7. A, the stimulatory effect of ISO on Ip, using high pipette [Ca2+] and high [K+]o. A
ventricular myocyte was clamped at -60 mV with 20 mm [K+]o and [Ca2'], of 314 nM.
Application of DHO demonstrated Ip, = 137 pA. When ISO was added to the bathing
Tyrode solution there was the usual inward current shift. Application of DHO (1 mM)
then indicated on Ip of 179 pA. B, the inhibitory effect of ISO on Ip using low [Ca2+], and
high [K+]O. A ventricular myocyte was clamped at -60 mV with 20 mm [K+]. and [Ca2+]i
= 15 nm. Application of DHO demonstrated I, = 183 pA. When ISO was added to the
bathing Tyrode solution the usual conductance increase caused an inward current shift.
Application of DHO (1 mM) then indicated an Ip of 142 pA. From these type data we
conclude that stimulation or inhibition of Ip by ISO is not mediated by a change in [K+]0.

Effects of isoprenaline on Ip at high [K1]0
Our results have demonstrated that the [Ca2+]i determines whether isoprenaline

increases or decreases Ip, but not how these changes are mediated. This could occur
directly via a change in the Na+-K+ pump Vmax or the affinity for K+, or indirectly



ISOPRENALINE, CALCIUM AND THE Na+-K+ PUMP

by a change in [K+]. (given the high pipette [Na+], a change in Na+ affinity or
concentration at the intracellular pump site is unlikely to explain the observed
changes in Ip).
We raised [K+]. to 20 mm in order to more fully saturate the external K+ site of

the pump and increased [Ba2+]. to 2 mm to maintain blockade of background K+
currents. Given the measured half-saturation of 2-6 mm [K+]o (Gao et al. 1990a), it
should no longer possible to increase Ip significantly by either external K+
accumulation (Gadsby, 1983; Glitsch et al. 1989) or changes in K+ affinity.
Furthermore, if the reduction in Ip is due to reduced K+ affinity, the effect should be
smaller at a more elevated [K+]O.

Figure 7 illustrates the effects of ISO in the presence of 20 mm [K+]0, at low and
high [Ca2+]i. Figure 7A illustrates typical effects of ISO on Ip when [Ca2+]i is high and
[K+]o is 20 mm. We chose 314 nM [Ca2+]i, because attempts at 1-4 /IM [Ca2+]i were
impossible due to repeated contractions at the high [K+]O. Application of 1 mM-DHO
in control solution demonstrated a 137 pA Na+-K+ pump current. Application of
0 5 /SM-ISO caused the usual conductance-induced inward shift in current. Ap-
plication of 1 mM-DHO demonstrated a 179 pA pump current. In this example Ip
(ISO)/Ip (CON) = 1-28. In five cells we found Ip (ISO)/Ip (CON) = 1-23+0-08 (S.D.).

In Fig. 7B, free [Ca2+]i is buffered to 15 nm. In control solution, 1 mM-DHO
application results in a 183 pA inward shift in current which is reversed slowly on
wash-out of the drug. Thereafter 0 5 ftM-ISO results in an inward current shift, as at
normal [K+]0. Application of 1 mM-DHO in ISO-containing Tyrode solution
demonstrates a 142 pA pump current, which is 78% of that in control solution. In
six cells with 15 nm [Ca2+]i and 20mm [K+]o we found that Ip (ISO)/Ip(CON)=
0-69 + 0 13 pA (S.D.).

These results suggest that the [Ca2+]i-dependent effects of ISO on Ip are not
mediated by changes in [K+]. in a restricted extracellular space or by changes in K+
affinity of the Na+-K+ pump.

Both the stimulation and inhibition of Ip by isoprenaline are mediated via f-receptors
We have demonstrated that ISO can either stimulate or inhibit the Na+-K+ pump.

However, we have not yet demonstrated that these effects are mediated by
conventional activation of fl-receptors or via an alternative pathway. The
experiments illustrated in Fig. 8 were designed to examine this question.

Propranolol is a specific fl-antagonist that binds fl-receptors, but does not cause
activation. Since ISO increases Ip when [Ca2+]i is above ~150 nm addition of 1 JpM-
propranolol to the ISO-containing bath should reduce Ip. Similarly the ISO-induced
reduction in Ip when calcium is below 100-200 nm should be eliminated by addition
or propranolol.

Figure 8A illustrates our results for a free [Ca2+]i of 1-4 ftM. At this [Ca2+]i, ISO
increases Ip, and so one would predict that addition of a f8-blocker will reduce Ip, if
the stimulatory effects of ISO are mediated via ,f-receptors. In this experiment Ip was
228 pA in ISO-containing Tyrode solution. The DHO was washed out and
propranolol added to the bath. The outward shift in current on addition of
propranolol is due to elimination of the ISO-activated membrane conductance. Ip
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Fig. 8. A, stimulation of I, by ISO at elevated [Ca2+]1 is mediated by fl-receptors. A
guinea-pig ventricular myocyte was clamped at -60 mV with [Ca2+]i of 1t4 /M. ISO was
applied and the usual conductance increase and inward current movement resulted. DHO
(1 mM) was then applied in the presence of ISO and Ip, = 228 pA. The fl-blocker
propranolol (PROP, 1 Urm) was added to the bathing Tyrode solution and an outward
current movement resulted as the ISO-induced conductance was eliminated. Application
of 1 mM-DHO in the presence of ISO+ propranolol indicated an I, of 182 pA so
propranolol had removed the stimulation of Ip by ISO in high [Ca2+],. Upon wash-out of
propranolol both the holding current and Ip returned to near previous levels in ISO. B,
reduction of Ip by ISO at low [Ca2+]i is mediated by ,-receptors. A guinea-pig ventricular
myocyte was clamped at -60 mV with a [Ca2+]1 of 15 nM. Isoprenaline was applied and
the conductance increase caused an inward current movement. DHO (1 mM) was then
applied in the presence of ISO demonstrating Ip = 123 pA. The f8-blocker propranolol
(1 /tM) was added to the perfusate, and an outward current movement resulted as the ISO-
induced conductance increase was eliminated. Application of 1 mM-DHO in the presence
of the ISO+ propranolol mixture indicated an Ip of 161 pA so propranolol had removed
the inhibition of Ip by ISO in low [Ca2+]i. Upon wash-out of propranolol both the holding
current and IP returned to near previous levels in the ISO solution.
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declined to 182 pA when propranolol was added to the bathing Tyrode solution and
this decline was entirely reversible when propranolol was again removed. In four
experiments Ip (ISO)/Ip (ISO+PROP) = 1-26+0-11 (S.D.). These results indicate
that the increase in Ip induced by ISO at high pipette [Ca2+] occurs directly via fi-
receptors.

Figure 8B shows our results when [Ca2+]i is low (15 nM). If the ISO effect is due to
activation of fl-receptors, application of propranolol should increase Ip. In ISO-
containing solution, Ip was 123 pA. In the ISO+ propranolol Tyrode solution, Ip
increased to 161 pA. Upon wash-out of propranolol both the holding current and Ip
returned to original levels. In four experiments Ip (ISO)/Ip (ISO + PROP) =
0-79 + 0-14 (S.D.). These results demonstrate that the reduction in Ip induced by ISO
at low [Ca2+]i is also mediated directly via ,-receptors.

DISCUSSION

Our studies have demonstrated that [Ca2+]i is a major determinant of the response
of the Na+-K+ pump to fl-stimulation. Previous studies, which reported stimulation
of Na+-K+ exchange, were performed either on multicellular cardiac preparations
(Vassalle & Barnabei, 1971; Falk & Cohen, 1984; Glitsch et al. 1989) or in isolated
myocytes studied with high-resistance suction pipettes, which allow little in-
tracellular dialysis (Desilets & Baumgarten, 1986). Since typical values of [Ca2+]i in
a quiescent cell are 100-300 nm (Blinks, 1986), the increase in Ip with ISO reported
in these earlier studies is consistent with our data. More recently, investigators using
the patch clamp technique with highly buffered and quite low free [Ca2+]i have
questioned whether f-activation directly stimulates Na+-K+ exchange (Glitsch
et al. 1989; Gadsby, 1990). Barrette, Webb & Desilets (1990), in a preliminary report,
removed external [Ca2+] from the bathing solution and also suggested that Ca 2+ was
important in determining ISO's effects on the Na+-K+ pump.

Previous investigators have suggested that the observed pump stimulation in the
presence of ISO might be indirect due to extracellular K+ accumulation or increased
[Na+]i due to ISO-induced changes in outward K+ or inward Na+ currents (Gadsby,
1983; Glitsch et al. 1989). We performed most of our experiments at a sufficiently
high pipette [Na+] (50 mM) to maximally activate the Na+-K+ pumps, so any
changes in [Na+]i due to Na+ currents were unlikely to alter Ip. External K+
accumulation is also unlikely to account for our results. Given our measured value
of half-maximal pump stimulation by a [K+]. of 2-6 mm (Gao et al. 1990a) and a
normal [K+]. of 4-6 mm, an accumulation of more than 5 mm additional [K+]. would
be required for external K+ accumulation to have caused the observed effects. This
is particularly unlikely in our Tyrode solution which contained Ba2', and with our
preparation, the isolated ventricular myocytes. Nevertheless we performed ad-
ditional experiments at 20 mm [K+]0. These experiments further supported the
conclusion that these ISO effects are not due to changes in [K+]. in a restricted
extracellular space.
An important remaining question is how ISO increases Na+-K+ transport rate.

Since the Na+-K+ pump is maximally activated by the 50 mm pipette [Na+], any
increase in Na+ affinity is unlikely to explain our results. A second possibility is that
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ISO increases K+ affinity. If this were true, ISO should have the largest effect at
lowest external [K+]. If ISO acts by changing the pump affinity or activation by
[K+]0, the effect must be large to account for a 20% increase in Ip. At 4-6 mm [K+]o
it would require a change in the Km for [K+]. (half-maximal activation of the Na+-K+
pump by [K+]O) from 2-6 to 1 15 mm. Our results in 20 mm [K+]. argue against this
possibility since Na+-K+ transport should be maximally activated by [K+]0. A final
possibility is that ISO alters Ip by changing the maximum turnover rate Vmax
through some yet to be determined effect such as a shift in voltage dependence
(De Weer, Gadsby & Rakowski, 1988) or pH dependence (Gao et al. 1990b). The
detailed mechanism by which Ca2+ and ISO interact to increase or decrease Ip is a
subject for future investigation. We also need to determine which of the functional
Na+-K+ pump isoforms is (are) being affected (Mogul, Rasmussen, Singer & Ten
Eick, 1989; Gao, Mathias, Cohen & Baldo, 1991).
We do know that both effects of ISO on Ip are due to activation of fl-receptors. Our

half-maximal [ISO] for pump stimulation of 11.5 nm is of the same order of
magnitude as that reported by Tsien (1974) of 60 nm for the positive voltage shift of
pacemaker current. Usually fl-activation implies the cytoplasmic cyclic AMP
cascade and phosphorylation via the A-kinase. If the cyclic AMP cascade is involved,
the [Ca2+]i dependence of the hormone action must be through some other path, since
the A-kinase is distinct from the Ca2+-dependent protein kinases (Nairn, Hemmings
& Greengard, 1988).

Other results suggest that increases in [Ca2+]i inhibit the Na+-K+ pump (Yingst,
1988). In hepatocytes stimulation of al-receptors increases Na+-K+ transport at
normal or elevated [Ca2+]i. At reduced [Ca2+]i, ac,-stimulation has no effect. This has
been interpreted as removal of Ca2+ inhibition by al-stimulation (Berthon, Capiod &
Claret, 1985): at low [Ca2+]i there is no inhibition of Ip, and a-stimulation thus has
no effect. A similar explanation is unlikely in our experiments for the fl-induced
pump stimulation, since this hypothesis provides no mechanism for the decrease in
Ip induced by ISO at reduced [Ca2+]i.
A simple physical mechanism of explaining our observations could be a shift in the

voltage dependence of the pump due to the addition of positive or negative charge
on the intracellular side of the protein. The Na+-K+ pump current exhibits voltage
dependence (De Weer et al. 1988) with depolarization increasing Ip and hyp-
erpolarization reducing it. Phosphorylation could induce a Ca2+ binding site.
Phosphorylation alone would cause an effective hyperpolarization, but at high
[Ca2+]i increased Ca2+ binding would cause depolarization. However, we have no
evidence that favours such a physical mechanism over other alternatives such as a
calcium-dependent regulatory protein or conformational changes in the pump
causing a change in cycle rate.

Finally, the Ca2+ dependence of the action of ISO on Ip shows that the patch clamp
technique can be misleading when used to study the physiological consequences of
hormone action. The process of whole-cell recording with dialysis changes the
concentrations of all intracellular components including second messengers, and has
frequently been used to set intracellular Ca2+ below physiological levels to avoid
contraction. These characteristics of the patch clamp technique contribute to the
end-effect of the hormone. The perforated patch technique, developed by Horn &
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Marty (1988) and improved by Rae et al. (1991)., provides an important control that
avoids most of these problems.
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by the American Heart Association.
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