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Abstract. Passive membrane properties, steady-state
Na/K pump current (Ip) and modulation ofIp by adren-
ergic agonists were studied with patch-clamp techniques
in adult rat ventricular myocytes that were freshly iso-
lated or maintained in culture for 1–4 days. Freshly iso-
lated (day 0) myocytes had a 1.7–1.8 times smaller spe-
cific membrane resistance compared with that of cells on
any day in culture. From day 0 to 4 there was a progres-
sive decrease in cell capacitance (−17.6 ± 0.8 pF/day)
without a parallel decline in cell dimensions. The pump
current density (1.55 pA/pF) was stable over the 0–4
days in culture. In rod-shaped myocytes norepinephrine
(NE) and isoproterenol (ISO) stimulatedIp in a dose-
dependent manner, with an apparent affinity of 36 ± 8
and 1.5 ± 0.4 nM, and maximum stimulation of 0.65 ±
0.02 and 0.57 ± 0.02 pA/pF, respectively. Nadolol sup-
pressed this effect, suggesting that it was mediated by
b-adrenergic receptor activation. An inverse relationship
was found between steady-stateIp and the stimulation of
Ip by NE. In contrast to what was shown in guinea pig
cardiac myocytes, in rat myocytes isoproterenol stimu-
lation of Ip was not increased by intracellular [Ca] and it
did not change theIp-membrane potential relation.
These results show that in adult rat cardiac myocytes NE
and ISO are potent stimulators of Na/K pump activity,
and this effect may be studied using rat myocytes main-
tained in short-term culture.
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Introduction

Catecholamines increase heart rate and contractility.
This well-known outcome of adrenergic receptor (AR)

stimulation is based on coordinated modulation by cate-
cholamines of a number of ion fluxes and metabolic
processes in the heart (Hartzell, 1988). Ion transport me-
diated by the Na/K pump has been suggested to be one of
the processes activated by norepinephrine (NE) through
the b-adrenergic receptors (b-AR) (Hougen, Spicer &
Smith, 1981; Wasserstrom, Schwartz & Fozzard, 1982).
Those original experiments were done with multicellular
preparations where the direct influence of NE on the
Na/K pump could not be separated from the indirect
effects of changes in ion concentrations in interstitial
clefts and intracellularly (Gadsby, 1983; Desilets &
Baumgarten, 1986). In isolated cardiac myocytes iso-
proterenol (ISO), ab-AR agonist, has been shown to
stimulate the Na/K pump by some authors (Desilets &
Baumgarten, 1986; Gao, Mathias, Cohen & Baldo, 1991;
Stimers & Liu, 1994), but not by others (Glitsch et al.,
1989; Bahinski & Gadsby, 1990; Bielen, Glitsch & Ver-
donck, 1991; Ishizuka & Berlin, 1993). Some reasons
for this controversy may reside in the complexity of ad-
renergic regulation of Na/K pump, in particular the spe-
cies dependence of this regulation or its dependence on
intracellular Ca concentration ([Ca]i) (Gao et al., 1991;
Charpentier et al., 1996). Another possibility is that
freshly isolated adult cardiac myocytes (cells in which
most previous data were obtained) have not been sys-
tematically tested for their appropriateness as a model for
studying adrenergic regulation of the Na/K pump. For
example, freshly isolated myocytes may have been in-
jured by the isolation procedure and so might not be
stable with respect to intracellular mechanisms linking
adrenergic receptors to the Na/K pump. If this is true,
then some recovery of the mechanism could occur in
cardiac cells maintained in culture; however, activity of
the Na/K pump and its stimulation by adrenergic ago-
nists in freshly isolated and cultured adult myocytes has
not been previously compared.
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using rat cardiac myocytes in short-term culture as a
model system for investigations on the Na/K pump and
its regulation by adrenergic agonists. Data are presented
showing that rat myocytes in short-term culture are suit-
able for patch clamp studies of Na/K pump function and
adrenergic regulation. Additional evidence is presented
showing that the mechanism for adrenergic regulation of
the Na/K pump in rat appears to be qualitatively different
from that reported for guinea pig ventricular myocytes.
Some of these results have been presented in abstract
form (Dobretsov & Stimers, 1996; Stimers & Dobretsov,
1996).

Materials and Methods

CELL ISOLATION AND CULTURE

Ventricular myocytes were isolated from adult male Sprague-Dawley
rats (250–350 g) by methods previously described (Stimers, 1992) and
modified according to procedures of Isenberg & Klockner (1982).
The animal treatment conformed with the ‘‘Guide for the Care and Use
of Laboratory Animals’’ (National Institutes of Health Publication No.
85-23, revised 1985). The buffered salt solution (BSS) used was a
phosphate/bicarbonate buffered solution that contained (in mM): 110
NaCl, 3.8 KCl, 1.2 KH2PO4, 1.2 MgSO4, 25 NaHCO3, 11 glucose, 0.2
CaCl2 equilibrated with 95% O2/5% CO2 (pH 4 7.4). Hearts were
removed from rats and perfused at 37°C via the aorta on a Langendorff
apparatus with solutions as follows: (i) BSS for 5 min to clear blood
from the heart; (ii) nominally Ca-free BSS for 5 min; (iii) 0.05%
collagenase (type II, Worthington, Freehold, NJ) in Ca-free BSS for
10–20 min. The ventricles were then minced, washed twice briefly in
BSS containing 0.2 mM CaCl2 and 0.4% bovine serum albumin (BSA,
fraction V). Minced pieces of cardiac tissue were then placed in a
50-ml centrifuge tube containing 10 ml of the same solution without the
BSA. The tube was then put into a shaking water bath for 10 min.
The supernatant was then aspirated off the tissue pieces and replaced
with an equal volume of fresh solution. The shaking was repeated five
times. The supernatant collected from the second through fifth shaking
periods was set aside to allow the isolated myocytes to settle to the tube
bottom. The solution was aspirated and replaced with ice-cold ‘‘KB-
solution’’ containing (in mM): 85 KCl, 5 N-2-hydroxyethylpiperazine-
N8-2-ethanesulfonic acid (HEPES), 5 tris-hydroxymethyl-aminometh-
ane (TRIS), 25 KH2PO4, 0.5 ethyleneglicol-bis-N,N,N8,N8-tetraacetic
acid (EGTA), 5 MgSO4, 5 K-pyruvate, 5 Na2-creatine phosphate, 20
taurine, 0.1 CaCl2, 20 dextrose (seeIsenberg & Klockner, 1982) and
allowed to stand for 30 min. Myocytes were then placed into 60-mm
tissue culture dishes (Falcon 3002, Becton Dickinson, Lincoln Park,
NJ) with 3 ml per dish of either KB solution or culture medium com-
posed of: 60% M199 (Gibco, Grand Island, NY), 4% fetal bovine
serum (Gibco) and a balance of the following (in mM): 116.4 NaCl, 4.7
KCl, 0.94 NaH2PO4, 0.83 MgSO4, 25 NaHCO3, 5.55 glucose. Dishes
with KB solution were refrigerated and used the same day in experi-
ments (day 0 cells). Cells in culture medium were maintained in an
incubator at 36°C under 5% CO2/95% air for 1–4 days until used for
experiments.

SOLUTIONS

The techniques used for isolating and measuringIp were similar to
those previously described (Stimers, Liu & Kinard, 1993). Extracellu-

lar solutions contained (in mM): 145 NaCl; 5.4 KCl; 1.0 MgCl2; 2.0
BaCl2; 0.2 CdCl2; 10 HEPES; 5.5 dextrose (pH4 7.4), and intracel-
lular solutions (patch pipette) contained: 50 Na; 100 Cs; 40 Cl; 120
aspartate; 0.1 Ca; 10 Mg; 1.1 EGTA; 10 HEPES; 5 ATP; 0.5 GTP; 10
dextrose (pH4 7.2–7.3). In some experiments N-methyl-D-glucamine
(NMG) or K were used to replace Cs as the major intracellular cation.
Free-Ca concentration in this solution wasø20 nM as calculated with
‘‘Calcium’’ a program in BASIC (Chang, Hsieh & Dawson, 1988).
In some experiments we also have used internal solutions with esti-
mated free [Ca] of 100, 500 and 1000 nM buffered with 1.1 mM EGTA
or 20 nM buffered with 11 mM EGTA. Osmolality of all solutions was
in the range of 290–310 mOsm. Ca was omitted from and Cd and Ba
were added to external solutions in order to suppress K and Ca currents,
and Na/Ca exchange. K was omitted from and Na was raised up to 50
mM and ATP added to internal solutions in order to suppress K currents
and activate the Na/K pump in the forward mode. Na currents were
suppressed by voltage clamping myocytes at a membrane potential of
−40 mV.

PATCH CLAMP

Myocytes were patch clamped in the whole-cell mode. Tissue culture
dishes containing myocytes were placed on the stage of an inverted
microscope (Diaphot, Nikon) and perfused with prewarmed solutions
(31–33°C) at a rate of 5 ml/min. When switching solutions there was
a lag of less than 1 sec or 5–7 sec depending on the system used.
In either case, once the solution entered the culture dish it quickly (<10
sec) engulfed the myocyte from which currents were being recorded,
since the inlet tubing was placed close to and directed at that myocyte.
Fire-polished patch electrodes (Corning 7052) had tip diameters in the
range of 1–4mm and resistance of 1–2MV when filled with Cs aspar-
tate intracellular solution (mean4 1.4 ± 0.02MV, n 4 167). Voltage
commands were generated and data recorded using PClamp software
and Axolab 1100 computer acquisition system (Axon Instruments, Bur-
lingame, CA). Holding current (Ih; at holding potential of −40 mV)
was continuously recorded on a chart recorder. Using conventional
techniques (Lindau & Neher, 1988) series resistance (Rs) and mem-
brane capacitance (Cm) were estimated from the peak amplitude and
time constant of the decay of the average of 20 current transients
elicited by a −10 mV pulse from the holding potential of −40 mV for
10 msec. Time constant and peak capacitive current were determined
by fitting a single exponential function to the decay of the OFF current
transient (from 90% to 10% of amplitude) and extrapolation of the
fitted curve back to the first sample point after the voltage step. The
change in steady-stateIh caused by these hyperpolarizing voltage steps
was used to estimate myocyte input resistance (Rin). These measure-
ments were repeated several times in every experiment to ensure the
stability of the leak, electrical and diffusional access to the cell interior
and to ensure that recorded currents were correctly normalized toCm at
any time point of an experiment. Records of capacitive transients were
filtered at 5 kHz and digitized at a sampling rate of 10 kHz. Chart
records ofIh were digitized after experiments using Un-Scan-It soft-
ware (Silk Scientific, Orem, UT). To measure the voltage dependence
of Ip a voltage-ramp protocol going from +60 to −100 mV at 40 mV/s
was used in some experiments. This protocol was applied to every cell
at least three times: under control conditions (#1), during the activation
of Ip by NE (#2) and after the Na/K pump was blocked with ouabain
(#3). TheIp values over the range ofVm of the ramp protocol were then
obtained by point by point subtraction of currents elicited by voltage
ramp #3 and those elicited by ramps #1 or #2. There was noRs com-
pensation applied in these experiments, because theRs values were
typically small (4.3 ± 0.1MV, 164 cells), the input resistance was
relatively high (310 ± 10MV, 164 cells), and theIh did not exceed 500
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pA. We have previously published experiments showing that the error
in a voltage command (−100–40 mV) under these conditions is insig-
nificant (about 1.5%) (Dobretsov & Stimers, 1997).

MATERIALS

Unless otherwise indicated all compounds used in this study were
purchased from Sigma Chemical (St. Louis, MO). Norepinephrine (DL-
Noradrenaline) was obtained from Fluka (Switzerland). Stock solu-
tions of 10 mM NE, ISO and nadolol were prepared daily in Milli-Q UF
Plus water (Millipore, Bedford, MA) and kept refrigerated before ex-
periments. Stock solution of 1 mM prazosin HCl contained 85% of 0.1
N HCl and 15% methyl alcohol. The final V/V concentration of methyl
alcohol used in experiments with 10mM prazosin was 0.15%, which did
not influence theIp in rat ventricular myocytes in control experiments.

DATA ANALYSIS

Data were collected from 18 separate cell cultures. In 13 cultures
myocytes were studied on several (at least 2 and up to 5) different days
after isolation. Data were excluded from analysis when any of the
following occurred: (i) seal resistance, membrane resistance or series
resistance spontaneously and irreversibly changed; or (ii) there was a
rapid, irreversible rundown ofIp. Data were subjected to statistical
analysis using at-test and nonlinear least-squares regression using Ori-
gin (MicroCal, Northampton, MA). NE and ISO dose dependencies of
Ip stimulation were fit by the Michaelis-Menten equation:

Ip 4 (Imax ? [X])/( K0.5 + [X]), (1)

whereImax is the maximum effect,K0.5 is the apparent affinity and [X]
is the concentration of NE or ISO.Imax andK0.5 were allowed to vary
to obtain the best fit to the data. Average values are expressed as mean
± SEM. Significant differences were defined as having aP value less
than 0.05.

Results

MORPHOLOGICAL CHARACTERISTICS

Freshly isolated adult rat cardiac myocytes (also referred
to as day 0 cells) and myocytes from short-term cultures
were studied in these experiments. As in other serum-
supplemented cultures of adult cardiac cells (seePiper,
Volz & Schwartz, 1990) myocytes in our cultures were
morphologically ‘‘dedifferentiating’’ with time, becom-
ing rounded, flattened over the substratum, and losing
striations. Myocytes that had an ‘‘adult’’ morphological
appearance (rodlike shape and visible striations; Fig. 1)
comprised about 80% of myocytes on day 0 (with
rounded or visibly unhealthy cells comprising the rest of
the cell population) and up to 40–50% of myocytes in
day 4 cultures. Compared to freshly isolated cells (Fig.
1A) cultured myocytes with adult appearance had
smoother surfaces and edges; some of these myocytes
developed lammeliopodia and irregularity in the pattern
of striation (Fig. 1B). After 6–7 days all cultured myo-
cytes were dedifferentiated (myocytes at this time could

be distinguished from fibroblasts and other contaminat-
ing cells by the presence of two nuclei and spontaneous
contractions).

Data presented below provide characterization of
only rod-shaped freshly isolated or cultured myocytes
(cells in which adrenergic activation ofIp was observed
consistently from culture to culture and on different days
in culture). In several experiments with dedifferentiated
cardiac myocytes we found that NE or ISO (1–50mM)
activatedIp in only a fraction of the cells tested (3 out of
5 dedifferentiated myocytes studied on day 4 in culture)
or did not influenceIp at all (5 cells, days 7–10;data not
shown). If dedifferentiation of myocytes leads to uncou-
pling of adrenergic receptors from the Na/K pump, then
future studies of these cells may help to understand the
signal transduction mechanisms involved with adrener-
gic regulation of the pump in rat ventricular myocytes.
In the present investigation, however, we are considering
only rod-shaped myocytes with adrenergic receptor cou-
pling to the Na/K pump preserved.

Fig. 1. Morphological appearance of freshly isolated (A) and cultured
(B) myocytes. Adult rat ventricular myocytes 1 hr after isolation (A)
and after 3 days in culture (B). Rounded cells inB are cardiac myocytes
that have undergone dedifferentiation. Scale bar4 50 mM.
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PASSIVE MEMBRANE PROPERTIES

Figure 2A illustrates howCm andRm were determined for
each cell. Shown is the off transient elicited by a 10-mV
hyperpolarizing pulse. From these data a single expo-
nential function was fit to the decay phase between 90
and 10% of the maximum amplitude of the transient

(solid line). The inset in this figure shows the same data
on a semilogarithmic scale to indicate that the data are
well fit by a straight line, confirming that there was a
single exponential decay of the current transient. From
the fit we obtain estimates forRs, Rin andCm as described
in Methods. Rod-shaped myocytes in culture were found
to have a progressively decliningCm (Fig. 2B, filled
circles). While the averageCm for freshly isolated cells
was 200 ± 15 pF (n 4 24), cells studied on day 4 had a
significantly reducedCm of 130 ± 7 pF orabout 65% of
that on day 0 (n 4 13; Fig. 2B). This reduction inCm

occurred without a corresponding change in visual mea-
surements of myocyte length and width. The average
length of myocytes cultured for 4 days was about 10%
less than that of cells on day 0 (115 ± 5mm and 131 ±
3 mm, 13 and 24 cells, respectively) and the cell width
was not different (26 ± 1mm in both groups). To com-
pare measured myocyteCm and cell dimensions we used
length and width measurements to calculate cell surface
area (assuming a cylindrical shape; Claycomb & Palaz-
zo, 1980), and then converted it to capacitance assuming
1 mF/cm2 (Fig. 2B, open circles). Comparison of
changes in these values (measured and calculatedCm)
over time in culture suggests that some folding of the
myocyte surface membrane, such as the T-tubular sys-
tem, may be decreasing with time in culture. This find-
ing could be an advantage for patch-clamp studies by
reducing geometrical complexity of the cell.

Cultured myocytes had progressively increasingRin

(data not shown). The mean value ofRin in freshly iso-
lated cells was 170 ± 13MV (n 4 24) and on day 4 in
culture it was 437 ± 49MV (n 4 13). This increase in
Rin could be due to the above described progressive de-
crease in the cell surface area. Therefore, using the mea-
suredCm and 1mF/cm2 as a value of specificCm, we
have convertedRin to specific membrane resistance (Rm,
Fig. 2C), a parameter that unlikeRin does not depend on
cell surface area. TheRm calculated for cells on day 0
was about 60% of that in cultured myocytes (31 ± 2
kV ? cm2 in 24 cells on day 0 and 52 ± 5 kV ? cm2 in 44
cells on day 1, significantly different). There were no
statistically significant changes inRm between cells on
any of the days (1–4) in culture (Fig. 2C).

PROTOCOL AND CONTROL EXPERIMENTS

The raw-record in Fig. 3A illustrates the protocol used in
most of our experiments to measureIp and the changes
caused by NE. Unless otherwise stated pipette solutions
contained 50 mM Na andVh was clamped at −40 mV.
After the cell membrane was ruptured (time 0 in all
figures) and whole-cell configuration established, it typi-
cally took 3–5 min forIh to reach a steady-state (Fig. 3A).
Then myocytes were exposed sequentially to the follow-
ing solutions: (i) 1 mM ouabain solution to briefly block
Ip; (ii) NE was applied and washed out; and (iii) ouabain
containing solution was reapplied. Ouabain, a specific

Fig. 2. Passive properties of freshly isolated and cultured rod-shaped
myocytes. (A) Typical record of a capacity transient recorded on turn-
ing off a 10 mV hyperpolarizing pulse. This transient is the average of
20 consecutive pulses recorded at a sampling speed of 0.1 msec/point
(10 kHz). Inset shows the same data plotted on a semilogarithmic scale.
The transient current was fit by a single exponential function (solid
line) with a time constant of 0.72 msec. Analysis of these data estimates
Rs of 5.5 MV, Cm of 132 pF, andRm of 76.6kV ? cm2 for this cell. (B)
Cm measured (d) and estimated from length and width (❍) of freshly
isolated cells or cells maintained in short-term culture for 1–4 days.
Symbols represent average data collected from at least 3 independent
cultures for each time period (number of cells studied are shown on the
plot). Lines are linear regressions of the data and have slopes of −17.6
± 0.8 pF/day (d; P < 0.05) and −3.6 ± 1.9 pF/day (❍). (C) AverageRm

calculated for the same cells shown in (B). Rm values were calculated
using the measurements ofRin andCm. Curved line was drawn by eye.

208 J.R. Stimers and M. Dobretsov: Adrenergic Stimulation of Na/K Pump Current



inhibitor of the Na/K pump, was used in these experi-
ments to identify the Na/K pump current (Ip). The value
of Ip was calculated by subtraction of the steady-state
level of Ih recorded when the Na/K pump was active and
the level of Ih during the Na/K pump blockade (arrow
labeledIp in Fig. 3A). The effect of NE onIp was esti-
mated by measuring the peak change ofIh caused by its
application (arrow labeledINE in Fig. 3A). This mea-
surement will be discussed in more detail below.

In adult rat myocytes there are known to exist two
isoforms of thea subunit (a1 anda2) of the Na/K pump
that have different affinities for ouabain (Kd of 50–100
mM and 30–300 nM, respectively (Sweadner, 1989).
The use of 1 mM ouabain to measureIp in this study
characterized the combined activity of both isoforms of
the Na/K pump. Given this large difference in affinity
it would be expected that the reactivation ofIp follow-
ing washout of ouabain might proceed along a bi-
exponential time course. However, previous studies sug-
gest that the high affinitya2 isoform comprises only
about 10% of the total Na/K pumps in adult cardiac cells
(Sweadner & Farshi, 1987; Lucchesi & Sweadner, 1991;
Dobretsov & Stimers, 1997). Given this small contribu-
tion of a2 to the total current it would be difficult to
record a second component to the reactivation currents
and so no attempt was made at kinetic analysis of current
trace following washout of ouabain.

As in previous studies, control experiments verified
that the ouabain-sensitive change inIh wasIp by showing
that there was no ouabain-sensitive current whenKo was
0 or when all Na was removed intracellularly and extra-
cellularly (Stimers et al., 1993; Dobretsov & Stimers,
1997). Also, control experiments were done to test if
under the conditions of these experiments NE activated
currents other thanIp that could interfere withIp analysis.
Figure 3B shows that when ouabain was applied simul-
taneously with NE removal, so that the Na/K pump was
still stimulated by NE, the level ofIh was identical to that
obtained by ouabain inhibition without NE stimulation.
This shows that the current activated by NE was ouabain
sensitive. Conversely, when ouabain was applied first,
NE application in the presence of ouabain had no effect
on Ih (Fig. 3C). Also when experiments were done with
Na-free solutions to inhibitIp, NE had no effect onIh

(data not shown). An additional control is described be-
low (seeFig. 4B). These results confirm that under the
conditions of our experiments NE did not stimulate or
inhibit any currents other thanIp.

STEADY-STATE Na/K PUMP CURRENT

In contrast toCm and Rm, the steady-stateIp was rela-
tively stable in myocytes studied on different days in
culture. The meanIp value calculated for all studied
cells was 1.55 ± 0.03 pA/pF (n 4 163; solid line in Fig.
4A). Data show a small decrease inIp on day 1 (10%

relative to the mean for all cells,P < 0.05). Differences
between the average andIp measured on days 0, 2, 3 and
4 in culture were not statistically significant.

ACTIVATION OF Ip BY NOREPINEPHRINE

Examples of individual rod-shaped myocyte responses to
application of NE are shown in Figs. 3A (1 mM), B andC

Fig. 3. Protocol for measuringIp and norepinephrine influence. Re-
cords ofIh made using pipettes loaded with 50 mM Na and 5 mM ATP
Cs-aspartate solution in rod-shaped myocytes from 1–3 day cultures.
In each trace time 0 was set as the time of rupture of the membrane
patch to establish the whole cell configuration. (A) PanelA illustrates
that theIp amplitude was measured as the difference betweenIh levels
recorded during and between periods of the Na/K pump blockade (dot-
ted lines and double arrow labeledIp). The NE or ISO response was
measured as the maximum increase inIh above the level ofIp. (B) In
this cell, the protocol was modified so that ouabain was applied during
the maximum response to NE applied initially followed by the standard
protocol as in (A). This shows that whether or not the myocyte was
stimulated with NE, inhibition ofIp broughtIh to the same level. (C) In
this myocyte the standard protocol was followed by an application of
NE in the continued presence of ouabain. This shows that ifIp is
inhibited, NE has no effect onIh under these conditions. In all panels,
currents were normalized to cellCm (150, 186 and 110 pF for cells in
A, B andC, respectively) to expressIp as current density. Bars above
each trace labeled NE or ouabain indicate the time of application of NE
(1 mM in A, 10 mM in B and C) and 1 mM ouabain. Dotted lines
connecting the heavy bars are only a guide.
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(10 mM) and 5 (up to 1mm). In all rod-shaped myocytes
studied, NE consistently evoked a rapid, outward in-
crease inIh, typically reaching a maximum in 30–60 sec.
Following removal of NE,Ih returned, with some delay,

to the pre-drug level. Figure 4B shows the average re-
sponse ofIh to saturating doses (1–50mM) of NE where
the drug was applied for about 2 min (upper trace). Most
studied myocytes (>90%) responded to NE with a rela-
tively steady increase ofIh; however, in a few cells the
effect of NE was transient, decaying after the peak to
almost pre-drug level within 1–2 min (not shown). The
nature of these transient responses was not studied in the
present investigation. However, if this declining re-
sponse to NE effected our measurement of the maximum
effect of NE onIp by blunting the observed maximum
response, then we would expect to see an inverse corre-
lation between the maximum response and the rate of
decline in the NE response. No relationship was found
between the decay rate and the peak amplitude of the
current responses to NE or ISO (correlation coefficient
4 −0.1; P > 0.05). Therefore the peak amplitude ofIp

change was used to characterize the adrenergic activation
of Ip in this study.

As discussed above, these experiments were con-
ducted under conditions that suppressed all membrane
currents other thanIp; thus changes in recordedIh should
directly correspond to changes inIp. Nevertheless, con-
trol experiments were done to test if NE activated cur-
rents other thanIp. The lower trace in Fig. 4B illustrates
the average of three records made under conditions that
suppressed >95% ofIp by 10 mM vanadate in the patch
pipette ([Na]pip 4 50 mM). In these experiments 10mM

NE caused virtually no change inIh. Similarly, NE did
not affectIh in experiments that suppressedIp by omit-
ting Na from the pipette solution by K-free or ouabain
containing extracellular solutions (3, 2 and 3 experi-
ments, respectively).

To determine if the influence of NE onIp depends
on time in culture we measured the effect of saturating
NE concentrations (10 and 50mM) on myocytes in cul-
ture for 0–4 days. Figure 4C summarizes these data and
shows that there was no significant change in the mag-
nitude of the NE-induced increase inIp for either 50mM

NE (filled circles) or 10mM NE (open circles). For all
days 50mM NE stimulatedIp on average 1.43-fold.
Because we found no evidence for any time-dependent
changes in NE stimulation ofIp, in subsequent figures
and in the discussion, data from all days (0–4) have been
pooled.

To address the physiological relevance of these
results, experiments were performed with pipette solu-
tions containing a more closely physiological compo-
sition with 10 mM Na and 140 mM K. In these experi-
ments the steady stateIp was much smaller as expected
(0.27 ± 0.05 pA/pF,n 4 6) compared to the above
results with 50 mM Nai; however, there was still sub-
stantial stimulation of ouabain-sensitiveIp by 10 mM

NE by 0.16 ± 0.08 pA/pF (n 4 6). Thus under physi-
ological activation of the Na/K pump, NE stimulatesIp

by 59%.

Fig. 4. Na/K pump current and its stimulation by NE over time in
culture. (A) Ip was measured in cultured myocytes on different days
after isolation. Each symbol represents the average of data collected in
at least 3 different cultures (number of cells studied is shown next to
symbols). Solid line represents the averageIp calculated for all studied
cells (1.55 ± 0.03 pA/pF;n 4 164). Dotted lines show ± 10% of
average limits. (B) Upper trace represents the average response ofIp to
application of 1–50mM NE for 2 min (12 myocytes) recorded under
standard conditions ([Na]pip 4 50 mM; time of application indicated by
arrows). The lower trace is the average of 3 control records made with
addition of 10 mM vanadate to the standard pipette solution to block the
Na/K pump. All traces were offset to 0 pA/pF by subtracting the average
value ofIh for the 10 sec just prior to application of NE in each cell which
was set to time 0. (C) Ip measured at the time of its maximum response to
50 mM NE (d) or 10 mM NE (❍) and normalized to steady stateIp.
Number of myocytes studied on each day is shown in the plot. Regression
lines with slopes of −0.01 ± 0.02 pA/pF/day (50mM NE) and 0.00 ± 0.02
pA/pF/day (10mM NE) were fit to the data. Note that on day 3 the symbols
overlap and there is no point for 50mM NE on day 4.
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COMPARISON OFNOREPINEPHRINE ANDISOPROTERENOL

EFFECTS ONIp

It has been suggested that adrenergic activation of the
Na/K pump in cardiac myocytes is mediated byb-AR
(Desilets & Baumgarten, 1986; Hougen et al., 1981;
Wasserstrom et al., 1982). Furthermore, in previous
studies on AR regulation of the Na/K pump in cardiac
myocytes, theb-AR agonist, ISO, was used to selec-
tively stimulate those receptors (Desilets & Baumgarten,
1986; Glitsch et al., 1989; Bahinski & Gadsby, 1990;
Bielen et al., 1991; Gao et al., 1991; Ishizuka & Berlin,
1993). Therefore, to facilitate comparison of our results
to those of previous reports, the effect of NE was com-
pared with that of ISO. This was done in experiments
where various concentrations of each drug (1 nM–50mM)
were applied to myocytes either singly or sequentially.
Figure 5 shows records with sequential application of
four doses of NE and ISO (Fig. 5A andB, respectively).
Data from this type of experiment along with data from
experiments where only a single dose of the drug (1, 10
or 50 mM) was applied to each cell were combined and
fitted with Eq. 1. Results from these experiments are
summarized in Fig. 5C where the data have been nor-
malized to the maximum response for each drug. Satu-
rating concentrations (above 1mM) of NE and ISO
stimulatedIp by 0.65 ± 0.02 and 0.57 ± 0.02 pA/pF,
respectively. The stimulation ofIp was found to be more
sensitive to ISO than to NE. The apparent affinity for NE
obtained from this fit was 36 ± 8 nM while that for ISO
was 1.5 ± 0.4 nM. The similarity of theIp stimulation
caused by saturating concentrations of NE and the selec-
tive b-AR agonist ISO suggests that NE is activatingIp

via the b-AR. In support of this suggestion we have
found that 10mM nadolol, a selectiveb-AR antagonist,
completely suppressed the effects of 10 nM − 1 mM NE
(Fig. 5C). In accord with this, thea-AR selective an-
tagonist, prazosin (10mM) tested in 2 cells did not in-
fluence the effect of 10 nM and 100 nM NE on Ip (data
not shown).

Ca AND VOLTAGE DEPENDENCE OFADRENERGIC

ACTIVATION OF Ip

The activation ofIp mediated byb-AR agonists has been
previously demonstrated in patch-clamp experiments in
guinia pig ventricular myocytes, but was reported to de-
pend on intracellular Ca (Gao et al., 1991; Gao et al.,
1994; Gao et al., 1996). At low Cai, ISO inhibited the
Na/K pump; however at >150 nM Cai Ip was stimulated
by ISO (Gao et al., 1991). In the results reported above
in this study, rat ventricular myocytes differ from guinea
pig myocytes in that a large stimulation ofIp by ISO and
NE was routinely observed with [Ca]i buffered with 1.1
mM EGTA to about 20 nM. Moreover, in some experi-
ments, like that shown in Fig. 3B, [Ca]i was buffered to

about 20 nM with 11 mM EGTA to increase the buffer
capacity for [Ca]i. Under these conditions NE and ISO
still caused a large activation ofIp.

To better understand this difference inb-AR stimu-
lation of Ip between rat and guinea pig a wider range of
[Ca]i was explored. Effects of ISO onIp were studied in
experiments with free [Ca] buffered to 100, 500 and
1000 nM in patch pipette solution. A summary of these
results together with the observations at 20 nM [Ca]i is

Fig. 5. Dose dependence of activation ofIp by NE and ISO. (A andB)
Records ofIh from cells sequentially exposed to 1–1000 nM NE (A) or
ISO (B). Bars above the traces indicate the times of application of 1 mM

ouabain and NE. Arrows and corresponding numbers indicate time of
application of the indicated concentration of the drug (in nM). Records
were obtained in cells cultured for 2 days ((A) Cm 4 151 pF) and 1 day
((B) Cm 117 pF). (C) Each point represents the average increase ofIp

caused by each concentration of NE (d) or ISO (❍) measured in
several cells from at least three different cell cultures normalized to the
maximum response obtained with each drug. Smooth curves represent
the best-fit of equation 1 to each data set. The fit parameters for NE
were: Imax 4 0.65 ± 0.02 pA/pF andK0.5 4 36 ± 8 nM (solid curve);
and for ISO were:Imax 4 0.57 ± 0.02 pA/pF andK0.5 4 1.5 ± 0.4 nM
(dashed curve). Filled squares represent average increase ofIp caused
by the indicated dose of NE in the presence of 10mM nadolol (7 cells)
normalized to the maximum response obtained with NE alone. Num-
bers next to symbols indicate the number of cells studied.
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shown in Fig. 6A. The upper set of points (filled circles)
representsIp measured under these conditions while the
lower set of data (open circles) represents the magnitude
of Ip increase above the resting level caused by ISO.
These data indicate no Ca-dependent inhibition of
steady-stateIp (the slope of the regression analysis is not
significantly different from zero) and no increase in ad-
renergic stimulation ofIp with a rise in [Ca]i. In fact, at
20 nM [Ca]i ISO increasedIp by 0.54 ± 0.03 pA/pF;
however, its effect at 500 nM [Ca]i was to increaseIp by
only 0.33 ± 0.05 pA/pF (P < 0.05), significantly less than
at 20 nM Cai. In two experiments at 1mM [Ca]i, ISO
increasedIp by 0.30 and 0.17 pA/pF; however, under
these conditions myocytes were spontaneously contract-
ing which caused concern about the quality of those mea-
surements. Taken together these data suggest that the
Cai-dependent mechanism proposed forb-adrenergic
stimulation of Ip in guinea pig myocytes (Gao et al.,
1991; Gao et al., 1994; Gao et al., 1996) is not a mecha-

nism of b-adrenergic activation ofIp in rat myocytes.
Rather, in rat myocytes increasing [Ca]i caused a signifi-
cant reduction in the stimulation ofIp induced by ISO.

It has also been reported that the stimulatory effect
of ISO on Ip in guinea pig ventricular myocytes is volt-
age dependent. TheIp-Vm relation during adrenergic
stimulation was found to be shifted by about 30 mV in
the negative direction on the voltage axis (Gao et al.,
1996). To measure theIp-Vm relationship in rat ventricu-
lar myocytes voltage ramps were applied as previously
described (Stimers et al., 1993; Dobretsov & Stimers,
1997). Voltage ramps were applied before and during
stimulation of myocytes with 10 or 50mM NE (11 cells).
Average results of these experiments are plotted in Fig.
6B with the data normalized to the value measured at 0
mV. In these experiments NE caused a scaled increase
in the Ip-Vm curve by 0.5–0.7 pA/pF (Fig. 6B); however,
as revealed by normalizing the data, NE did not change
the shape of theIp-Vm relationship or shift it along the
voltage axis. Similarly, we did not find changes in the
Ip-Vm relationships during ISO induced activation ofIp

(data not shown).

EFFECT OFALTERNATE INTRACELLULAR

CATION SUBSTITUTION

In the experiments described so far our standard internal
solution contained 50 mM Na and 100 mM Cs. Previous
studies have shown that the choice of alternate cations
making up the balance of the intracellular solution along
with Na can influence the magnitude of the steady-state
Ip (Kinard & Stimers, 1992). To explore the effects of
the cation substitute we also performed some experi-
ments using 100 mM K or 100 mM NMG in place of the
100 mM Cs. Using K in the pipette solution resulted in a
slightly smaller steady stateIp of 1.2 ± 0.1 pA/pF with a
0.7 ± 0.1 pA/pF stimulation by NE. Substituting with
NMG caused steady-stateIp to be larger (2.2 ± 0.4 pA/
pF) and a smaller stimulation ofIp (0.4 ± 0.1 pA/pF).
These results along with those for NE and ISO stimula-
tion with Cs in the pipette solution are plotted in Fig. 7.
Results from two additional experiments are also plotted
whereIp was measured not by inhibition with ouabain,
but rather as the current activated by brief (about 60 sec)
increases in [K]o from 0 to 5.4 mM to elicit a nonsteady-
state reactivation pump current. This procedure was
similar to that used by Ishizuka and Berlin (1993) in their
experiments which failed to find any influence of ISO on
Ip in adult rat cardiac myocytes (open circle in Fig. 7).
Taking all these data together a pattern emerges suggest-
ing that there is an inverse relationship between the level
of Ip measured without and with stimulation byb-AR
agonists.

Fig. 6. Influence of [Ca]i andVm on Ip and adrenergic stimulation ofIp.
(A) Symbols represent averageIp (d) and Ip increase caused in the
same myocytes by 10mM ISO (❍). Cells were studied with 50 mM Na,
5 mM ATP Cs-aspartate patch-pipette solution with [Ca] buffered by
1.1 mM EGTA at 20, 100, 500 and 1000 nM. Number of cells studied
at each [Ca]i is indicated by number next to symbol. Lines are linear
regressions to each data set and have slopes of 0.1 ± 0.1 pA/pF/mM (Ip)
and −0.33 ± 0.05 pA/pF/mM (Ip increase in ISO). (B) Average data on
the Ip-Vm relationship studied under conditions of standard protocol in
11 cells before application of NE (d) and at the peak influence of
10–50mM NE (❍) normalized toIp measured atVm 4 0 mV.
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Discussion

In the present study we have investigated theb-
adrenergic-mediated regulation of the Na/K pump in
adult rat cardiac myocytes in short term culture. In this
study it was shown that rod-shaped myocytes over 0–4
days in culture provide a stable preparation for measur-
ing Na/K pump current. To our knowledge this is the
first study evaluating the stability ofIp in any adult car-
diac myocytes maintained in short term culture. We
have found that the steady-stateIp in rod-shaped adult rat
myocytes cultured 1–4 days varies < 10% from its aver-
age value of 1.55 pA/pF. Furthermore, under the condi-
tions of these experiments, it was shown that NE and ISO
both produce a substantial stimulation ofIp (40–45%) in
adult rat cardiac myocytes, that is also stable over 4 days
in culture. However, it appears that the mechanism for
this stimulation in the rat is qualitatively different from
that reported in guinea pig myocytes (Gao et al., 1991).

PROPERTIES OFROD-SHAPED MYOCYTES IN CULTURE

Before discussing our findings regarding the adrenergic
stimulation of the Na/K pump it is first necessary to
discuss the effect of culturing rat myocytes for 0–4 days
to demonstrate that this is an appropriate and stable
model for these studies. During the 0–4 days in culture
30–50% of the cardiac myocytes maintained visible
striations, rodlike shapes, a relatively constant apparent
cell size and steady-stateIp. These rod-shaped myocytes
appeared normal in thatCm was within the range of
140–210 pF reported for freshly isolated rat ventricular
cells (Isenberg & Klockner, 1982; Ellingsen et al., 1993).
Consistent with our finding of a 27% decrease inCm it
was previously reported thatCm of cardiac myocytes
decreased by 26% over 3 days in culture (Ellingsen et al.,
1993). Since over this same time period there was not a
comparable decrease in cell size, it is likely that the
change inCm in culture was due to a disintegration and/
or uncoupling from the surface membrane of the T-
tubules. This suggestion is supported by similar findings
in guinea pig ventricular myocytes where the T-tubular
system was lost in 1–2 days in culture (Lipp et al., 1995).
From the difference in cell capacitance calculated from
the myocyte length and width (120 pF) and that mea-
sured in myocytes on day 0 (200 pF; Fig. 3A) we esti-
mate that the cell surface membrane residing in the T-
tubules is about 40% of total surface area of freshly
isolated myocytes, which is only slightly higher than
previous estimates (27–36%, Page, 1978). Despite the
apparent loss of the T-tubules, theIp density remained
constant on all days in culture, suggesting that the Na/K
pump density is uniform in the surface membrane and
the t-tubules.

Rm was estimated from our data to be about 30
kV ? cm2 in freshly isolated cells and 50 kV ? cm2 in
cultured myocytes. The lowerRm of freshly isolated
myocytes compared to that of cultured cells may have
several possible explanations. Myocyte membranes may
become nonselectively conductive to ions during the iso-
lation procedure that is typically carried out at low [Ca]o

(Piper et al., 1990). Enzymatic treatment and mechani-
cal dissociation of myocytes may also cause damage to
the sarcolemma. Another possible source of the nonse-
lective ion conductance is that myocytes need at least 4
hr after isolation to start sealing areas of former interca-
lated disks (Claycomb & Palazzo, 1980). Our data sug-
gest that it takes about 1 day in culture for myocytes to
recover from membrane damage caused by the isolation
procedure. This suggests that myocytes in short-term
culture may have some advantages over freshly isolated
myocytes in that they have a simpler geometry (loss of
T-tubules) which will provide better voltage control and
they have recovered from the isolation procedure. Of
course there are disadvantages to using cultured cells.
They are more difficult to maintain alive and in a differ-
entiated state and the use of serum potentially could in-
troduce factors into the system that might interfere with
the properties to be studied.

Despite these apparent changes in cell morphology
and membrane capacitance and resistance,Ip and its

Fig. 7. Dependence ofb-AR stimulation ofIp on steady stateIp. This
figure shows steady stateIp and its stimulation by saturating concen-
trations of NE or ISO under different conditions. The conditions used
were 50 mM Nai in all cases and 100 mM K (d); 100 mM Cs (j andh);
and 100 NMG (m). The empty triangle (n) represents the average of
two measurements where 100 mM Cs was used internally butIp was
measured as the current activated by 5.4 mM K following a prolonged
period of exposure to 0 mM K. This procedure is similar to the tech-
nique used previously by Ishizuka and Berlin (1993) in their study on
rat myocytes. Using the data obtained in our experiments, a linear
regression reveals a significant negative correlation betweenIp and the
ability of b-AR agonists to stimulateIp (slope 4 −0.2; correlation
coefficient4 −0.93). This regression analysis predicts that ifIp is very
large (similar to that recorded by Ishizuka and Berlin (1993);❍), then
adrenergic stimulation will fail to further increaseIp.
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regulation by NE were found to be preserved in adult
rod-shaped cultured myocytes, proving the suitability of
this preparation for this investigation.

ADRENERGIC STIMULATION OF Na/K PUMP IN RAT

CARDIAC MYOCYTES

The presence and extent of adrenergic regulation of the
Na/K pump in cardiac myocytes is a matter of current
controversy. In this study, saturating concentrations of
NE and ISO caused a similar peak increase inIp by
0.55–0.65 pA/pF, which did not vary with time in cul-
ture. The concentration of NE and ISO needed for half-
activation ofIp in our experiments was 36 and 1.5 nM,
respectively. Thus activation of the Na/K pump in rat
cardiac myocytes occurs at both physiologically and
pharmacologically relevant concentrations of these two
agonists (seeHorackova & Wilkinson, 1992). The dif-
ference in drug concentration between NE and ISO that
causes half-activation ofIp corresponds to well-known
differences in affinities of NE and ISO forb-AR (see
Stiles, Caron & Lefkowitz, 1984). The NE-induced
stimulation ofIp was suppressed by nadolol (b-AR an-
tagonist) but not by prazosin (a-AR antagonist), suggest-
ing that the effect of physiological concentrations of NE
on the Na/K pump is mediated primarily byb-ARs in rat
myocytes (seealso Desilets & Baumgarten, 1986; Was-
serstrom et al., 1982).

Thus, our data support the results of previous reports
that either NE or ISO stimulates the Na/K pump in car-
diac muscle cells (Vassalle & Lin, 1979; Wasserstrom et
al., 1982; Desilets & Baumgarten, 1986). However, sev-
eral groups using isolated sheep Purkinje fibers (Glitsch
et al., 1989), guinea pig myocytes (Bahinski & Gadsby,
1990; Gao et al., 1991; Gao et al., 1994; Gao et al., 1996)
or rat myocytes (Ishizuka & Berlin, 1993) have found
little or no effect of ISO onIp. It is still to be resolved if
cell differences (ventricular myocytesvs. Purkinje fi-
bers), species differences (guinea pigvs. rat) or experi-
mental conditions (ion composition of solutions, method
of measuringIp, etc.) may account for differences in
adrenergic regulation of the Na/K pump activity ob-
served in experiments with cardiac muscle. Our present
results may shed some light on some of these difficult
questions as discussed below.

First, the only previous investigation on isolated rat
ventricular myocytes, and therefore directly comparable
with our study, is that conducted by Ishizuka and Berlin
(1993). These authors did not find any influence of ISO
(10 mM) on Ip elicited by brief activation of the Na/K
pump by external K (reactivationIp). Initially, we ex-
pected that the use of freshly isolated cells by Ishizuka
and Berlin would clarify the reason of failed adrenergic
regulation ofIp. From our data, however, it appears that
the isolation procedure does not impair mechanisms link-

ing adrenergic receptors with the Na/K pump. Another,
obvious difference was thatIp reactivation currents mea-
sured by Ishizuka and Berlin were 2–3 times larger than
Ip measured under steady-state conditions in the present
study. When we analyzed our results obtained by mea-
suring reactivation currents, or using various internal
conditions (e.g., using K, Cs or NMG as substitute in-
tracellular cations) we found an inverse correlation be-
tweenIp and its stimulation by NE (Fig. 7). Notice that
the regression analysis of these data predicts that for very
large Ip (such as that measured by Ishizuka and Berlin,
open circle in Fig. 7) there should be no further stimu-
lation of Ip by b-AR agonists. Thus, the present results
and those of Ishizuka and Berlin, may lie on a continuum
of Na/K pump transport that is modulated by experimen-
tal conditions.

Second, the other preparation being used to study
adrenergic regulation of the Na/K pump is the adult
guinea pig cardiac myocyte; however, here the results are
more complicated. In guinea pig myocytes the results
are also not uniform between laboratories. While Gao et
al. (1991) report complex effects of ISO onIp, others
found no effect of ISO (Bahinski & Gadsby, 1990). This
conflict has not been addressed by either group of inves-
tigators. Similar to our results in rat, in guinea pig myo-
cytes (Gao et al., 1991; Gao et al., 1994; Gao et al., 1996)
it was found thatb-AR agonists could stimulateIp; how-
ever, the effect seen in the rat cells appeared to involve
completely different mechanisms from those in guinea
pig heart cells. In guinea pig myocytes it was deter-
mined that with low [Ca]i (<150 nM) ISO inhibited Ip,
while high [Ca]i (>150 nM) stimulatedIp (Gao et al.,
1991). It was suggested thatIp had two effects: (i) Cai
prevented the protein kinase A mediated inhibition ofIp;
and (ii) Cai caused a protein kinase A induced shift of the
voltage dependence ofI p (Charpentier et al.,
1996). However, in the rat we found no evidence for
inhibition of Ip by NE at any level of [Ca]i and if any-
thing increasing [Ca]i resulted in a decrease in the stimu-
lation of Ip by NE. Furthermore, we did not find any
shift in the Ip-Vm relationship that could explain the
stimulation ofIp by NE. These results suggest that this
may represent an interesting example of a species depen-
dence that is expressed as differences in the specific
mechanisms mediating the effect of NE with little dif-
ferences in starting point (receptors) or final outcome of
Na/K pump activation. It has been speculated that ad-
renergic stimulation of the Na/K pump in cardiac myo-
cytes may be a physiologically important mechanism in-
volved in [Ca]i regulation through the regulation of Na/
Ca exchange activity (Wasserstrom et al., 1982; Bers,
1991). Yet it is well known that many mechanisms of
[Ca]i homeostasis in heart muscle cells are markedly
species dependent (reviewed by Bers, 1991). To deter-
mine if adrenergic stimulation of the Na/K pump is one
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of these mechanisms, further evaluation of the effect of
b-AR stimulation in rat myocytes and experiments con-
ducted under the same conditions but with cardiac cells
isolated from different species need to be done.

IMPLICATIONS ABOUT POSSIBLEMECHANISMS

At this time it is not possible to draw conclusions about
the precise mechanisms underlying the stimulation ofIp

by NE observed in rat cardiac myocytes. An interesting
finding in this study was the tendency for the NE induced
stimulation of Ip to decrease with increasingIp. This
suggests that for high turnover rates of the Na/K pump,
the kinetics are rate limited by a process that cannot be
further stimulated by NE. Furthermore, adrenergic
stimuli modulate some kinetic process which was rate
limiting for Na/K pump enzymatic turnover under con-
ditions of our experiments, and which could also be
modulated by intracellular cations. The concentrations
of Nai and Ko used in this study were at or near saturating
levels so that it would be unlikely for their binding to the
Na/K pump to represent the rate limiting process under
these conditions. As there was no observed change in
the Ip voltage dependence, the Na release to the external
media also does not appear to be involved in the adren-
ergic modulation of the Na/K pump cycle. An attractive
possibility is that adrenergic stimulation alters the K
translocation and intracellular release by the Na/K
pump. Previous studies have shown that this step is one
of the slowest in the Na/K pump cycle (seeGlynn, 1993).
Moreover, this process should be dependent on intracel-
lular K (or Cs) concentration because of their binding to
the intracellular K binding sites of the Na/K pump. It
may be speculated that both the changes in steady-stateIp

observed in our experiments with different intracellular
solutions (K-, Cs-, or NMG-aspartate; Fig. 7), and the
effect of NE onIp involve modulation of the K translo-
cation steps in the Na/K pump cycle. However, further
experiments need to be done to explore this possibility.

PHYSIOLOGICAL SIGNIFICANCE

To determine the physiological significance of the stimu-
lation of Ip by NE or ISO, calculations were made to
estimate the effect this would have on Na transport. We
estimate that in a cell with an accessible volume of about
45 pl andCm of 200 pF (characteristics of day 0 myo-
cytes in our experiments) the activation ofIp by 0.6
pA/pF is equivalent to a change in Nai of 5.0 mM/min;
however, these measurements were done under condi-
tions of high stimulation of the Na/K pump by 50 mM Nai

and at a membrane potential of −40 mV. Assuming that
Ip activation by NE may be scaled according to the
known dependencies ofIp on [Na]i and Vm (Gadsby &

Nakao, 1989; Nakao & Gadsby, 1989; Stimers et al.,
1993), we estimate that under normal conditions ([Na]i

4 10 mM, Vm 4 −80 mV) adrenergic stimulation of the
Na/K pump will cause a decrease in [Na]i of about 1.5
mM/min. In our experiments measuring the NE effect
with 10 mM Nai, we calculate that the increasedIp of 0.16
pA/pF corresponds to reduction of [Na]i of 1.33 mM/min
in close agreement with our estimate above. These val-
ues estimate the peak rate of Na extrusion by the pump,
because under physiological conditions in intact cells
activation of the Na/K pump should be self-limiting
since its activation will cause a decrease in Nai that will
decrease Na/K pump activity. Thus in previous studies
with ion-selective electrodes, where cardiac myocytes
had no extrinsic supply of Nai (e.g., via the patch-pipette
in our experiments), the stimulation with NE or ISO
(0.1–1mM) was found to decrease [Na]i by only 0.53–
0.73 mM/min (Desilets & Baumgarten, 1986). While this
is a relatively small change in[Na]i, it has been shown
that in cardiac myocytes similar changes in Nai activity
cause about a 2-fold change in twitch tension (seeBers,
1991).

Conclusion

In conclusion, we have provided evidence for the strong
activation ofIp by adrenergic agonists in freshly isolated
adult rat cardiac myocytes and in rod-shaped myocytes
cultured in serum-supplemented media for up to 4 days.
The stability of Ip and its activation by NE in cultured
adult rat cardiac myocytes makes these cells a suitable
preparation for further detailed studies of adrenergic
regulation of the cardiac Na/K pump. Future studies will
be directed at determining the mechanism by whichb-
AR agonists stimulate the Na/K pump. Furthermore,
comparative studies are needed to determine if the ap-
parent mechanistic differences between rat and guinea
pig can provide insights into other species differences.
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