
5-(N,N-dimethyl)amiloride-sensitive Na-Li exchange in isolated
specimens of human atrium.

H H Rasmussen, … , E J Cragoe Jr, R E ten Eick

J Clin Invest. 1988;82(4):1366-1375. https://doi.org/10.1172/JCI113740.

To examine if a transmembrane Na-Li exchange similar to that reported to occur in human blood cells can be
demonstrated in the heart, we incubated specimens of human atrium in cold (2-3 degrees C) Li-Tyrode's solution. The Li-
loaded, Na-depleted specimens were then transferred to warm (30 degrees C) Na-Tyrode's solution. After transfer the
membrane potential hyperpolarized to a level more negative than the equilibrium potential for K+. The hyperpolarization
was inhibited by acetylstrophanthidin or K+-free solution indicating that it was due to current produced by the Na, K-pump
responding to a Na load. This suggested that intracellular Li+ had been exchanged for Na+. The hyperpolarization was
abolished by 10 microM 5-(N,N-dimethyl)amiloride while 10 microM bumetanide had no effect, findings that are consistent
with the notion that the exchange of intracellular Li+ for extracellular Na+ occurs via an operational mode of the Na-H
exchanger rather than being mediated through a mechanism involving the Na/K/2Cl cotransporter.

Research Article

Find the latest version:

https://jci.me/113740/pdf

http://www.jci.org
http://www.jci.org/82/4?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI113740
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/113740/pdf
https://jci.me/113740/pdf?utm_content=qrcode


5-(N,N-Dimethyl)Amiloride-sensitive Na-Li Exchange in Isolated Specimens
of HumanAtrium
Helge H. Rasmussen,* Robert D. Harvey,* Edward J. Cragoe, Jr.,§ and Robert E. Ten Eick$
The Reingold ECGCenter (Division of Cardiology, *Department of Medicine) and the $Department of Pharmacology, Northwestern
University, Chicago, Illinois 60611; and WMerck, Sharp and DohmeResearch Laboratories, West Point, Pennsylvania 19486

Abstract

To examine if a transmembrane Na-Li exchange similar to that
reported to occur in human blood cells can be demonstrated in
the heart, we incubated specimens of human atrium in cold
(2-3°C) Li-Tyrode's solution. The Li-loaded, Na-depleted
specimens were then transferred to warm (30°C) Na-Tyrode's
solution. After transfer the membrane potential hyperpolar-
ized to a level more negative than the equilibrium potential for
K+. The hyperpolarization was inhibited by acetylstrophanthi-
din or K+-free solution indicating that it was due to current
produced by the Na, K-pump responding to a Na load. This
suggested that intracellular Li' had been exchanged for Na+.
The hyperpolarization was abolished by 10 jsM 5-(N,N-di-
methyl)amiloride while 10 ,M bumetanide had no effect, find-
ings that are consistent with the notion that the exchange of
intracellular Li' for extracellular Na+ occurs via an opera-
tional mode of the Na-H exchanger rather than being mediated
through a mechanism involving the Na/K/2CI cotransporter.

Introduction

It has been suggested that the increase in red blood cell Na-Li
counter transport demonstrated in many studies to be asso-
ciated with essential hypertension may reflect a pathogeneti-
cally important transport abnormality also present in cells of
other tissues (1, 2). However, this hypothesis has been difficult
to substantiate partly because a Na-Li counter transport re-

sembling that in blood cells is yet to be demonstrated in other
human organ systems and partly because the physiological role
and mechanistic basis of this counter transporter is uncertain.

A study of transmembrane Li' transport in cat papillary
muscles has suggested that Li' is passively distributed in the
heart (3), implying that Na-Li counter transport does not
occur in heart. However, because the rate and apparently even

the presence or absence of Na-Li counter transport is species
dependent (4), it should not be assumed that Li' is also pas-
sively distributed in the human heart. Wehave addressed the
question of whether Na-Li counter transport can be demon-
strated in human cardiac tissue.

The counter transporter can function in either Na-Li,
Li-Li, or Na-Na exchange modes (5), but none of these can be

Address reprint requests to Dr. R. E. Ten Eick, Department of Phar-
macology, Northwestern University, 303 E. Chicago Avenue, Chicago,
IL 60611.

Received for publication 18 August 1986 and in revised form 26
May 1988.

of functional significance because normally Li' is present in
the human body only in very low concentrations (4) and
Na-Na exchange can contribute nothing to maintaining ho-
meostasis. The counter transporter could be an evolutionary
remnant that has lost its physiological role (4) or, alternatively,
it could be a mechanism that normally performs a more
meaningful ionic exchange function. One such mechanism,
the Na-H exchanger, can bind Li' with high affinity and has
many features in common with the Na-Li counter transport
mechanism (2). It has therefore been suggested that Na-Li
counter transport may be an operational mode of the Na-H
exchanger. However, there also is evidence against this idea.
An apparent lack of sensitivity of the Na-Li counter transport
in red blood cells to amiloride (6, 7) suggests that the counter
transport may not be mediated by the Na-H exchange mecha-
nism, and inhibition by furosemide (5, 6) suggests an alterna-
tive hypothesis that Na-Li counter transport can be mediated
by a Na/K/2C1 cotransporter, a mechanism in which Li' can
substitute for Na' (8).

Wehave examined the effect of inhibition of both the
Na-H exchanger and the Na/K/2C1 cotransporter on the de-
velopment of an intracellular Na-load in exchange for a Li
load in specimens of human atrial appendage. Li-loaded speci-
mens were transferred to Li'-free Na-Tyrode's solution to
allow oppositely directed concentration gradients to develop
and thus facilitate Na-Li counter transport. This approach is
similar to that used for its study in red blood cells (9). After
transfer, membrane potential (Em)' transiently hyperpolarized
to levels more negative than the equilibrium potential for K+
(EK), a phenomenon attributed to electrogenic pumping by the
Na, K-pump of an intracellular Na load exchanged for the Li
load. The hyperpolarization was abolished by 5-(NN-di-
methyl)amiloride, while bumetanide had no effect. These find-
ings suggest that Na-Li exchange can occur in human cardiac
tissue and that the exchange appears to be mediated by the
Na-H exchanger rather than by the Na/K/2C1 cotransporter.

Methods

Specimens of atrial appendage, routinely excised to facilitate cannula-
tion of the right atrium, were obtained from patients undergoing coro-
nary artery bypass surgery. None of the patients had untreated hyper-
tension and specimens from patients who had received cardiac glyco-
sides preoperatively were excluded. The age of the patients was 64±9 yr
(mean±SD). All institutional and U. S. Department of Health and
HumanServices guidelines for human subject research were followed.
A second series of experiments using guinea pig atria (obtained as
described in reference 10) was also performed.

Immediately after excision, unless otherwise indicated, specimens
were placed in cold (2-3°C) Li-Tyrode's solution containing (in mM):

1. Abbreviations used in this paper: ACh, acetylcholine; EK, equilib-
rium potential for K+; EM, membrane potential; TTX, tetrodotoxin.
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LiCl 150, KCI 1, MgCl2 1.1, CaCl2 1.8, dextrose 11, Hepes buffer 5,
and NaOH2.25 (pH 7.5 at 30'C and 7.7 at 20C). 70 min after excision,
trabeculae dissected from the specimens were transferred to cold solu-
tions of similar composition except for containing, unless otherwise
indicated, 0.5 mMBaCl2 (to increase membrane resistance by reducing
K channel conductance, see reference 1 1), and 20 mMKCL. Changes
in the K+ concentration were made by isosmolar substitution of KCI
for LiCl. After an additional 20 min trabeculae were transferred to a
1.2-ml tissue chamber perfused (3-4 ml/min) with warm (30±0.20C)
Tyrode's solution containing 131 mMNa' and 0.5 mMBa2', unless
otherwise indicated. All warm solutions contained BaCl2 and KCI in
concentrations identical to those of the solution used during the last 20
min of the period of cooling. The compositions of the various solutions
used are summarized in Table I. Either acetylstrophanthidin (0.5 AM)
dissolved in ethanol (0.1 mg/ml), ouabain (0.1 mM), 5-(NN-di-
methyl)amiloride (10 AM) or tetrodotoxin (TTX, 10 AM) dissolved in
water, or bumetanide (10 AM) from a 1.0 mMdimethylsulfoxide stock
solution were added to the Na-Tyrode's solution in some experiments.
All solutions were bubbled with 100% 02.

The tissue while exposed to Li-Tyrode's solution was cooled to
enable comparison of the time course of Emsubsequent to warming
with the time course recorded subsequent to warming specimens
loaded with Na' by similar cooling in Na'-containing solutions. In
addition, cooling was expected to minimize any toxic effects of incu-
bation in Li-Tyrode's solution on cellular processes. Rewarming was
required for activation of the Na, K-pump. Emwas recorded as soon as
possible after the onset of rewarming using a recording system de-
scribed previously (12). Glass microelectrodes filled with 3 MKCI,
with resistances of 15-40 Mg, and tip potentials of 5 mVor less were
used. Impalements were regarded as reliable if the potential registered
by the electrode changed virtually instantaneously when the electrode
entered or was withdrawn from the cell. Independence of the recorded
potential from minor vertical movements of the microelectrode was
used as additional evidence for the reliability of impalements. Satisfac-
tory impalements were usually achieved within 2 min after transfer of
the tissue to warm Na-containing solutions. If a reliable impalement
was not achieved within 4 min, the results are not reported. Any
voltage offset recorded upon withdrawal of the electrode had to be
< ±4 mVand was accounted for when reporting Em. Impalements

Table I. Composition of Solutions*

Solution LiW Na' TEA+ K+ Ba2+

1 0 150 0 1 0
2 0 131 0 20 .5
3 0 151 0 0 .5
4 148 2.25 0 1 0
5 129 2.25 0 20 .5
6 0 2.25 150 1 0
7 0 2.25 129 20 .5
8 149 2.25 0 0 .5
9 0 20 130 1 0

10 0 20 111 20 .5
1 1 0 25 106 20 .5
12 25 106 0 20 .5
13 25 25 81 20 .5

* Concentrations are in mM. In addition the solutions contained:
Ca2+ 1.8, Mg2+ 1.1, dextrose 11 and Hepes buffer 5. The 2.25 mM
Na' in solutions 4-8 originated from NaOHused to adjust the solu-
tions' pH. All solutions contained the same concentration of CP-
(157 mM).

were usually made at closely adjacent sites every 2-4 min to check the
reference potential and account for any minor voltage drift.

The Li' content of atrial tissue was determined in a second series of
experiments. Because extracellular ionic equilibration should be faster
in thin-walled than in thick-walled atria, tissue from guinea pigs rather
than humans was used for these experiments. After isolation from
excised hearts the atria were treated according to a protocol identical to
that used for human specimens except that Emwas not recorded. For
determination of Li' content the atria were blotted between sheets of
filter paper, weighed and then oven-dried at - 80'C for 48 h to con-
stant weight. The volume of tissue-water was determined by subtract-
ing the dry weight from the wet weight. The dried atria were then
dissolved in I ml of concentrated nitric acid, the solution was diluted
to a final volume of 25 ml, and the Li' concentration was measured
using an (Varian Techtron model 1200; Varian Associates, Palo Alto,
CA) atomic absorption spectrophotometer equipped with a Li-natural
cathode. The Li' content was then calculated. Intracellular Li' con-
centrations were determined from the total Li' content of the tissue
and the volume of tissue-water according to the formula given in
reference 3. The extracellular space was assumed to be 0.3 liter/kg wet
tissue (10).

Results are expressed as mean±SE. Analysis of variance (13) was
used in the statistical analysis. In total, 69 experiments on human atrial
specimens and 7 experiments on guinea pig atria are reported.

Results

Time course of Emduring extrusion of an Na load. Since elec-
trogenic extrusion of intracellular Na' accumulated during
exchange of Na' for a Li-load was used to demonstrate Na-Li
counter transport, the time course of Emduring extrusion of an
Na load by the Na, K-pump was characterized. To induce
Na-loading, five specimens were incubated in Na-Tyrode's so-
lutions cooled to 2-30C for 90 min (14). The solutions con-
tained 1 mMK+ during the first 70 min (solution 1, Table I)
and 20 mMK+ and 0.5 mMBa2+ (solution 2) during the last
20 min of cooling. The 20 mMK+ solution used during the
last 20 min of cooling was also used to rewarm the specimens
and to obtain the reported data.

The time course of mean Em after warming to 30°C is
summarized in Fig. 1. Embecame increasingly negative,
reaching a maximal level (Em.) at 14.0±2.3 min after the
onset of warming of -79.2+1.4 mV, before decaying towards
less negative levels. Mean Em. was 28 mVmore negative than
the level expected for EK in human atrial tissue in 20 mMK+
under steady state conditions (i.e., -51 mV). Wehave dem-
onstrated previously that such a hyperpolarization of Emupon
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Figure 1. Hyperpolarization of Na-loaded specimens. The time
course of mean Em(±SE) recorded during rewarming is plotted for
five specimens cooled for 90 min in Na-Tyrode's solutions. Mean
Em,, and the mean duration from the onset of rewarming until E.,
was reached is indicated by the crossed error bars.
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rewarming of cooled human atrial specimens results from
electrogenic extrusion of an intracellular Na load by the Na,
K-pump (12).

Time course of Emof Li-loaded specimens. Nine specimens
incubated for 90 min in cold Li-Tyrode's solutions (solutions 4
and 5) to induce an intracellular Li-load were transferred to
warm Na-Tyrode's solution containing 20 mMK+ (solution
2). The time course of mean Emafter the transfer is depicted in
Fig. 2 A. Initially, during the first minute or two after rewarm-
ing, Emrapidly fell to -40 mVand then, over the next 8-10
min, Emtransiently hyperpolarized reaching a maximal level
of -59.4±0.6 mVafter 11.3±0.9 min before again decaying
towards more positive levels. The mean Emax was more nega-
tive (P < 0.01) than the EK expected under steady state condi-
tions in 20 mMK+ (- -51 mV). Since the intracellular K+
concentration of cardiac tissue has been shown to decrease
during exposure to Li-substituted solutions (3), the difference
between Ema. and the actual EK at the time Ema. was obtained
is probably even greater than that calculated from the pre-
sumed steady state value for EK. Therefore it appears that Em
of specimens incubated in Li-Tyrode's solution also can tran-
siently hyperpolarize to levels that are negative to EKafter they
are transferred to Na-Tyrode's solution.

In some experiments, when Emwas near Emax, small bo-
luses (60 yd) of Tyrode's solution containing 200 mMacetyl-
choline (ACh) were added to the tissue bath at the inflow
orifice to substantiate that Emactually hyperpolarized to levels
negative to EK. The effect of ACh in one such experiment is
shown in Fig. 2 B. A small transient depolarization was re-
corded following the administration of ACh-containing solu-
tion. Because ACh increases atrial membrane K conductance
(14), it is expected to enhance inward, depolarizing K current
at potentials negative to EK and enhance outward, hyperpo-

A Time After Rewarming (min)
4 8 12 16 20 24 28
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larizing K current at potentials positive to EK (15). The depo-
larization induced by ACh (Fig. 2 B) therefore confirms that
Emwas negative to EK. The response to ACh also indicates
that under these experimental conditions, 0.5 mMBa2+ does
not completely block ACh-sensitive K channels in human
atrial tissue, a result consistent with findings that a concentra-
tion of 1 mMBa2+ is required to block ACh-induced K cur-
rents in Purkinje strands completely (15). Even higher con-
centrations of Ba2' might be required for atrial tissue that
presumably has a greater density of ACh receptors than ven-
tricular tissue.

Requirement of the hyperpolarization for Li- or Na-loading.
Experiments were performed to examine the requirement for
intracellular Li' or Na+ in the mechanism generating the hy-
perpolarization depicted in Figs. 1 and 2. Six specimens were
incubated for 90 min in cold tetraethylammonium chloride
(TEA-Cl)-substituted Tyrode's solution (solutions 6 and 7)
and then transferred to warm Na-Tyrode's solution containing
20 mMK+ (solution 2).

The time course of mean Emrecorded after the transfer is
depicted in Fig. 3. After impalement Eminitially rapidly depo-
larized. A similar brief early depolarization occurred when
Li-loaded specimens were transferred to Na-Tyrode's solution.
After the brief early depolarization, whereas Li-loaded speci-
mens subsequently hyperpolarized transiently to levels more
negative than EK (see Fig. 2 A), no such hyperpolarization
occurred after transferring specimens cooled in TEA-Tyrode's
solution. Thus, intracellular loading with either Li' or Na+ was
required for the development of the hyperpolarization de-
picted in Figs. 1 and 2.

Effect of reducing the Na and Kchannel conductances. Hy-
perpolarization of Em to levels more negative then EK is
usually attributed to enhanced electrogenic Na, K-pump activ-
ity (16, 17). However, to explain the hyperpolarization de-
picted in Figs. 2, A and B, additional putative mechanisms
must be considered. An outward transmembrane concentra-
tion gradient for Li' should develop after the transfer of the
Li-loaded specimens to Li'-free Na-Tyrode's solution, and
since the Na channels in sarcolemmal membranes are perme-
able to Li' (3, 18), the hyperpolarization could be due to an
outward diffusion of Li' via Na channels. In principle, the
hyperpolarization might also arise from an outward diffusion
of Li' through any K channels not blocked by 0.5 mMBa2+.
Experiments were performed to examine these possibilities.

Specimens incubated for 90 min in cold Li-Tyrode's solu-

-~0

E - 2 0
-40

E -60 t 2sI

Figure 2. (A) Hyperpolarization of Li-loaded specimens. The time
course of mean Emrecorded after transferring nine specimens from
cold Li-Tyrode's solution to warm Na-Tyrode's solution is plotted.
(B) Typical time course of Emof Li-loaded specimen. Emwas re-
corded after transferring the specimen from cold Li-Tyrode's solu-
tion to warm Na-Tyrode's solution. Transient depolarizations were
induced when 60 ,ul boluses of solution containing ACh were added
at the inflow orifice of the tissue bath 9, 12, and 16 min after the
transfer (administered at the times indicated by arrows). The elec-
trode was placed extracellularly at 19 min to verify the zero mV
level. Reimpalement was achieved at 22 min and the specimen was
found to be spontaneously active. After reimpalement ACh caused a
small hyperpolarization and a brief arrest of spontaneous activity.

-20

E -4

Time After Rewarming (min)
4 8 12 16 20 24 28 32 36

E tw 60II

Figure 3. Time course of mean Emupon transfer of 6 specimens in-
cubated in cold TEA-Tyrode's solution to warm Na-Tyrode's solu-
tion. Note that, as for Li-loaded specimens (Fig. 2 A), Emrapidly de-
polarized after the initial impalement. However, in contrast to the
Li-loaded specimens, no subsequent hyperpolarization developed.
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Figure 4. Effect of TTX on time course of Em. Emwas recorded after
transferring a specimen from cold Li-Tyrode's solution to warm Na-
Tyrode's solution containing TTX. ACh (administered at the time
indicated by arrows) caused a transient depolarization when Emwas
near Ema,, but had no effect subsequently when Emhad depolarized
to --46 mVsuggesting that EK at that time was - -46 mV.

tions (solutions 4 and 5) were transferred to warm Na-Tyrode's
solution containing 20 mMK+, 0.5 mMBa2+ (solution 2) and,
to decrease Na channel conductance (19), 10 uM TTX. An
example of the time course of Emrecorded after the transfer is
depicted in Fig. 4. A transient hyperpolarization to -65 mV
developed, and a bolus of solution containing ACh caused a
brief depolarization when Emwas near Em., indicating that
Emcould hyperpolarize to levels negative to EK despite expo-
sure to TTX. Mean Em. in three experiments (-68.3±2.1
mV) was more negative than mean Em. in analogous experi-
ments performed without TTX in Na-Tyrode's solution
(-59.4±0.6 mV, Fig. 2 A) while the time from the transfer
until Emax was reached was similar (12.7±1.6 min vs. 11.3±0.9
min). Since the amplitude of the hyperpolarization was in-
creased rather than decreased by TTX, it is unlikely that an
outward Li current flowing through Na channels underlies the
hyperpolarization.

Experiments were also performed to examine the effect of
K channel conductance on the transient hyperpolarization.
Four specimens incubated for 90 min in cold Li-Tyrode's so-
lutions were transferred to warm Na-Tyrode's solution con-
taining 20 mMK+. In contrast to the experiments described
above, none of the solutions contained BaCl2. Mean E,,
reached 12.0±2.0 min after transfer, was less negative than
mean Ema, in analogous experiments performed with Ba2+ in
the solutions (-51.5±2.1 mVvs. -59.4±0.6 mV, Fig. 2 A).
This indicates that an outward Li current through Ba2'-sensi-
tive K channels cannot account for the transient hyperpolar-
ization. Conversely, the fact that an increased membrane resis-
tance induced by either Ba2+ or TTX caused an increase in the
amplitude of the hyperpolarization, is consistant with the no-
tion that the hyperpolarization was due to a mechanism in-
volving electrogenic exchange or active transport.

Effect of Na, K-pump inhibition. The effect of Na, K-pump
inhibition on Emwas examined to determine if the hyperpolar-
ization were due to enhanced electrogenic Na, K-pump activ-
ity. The Na, K-pump was inhibited by exposure of specimens
to acetylstrophanthidin or K+-free, Na-Tyrode's solution. Six
specimens incubated in cold Li-Tyrode's solutions (solution 4
and then 5) were transferred to warm Na-Tyrode's solution
(solution 2) containing 20 mMK+ and 0.5 gM acetylstro-
phanthidin. The time course of mean Em recorded after the
transfer is depicted in Fig. 5. During the first minute Emwas
similar to that observed in analogous experiments for which
acetylstrophanthidin had not been included in the Na-Ty-
rode's solution (see Fig. 2 A). However, within 2 min Emde-
polarized to about -40 mVand remained at that level
throughout the next 26 min, a finding consistent with a fast

Time After Rewarming (min) Figure 5. Effect of Na,
4 8 12 16 20 24 28* **-0 4 K-pump inhibition on

. time course of mean
> Em. Emwas recorded

E-40 _ + * * * * * * after transferring speci-
LU 0+ mens from cold Li-Ty-

-60 rode's solution to warm
Na-Tyrode's solution

containing 20 mMK+ and 0.5 MMacetylstrophanthidin (circles, n =
6) or to K+-free solution (squares, n = 6). Error bars are not shown
when contained within the symbols. Note that Na, K-pump inhibi-
tion abolishes the hyperpolarization recorded in analogous experi-
ments performed without pump inhibition (Fig. 2).

onset of the inhibition of Na, K-pump-induced hyperpolariza-
tion by acetylstrophanthidin.

In another series of experiments six cooled Li-loaded speci-
mens were transferred to warm K+-free, Na-Tyrode's solution
(solution 3). To wash K+ out of the interstitial space, the tissue
was placed in cool K+-free, Li-Tyrode's solution (solution 8)
during the last 20 min before transferring to warm Na-con-
taining solution. The time course of mean Em is depicted in
Fig. 5. Emwas at an unchanging level from the time of the first
impalements and was less negative than the Emof those speci-
mens exposed to acetylstrophanthidin (0.5 gM) in solution 2
containing 20 mMK+. Abolition of the hyperpolarization by
inhibiting the Na, K-pump (Fig. 5) indicates that electrogenic
Na+ pumping underlies the ability of Li-loaded specimens to
transiently hyperpolarize after transfer to warm Na-Tyrode's
solution. The results depicted in Fig. 5 also suggest that, if
Na-Li counter transport occurs after the transfer, the counter
transport must be electroneutral.

Effect of Li' on Na, K-pump activity. The hyperpolariza-
tion of Li-loaded specimens could be due to electrogenic
pumping of Li' by the K+-dependent, acetylstrophanthidin-
sensitive, Na K-pump if Li' can substitute for Na+ at ligand-
binding pump sites located on the cytosolic side of the sarco-
lemma. Alternatively, if Na-Li counter transport occurs, elec-
trogenic pumping of Na+ which is exchanged for Li+ after the
transfer to Na-Tyrode's solution could underlie the hyperpo-
larization. Extracellular Li' competes with Na+ during cellular
uptake of Na+ via Na-Li counter transport in red blood cells
(20). This implies that if the hyperpolarizing mechanism in-
volves counter transport, addition of Li+ to the Na-containing
solution should reduce uptake of Na+ via Na-Li counter trans-
port, and hence the hyperpolarization caused by electrogenic
pumping of Na+ exchanged for Li+ should decrease. Since the
inhibitory effect of Li' on Na+ uptake via the counter trans-
port system is competitive, the inhibition should be accen-
tuated by reducing the concentration of Na+ in the Tyrode's
solution. Therefore, the effect on Emof adding Li' to solutions
containing "normal" or "low" concentrations of Na+ was ex-
amined.

Control experiments in which Li-loaded specimens were
transferred to solutions with a reduced concentration of Na+
and no Li+ were performed first. For these controls, six speci-
mens were incubated in cold Li-Tyrode's solutions (solutions 4
and 5) for 90 min and then transferred to a warm solution
containing 25 mMNa+, 20 mMK+ and, to render it isosmolar
with the other solutions, 106 mMTEA-Cl (i.e., "low" Na-
Tyrode's solution, solution 1 1). The time course of mean Em
recorded after the transfer is summarized in Fig. 6, A. Mean
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Figure 6. Effects of extracellular Li' on the time course of mean Em
at "low" and "normal" concentrations of Na. (A) Emrecorded after
transferring six specimens from cold Li-Tyrode's solution to warm
low Na-Tyrode's solution. (B) Emrecorded after transferring six spec-
imens from cold Li-Tyrode's solution to warm low Li', low Na-Ty-
rode's solution. The transient hyperpolarization recorded in the con-
trol experiments (A) was abolished by extracellulr Li . (C) Emre-
corded after transferring five specimens from cold Li-Tyrode's
solution to warm low Li- normal Na-Tyrode's solution. The inhibi-
tory effect of extracellular Li+ on the transient hyperpolarization (B)
was overcome by the increase in the Na+ concentration.

E. (-62.2±1.7 mV) was similar to mean Em.x of Li-loaded
specimens transferred to solution containing 131 mMNa`
(-59.4±0.6 mV, Fig. 2 A). However, the hyperpolarization
developed more slowly in the 25 mMNa' solution (time from
transfer until Ema, was reborded was 16.3±2.1 min in the
25-mM solution and i 1.3±0.9 min in the 13 1-mM solution, P
< 0.05). As in other cases (see Figs. 2 B and 4) ACh adminis-
tered when Emwas near Ema, induced a very brief depolariza-
tion indicating that Emwas more negative than EK (data not
shown).

After incubation in Li-Tyrode's solutions (solutions 4 and
5) the effect on the time course of Emof 25 mMLi' in a warm
solution closely resembling that used for the series of control
experiments described above (solution 11) was examined. The
solution contained 25 mMNa', 20 mMK+, 81 mMTEA-Cl,
and 25 mMLi+ (i.e., low Li+-, low Na-Tyrode's solution, solu-
tion 13). The time course of mean Em recorded after the
transfer of six specimens is depicted in Fig. 6 B. No transient
hyperpolarization was observed. Emremained stable at --30
mVthroughout the period of recording in contrast to the hy-
perpolarization observed in similar solutions not containing
Li' (see Fig. 6 A). This suggests that extracellular Li' inhibited
the exchange of an intracelltlar ion for extracellular Na'.

If the absence of a transient hyperpolarization (Fig. 6 B)

were due to competitive inhibition of cellular Na'-uptake by
Lie, it should be possible to overcome the inhibition by in-
creasing the Na' concentration in the rewarming solution
containing 25 mMLiW. This was examined by transferring five
cooled Li-loaded specimens to warm solution containing 106
(rather than 25) mMNa+, 20 mMK+ and 25 mMLi' (solu-
tion 12). The time course of mean Emis summarized in Fig. 6
C. A mean Emax of -57.6±1.1 mVwas recorded 1 1.2±1.8 min
after the transfer, and ACh, administered when Emwas near
Ex induced a depolarization (data not shown), again indi-
cating that Emhad been negative to EK. Thus the inhibitory
effect of 25 mMLi' on the transient pump-induced hyperpo-
larization (Fig. 6 B) was overcome by increasing the Na' con-
centration from 25 to 106 mM. This indicates the involvement
of extracellular Na+ in the process underlying the transient
hyperpolarization and supports the conclusion that an intra-
cellular ion-load had been replaced by a Na-load. In addition,
these findings also indicate that the inhibition by Li' of the
hyperpolarization observed in the solution containing 25 mM
Na+ (Fig. 6 B) was not due to a functionally significant direct
inhibitory effect of extracellular LiW on the electrogenic Na,
K-pump.

Effect of Na, K-pump inhibition on tissue content of Li+.
The effect of Na, K-pump inhibition on the transient hyperpo-
larization of Li-loaded specimens (Fig. 5) transferred to Na-
Tyrode's solution indicates that the hyperpolarization was due
to electrogenic Na, K-pump activity. The results presented in
Fig. 6 indicate that the hyperpolarization was not due to elec-
trogenic pumping of Li+ by the Na, K-pump. To further sub-
stantiate this conclusion we examined the effect of pump inhi-
bition on the tissue content of Li+. In these experiments guinea
pig atria were incubated for 90 min in cold Li-Tyrode's solu-
tion before being transferred to warm Na-Tyrode's solution
containing 20 mMK+ (identical to solution 2 except for not
containing Ba2+). The atria were exposed to 0.1 mMouabain
before and after the transfer to Na-Tyrode's solution in one
series of experiments. No ouabain was used in a second series.

At the end of the cooling period the atria contained 2.8-2.9
,ug Li'/mg dry weight (n = 2). These values reflect Li+ con-
tained in the extracellular and the intracellular compartments.
The Li+ concentration calculated from the data was 1 10-1 18
mmol/liter intracellular water, values in good agreement with
similar data for cat papillary muscles (3). The tissue content of
Li+ in the atria was also determined 15 min after transfer to
warm Na-Tyrode's solution. Li+ in tissue exposed or not ex-

posed to ouabain was similar (0.58±0.07, n = 3 vs. 0.65±0.06
,ug/mg dry weight, n = 3, or 27.1±5.1 vs. 27.8±2.8 mmol/liter
intracellular water) suggesting that Na, K-pump inhibition had
no effect on the extrusion of intracellular Li+. This finding
supports the conclusion of the previous section that the hyper-
polarization of Li-loaded human atrial specimens does not
result from electrogenic pumping of Li+, and is consistent with
the hypothesis that Li' effiux is mediated by a mechanism
involving exchange with extracellular Na+.

Effect of inhibition of Na/K/2CI co-transport and Na-H
exchange. Because exchange of an intracellular Li-load for ex-
tracellular Na+ might involve either an operational mode of
the Na/K/2Cl cotransporter or of the Na-H exchanger, we

examined the effect on Emof inhibiting each of these systems.
Six specimens, Li-loaded by incubation in cold Li-Tyrode's

solutions (4 and 5), were transferred to warm Na-Tyrode's
solution (2). To inhibit the Na/K/2CI cotransporter solutions
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2 and 5 contained 10 ,uM bumetanide (8). The time course of
mean Emrecorded during rewarming is shown in Fig. 7. Mean
Ema, (-59.7±1.5 mV), reached 1 1.0±1.4 min after the onset of
rewarming, was not significantly different from the mean Ema.
in analogous experiments performed without bumetanide in
these solutions (-59.4±0.6 mV, Fig. 2 A). This indicates that
the Na/K/2C1 cotransporter is unlikely to be involved in the
sequence of events resulting in a Na, K-pump-induced hyper-
polarization after transfer of Li-loaded specimens to Na-Ty-
rode's solution.

Six specimens, cooled for 90 min in Li-Tyrode's solutions
(4 and 5) were transferred to warm Na-Tyrode's solution (2).
Solutions 2 and 5 contained 10 AtM 5-(NN-dimethyl)amilo-
ride, a Na-H exchange inhibitor. The time course of mean Em
during rewarming is shown in Fig. 8. After the initial impale-
ment Em rapidly depolarized. In analogous experiments per-
formed without 5-(NN-dimethyl)-amiloride in the solutions a
similar early depolarization occurred (see Fig. 2 A and Fig. 7,
1- and 2-min mark). However, in these latter experiments Em
subsequently hyperpolarized transiently to levels more nega-
tive than EK (see Fig. 2 A and Fig. 7, 10- and 12-min mark). A
comparison of the results of the two experimental paradigms
indicates that the hyperpolarization can be abolished by
5-(N,N-dimethyl)amiloride. Control experiments on Na-
loaded rather than Li-loaded atrial tissues indicated that the
drug, in the concentration used, had no substantial effect on
electrogenic Na' pumping in human atrial tissue (data not
shown). This finding indicates that the pump-induced hyper-
polarization of the Li-loaded tissue was not abolished because
the Na, K-pump had been inhibited and it suggests that the
Na-H exchanger is involved in the sequence of events that
result in electrogenic pumping of an intracellular Na-load de-
veloped after transferring Li-loaded tissue to Na'-containing
Tyrode's solution.

Determinants for the time course of Em. In Li-loaded speci-
mens transferred to Na-Tyrode's solution, the duration of the
pump-induced hyperpolarization to voltages negative to EK
was long (> 17 min in a typical experiment, see Fig. 2 B) in
comparison with time constants of < 2 min reported for the
decay of Na, K-pump currents (21). This could be interpreted
to mean that Na-Li counter transport rather than extrusion of
Na+ by the pump is the rate limiting determinant for the time
course of Em. However, other factors also are expected to con-
tribute to the prolonged pump-induced hyperpolarization. If,
for example, intracellular pump-sites for Na-binding were sat-
urated, the time required for extrusion of a large Na load
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Figure 8. Effect of 5-(NN-dimethyl)amiloride (10 MM) on the time
course of Emof Li-loaded tissue. Six specimens cooled for 90 min in
Li-Tyrode's solutions were transferred to warm Na-Tyrode's solution.

should be longer than that expected from the time constant for
the decay of pump current for when the elevation of intracel-
lular Na+ activity is modest (12).

To evaluate the effect of the size of the Na-load on the time
course of Em, a specimen was cooled for 90 min in solutions
containing 20 mMNa+. These solutions also contained 130
mMTEA-Cl and 1 mMK+ (during the first 70 min, solution
9) or 111 mMTEA-Cl, 20 mMK+ and 0.5 mMBa2+ (during
the subsequent 20 min, solution 1O). Cooling in these solutions
should result in a smaller Na-load than cooling in solutions
with normal Na+ concentration and, because the sarcolemmal
membrane has a very low permeability for TEA' (18), less
intracellular K+ should be lost during cooling. Since the com-
bination of increasing K+ gradients and decaying electrogenic
pump current should be the principal determinants for the
time course of Emduring rewarming (see reference 12 for dis-
cussion), Em should reach its most negative level earlier than
the Em of specimens rewarmed after cooling in normal Na-
Tyrode's solution and, if saturation of intracellular pump-sites
contributes to a prolongation of the hyperpolarization, the
subsequent rate of decay should be faster.

The time course of Em during rewarming of the cooled
specimen in normal Na-Tyrode's solution containing 20 mM
K+ and 0.5 mMBa2+ (solution 2) is depicted in Fig. 9. Ema,,
(-81 mV) was similar to Ema of specimens rewarmed after
cooling in normal Na-Tyrode's solutions (-79.2±2.8 mV, Fig.
1), but it was reached earlier and the subsequent decay of Em
was faster (half-time for decay 3 vs. 1O min).

The similarity between Ema. after cooling with low or with
normal Na+ concentrations should not be taken to indicate
that pump-sites were saturated at an intracellular Na+ concen-
tration of 20 mMbecause the intracellular Na+ concentration
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Figure 7. Effect of bumetanide (10 ,uM) on the time course of Emof
Li-loaded tissue. Six specimens cooled for 90 min in Li-Tyrode's so-
lutions were transferred to warm Na-Tyrode's solution. The open cir-
cles indicate data from individual experiments.
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Figure 9. Effect of cooling in low Na-Tyrode's solution on time
course of Em. Emwas recorded after transferring a specimen from
cold low (20 mM)Na-Tyrode's solution to warm normal Na-Ty-
rode's solution. Comparison with Fig. 1 suggests that the amplitude
but not the duration of the hyperpolarization is independent of the
size of the Na load.

Na-Li Exchange in HumanHeart 1371

I --F-- I I T- 1

,1

-60 _



after cooling may be higher than the extracellular concentra-
tion due to an inwardly directed electrical gradient during
cooling. However, the longer duration of the hyperpolariza-
tion with the presumed increase in the Na-load is consistent
with the notion that pump electrogenesis saturates at some
experimentally, readily attainable level of intracellular Na'
activity. Quantitative estimates of this level cannot be derived
from the time course of Em because Em is determined by a
complex interaction between the effects of intracellular Na` on
Na, K-pump activity and the transmembrane gradient for K+
acting in combination with the voltage dependencies of both
pump current (22) and the Ba2+-induced decrease in K chan-
nel conductance (15). However, in principle it is not unrea-
sonable to suggest that the prolonged hyperpolarization ob-
served when Li-loaded specimens were transferred to Na-con-
taining solutions (Fig. 2) can be explained by saturability of
intracellular Na, K-pump sites rather than being indicative of a
relatively slow rate of Na-Li exchange.

Discussion

Specimens of human atrial tissue were incubated in Li-Ty-
rode's solution to replace partially intracellular K+ and Na'
with Li'. The specimens were then transferred to Na-contain-
ing solutions to allow outward LiW and inward Na' gradients
to develop. After transfer, Em transiently hyperpolarized to
levels more negative than those recorded during the subse-
quent steady state. The hyperpolarization could have been
caused by a change in transmembrane ionic conductances or
by an electrogenic mechanism involving ionic exchange or
active transport.

Because Na channels are permeable to Li+ (18), it is possi-
ble that an outward flow of Li+ ions through Na channels
could have generated a hyperpolarizing current upon transfer
of the specimens to LiW-free solution. However, were this the
case, the amplitude of the hyperpolarization should have been
reduced by TTX rather than augmented, as was found experi-
mentally. Therefore, it is reasonable to conclude that an ion
flow through Na channels does not account for the hyperpolar-
ization. Li-loading may have increased K channel conduc-
tance (3). In principle, the increase might result in an outward
flow of Li+ through K channels and thus hyperpolarize Em.
However, the depolarizing response to ACh (Figs. 2 B and 4)
indicates that the hyperpolarization was not due to outward
current through ACh-sensitive K channels, and the increase in
amplitude of the hyperpolarization induced by Ba2+, relative
to that obtained in experiments performed without Ba2+, indi-
cates that the hyperpolarization was not due to outward cur-
rent through Ba2W-sensitive K channels.

An outward flow of Li' through channels insensitive to
TTX, ACh and Ba2+ must, a priori, be considered a very un-
likely mechanism for the hyperpolarization. Strong evidence
against this possibility is provided by the experiments summa-
rized in Fig. 6 C. When Li-loaded specimens were transferred
to Li+-containing (25 mM) Na-Tyrode's solution, E. was
-57.6±1.1 mV. At the time Emmwas recorded intracellular
Li+ should have been considerably less than the Li' concen-
tration in the cooling solution (129 mM). It follows that the
equilibrium potential for Li+ should be less negative than -43
mV(calculated from the Nernst equation), i.e., at least 14 mV
less negative than the E. recorded experimentally. This indi-
cates that the hyperpolarization cannot be accounted for by an

outward flow of Li' through any species of ionic channel.
Since hyperpolarization of Li-loaded specimens cannot be ac-
counted for by change in an ionic conductance, an electro-
genic mechanism should be considered. The inhibitory effect
of acetylstrophanthidin (Fig. 5) indicates that electrogenic Na,
K-pump activity must be the mechanism responsible for the
hyperpolarization.

Since Li' largely should have replaced intracellular Na'
and K+ during incubation in Li"-substituted solutions (3), en-
hanced pump activity could be caused by pumping intracellu-
lar Li' or, alternatively, by pumping an intracellular Na-load
that developed after transferring the tissue to Na-containing
solutions. The biological and physical properties of Li' and
Na+ are in several respects quite similar (23). Li' can, for
example, replace Na+ in the mechanism generating the up-
stroke of cardiac action potentials (3), and the similarity be-
tween the physicochemical properties of the two ions can in-
terfere seriously with interpretation of ion-selective-microelec-
trode recordings (24). For this study, the ionic selectivity of
intracellular Na, K-pump sites is crucial for interpretation of
the experimental findings. Previous studies (3, 17) have pro-
vided evidence against substantial outward transport of LiW by
the sarcolemmal Na, K-pump. However, glycoside-induced
pump inhibition was not utilized in those studies. In the
present study the effect of such inhibition on the Li'-content
of guinea pig atrial tissue was examined. In agreement with the
previous studies (3, 17) Na, K-pump activity or lack thereof
had no apparent effect on Li' efflux from myocytes.

In contrast, outward transport of Li' by the Na, K-pump
has been demonstrated in red blood cells, although under ex-
treme experimental conditions (20, 25). However, the selectiv-
ity of Na+ over LiW is so great that ouabain-sensitive LiW efflux
is undetectable unless the intracellular Na+ concentration is
less than 1 mM(23). Such a low concentration could not
possibly be achieved during incubation in the solutions used in
this study (Table I) indicating that electrogenic pumping of Li'
by the Na, K-pump is unlikely to have caused the hyperpolar-
ization of the Li-loaded specimens. In addition, if the hyperpo-
larization were due to pumping of Li+, extracellular Li' would
not be expected to be inhibitory at low extracellular Na+ con-
centration (Fig. 6 B) yet have no effect at normal extracellular
Na+ concentration (Fig. 6 C). Therefore, it is reasonable to
conclude that the hyperpolarization of Emto levels more nega-
tive than EK is not due to electrogenic pumping of intracellular
Li+ by the Na, K-pump. Since the Na, K-pump-induced hy-
perpolarization observed upon transfer of Li-loaded tissue to
Na-Tyrode's solution cannot be attributed to electrogenic
pumping of Li', it must have been due to electrogenic pump-
ing of an intracellular Na-load that developed after the
transfer.

The cellular content of Ca2+ probably increased during
incubation in the cold Li-Tyrode's solution, and, upon transfer
to warm Na-Tyrode's solution, the accumulated Ca2+ should
be exchanged for Na+ via the Na-Ca exchange mechanism.
This may have generated inward current (26), and the tran-
sient depolarization recorded during the first few min after the
transfer (Fig. 2 A) could in principle be caused by such a cur-
rent. However, Ca2" should also accumulate intracellularly
during incubation of specimens in cold Na-Tyrode's solution.
A transient depolarization induced by Na-Ca exchange current
should therefore also have occurred upon transfer of these
specimens to warm Na-Tyrode's solution. This was not oW
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served (Fig. 1) suggesting that the transient depolarization of
Li-loaded specimens (Fig. 2 A) was not directly related to a
transient Ca-overload and an associated Na-Ca exchange cur-
rent.

A Ca load accumulated during cooling in Li-Tyrode's so-
lution may, nevertheless, have contributed indirectly to the
time course of Emshown in Fig. 2 A. Exchange of some intra-
cellular Ca2" for Na' may have provoked a small Na-load
immediately after transfer and before when Emfirst could be
recorded. It is possible that the early depolarization of Li-
loaded specimens was due to a rapidly decaying outward Na,
K-pump current activated by the putative short-lived, early
transient Na-load2 occurring prior to when Na-Li exchange
causes the Na load of interest. Alternatively, the initial changes
in Emcould indicate that exchange of Li' for Na' is electro-
genic. This alternative hypothesis, however, is inconsistent
with the finding that the initial, relatively negative but rapidly
depolarizing Em seen in Li-loaded specimens (Fig. 2 A) was
abolished when the Na, K-pump was inhibited by K+-free
solutions (Fig. 5). A similar rapidly occurring initial depolar-
ization was also observed after specimens cooled in Li'-free
TEA-Tyrode's were transferred to Na-Tyrode's solution (Fig.
3), indicating that this particular depolarization was not de-
pendent upon an intracellular Li load. It too may have in-
volved a rapidly decaying hyperpolarizing Na, K-pump cur-
rent associated with extrusion of a Na load developed because
of an exchange of Na' for an initial Ca load in a manner
analogous to that discussed above for Li-loaded specimens.

While exchange of intracellular Ca2+ for extracellular Na'
may be involved indirectly in the mechanism underlying the
initial, relatively negative, rapidly depolarizing Em of Li-
loaded specimens (Fig. 2 A), such an exchange cannot sponsor
the subsequent hyperpolarization because the latter was found
to be dependent upon an intracellular Li-load (compare Fig. 2
with Fig. 3). In addition, were Na-Ca exchange involved, the
hyperpolarization of Li-loaded specimens should not be abol-
ished by extracellular Li' (Fig. 6 B) because the Na-Ca ex-
changer does not appear to have affinity for Li' (27). There-
fore, the evidence is against the notion that Na-Ca exchange
underlies the hyperpolarization of Emnegative to EK.

The persistence of the hyperpolarization in the presence of
10 ,uM bumetanide (Fig. 7) indicates that the Na/K/2Cl co-
transporter also is not involved in the mechanism underlying
the hyperpolarization. This could be taken to indicate that the
mechanism for Na-Li exchange in heart is different from that
mediating Na-Li exchange in red blood cells. Inhibition of
Na/K/2Cl co-transport with furosemide is said to inhibit
Na-Li exchange in blood cells (5, 6). It should, however, be
noted that millimolar concentrations of furosemide were
needed to inhibit cotransport. Loop diuretics at such concen-
trations have been reported to exhibit nonspecific inhibitory
effects on membrane transport systems other than the
Na/K/2Cl cotransporter (8).

The Na, K-pump-induced hyperpolarization of the Li-
loaded specimens was abolished by 10 ,M 5-(NN-dimethyl)

2. Any Na load developed in exchange for Ca2+ in specimens cooled in
Na-Tyrode's solution may not be important quantitatively because
cooling can induce very large Na-loads (10). This may explain why an
early transient depolarization did not develop in the experiments de-
picted in Fig. 1.

amiloride (compare Fig. 8 with Fig. 2), suggesting that the
Na-H exchanger could be involved in the mechanism causing
the hyperpolarization. In principle, if an intracellular acid-load
developed as a consequence of the low extracellular Na' con-
centration during exposure to cold Li-Tyrode's solution, a
5-(N,N-dimethyl)amiloride-sensitive exchange of Na' for in-
tracellular protons should occur after transfer to Na-Tyrode's
solution. The subsequent electrogenic Na-pumping of the Na
load would then cause the hyperpolarization. However, devel-
opment of a significant acid-load is unlikely. Cooling of the
Li-Tyrode's solution should have inhibited any exchange-car-
rier-mediated changes in intracellular ionic composition (28).
Consequently, intracellular pH should be determined by ex-
tracellular pH and Em. Em in cold Li-Tyrode's solution was

-15 mV(data not shown) and extracellular pH was 7.7.
From these values intracellular pH, derived from the Nernst
equation, should have been - 7.4, i.e., considerably more al-
kaline than expected under physiological conditions. In addi-
tion, the time course of Em during rewarming of Li-loaded
specimens in the presence of 5-(NN-dimethyl)amiloride was
similar to the time course recorded when specimens cooled in
low-Na, TEA-substituted Tyrode's solution were rewarmed in
5-(N,N-dimethyl)amiloride-free Na-Tyrode's solution (com-
pare Fig. 3 with Fig. 8). This indicates that an intracellular
Li load is required for a Na, K-pump-induced hyperpolariz-
ation to develop via a 5-(NN-dimethyl)amiloride-sensitive
mechanism.

In principle, intracellular Li' could cause a Na-load to
develop by stimulating exchange of intracellular protons for
extracellular Na'. Various agents can stimulate the Na-H ex-
changer by shifting the "set-point" for an intracellular "modi-
fier" site in an alkaline direction (see reference 29 for review).
However, when the loss of intracellular protons and Na'
which must have occurred during cooling in Li-Tyrode's solu-
tion, and the relatively large buffer capacity of cells is consid-
ered, an unreasonably large shift in the "set-point" would
seem to be required for such a mechanism to induce the Na
load. In addition, experimental evidence suggests that Li+ ac-
tually inhibits rather than stimulates the exchange of intracel-
lular protons for extracellular Na' (30, 31). Therefore, it ap-
pears that a mechanism involving an actual exchange of intra-
cellular Li+ for extracellular Na' and the subsequent
electrogenic Na-pumping of the consequent Na load offers the
most likely explanation for the hyperpolarization occurring
when Li-loaded tissue is transferred to Na-Tyrode's solution.

The rate of the Na-Li exchange cannot be determined from
the present study. However, it can be concluded from the
experiment depicted in Fig. 9 that the exchange rate is not
necessarily the rate limiting determinant for the prolonged
pump-induced hyperpolarization. This conclusion is consis-
tent with findings from experiments on guinea pig atria. The
decrease in the intracellular Li+ concentration 15 min after
transfer from Li-Tyrode's solution in this study was severalfold
larger than the Na, K-pump-mediated decrease reported for
the intracellular Na+ concentration in Na-loaded guinea pig
atria after 15 min under conditions expected to induce nearly
maximal pump stimulation (see Fig. 1, reference 10).

It is interesting that the intracellular Li' concentration of
guinea pig atria in this study 15 min after transfer to Na-Ty-
rode's solution (- 27 mmol/liter intracellular water) was
lower than the Li' concentration 30 min after transfer of cat
papillary muscles in similar experiments (- 66 mmol/liter in-
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tracellular water) (3). This might be taken to indicate that
Na-Li counter transport occurs faster in guinea pig than in cat
heart. Alternatively, the differences could be due to differences
between delays in extracellular diffusion of Li', a delay that for
cat papillary muscle may be quite substantial during the first
30 min after the transfer (3). However, it does not seem plau-
sible that delays in extracellular diffusion also accounts for 25
mmol Li'/liter intracellular water measured even 2 h after the
transfer of cat papillary muscles (3). Such findings suggests that
not all intracellular Li' is freely exchangeable. The possibility
that a fraction of intracellular Li' is not freely exchangeable, in
combination with quantitative uncertainties regarding trans-
membrane ionic gradients (arising from delays in extracellular
ionic equilibration), makes an accurate kinetic analysis of
Na-Li counter-transport difficult to perform in intact cardiac
tissue. Such an analysis might require use of sarcolemmal
membrane vesicles to ensure well-defined transmembrane
ionic gradients.

Inhibition of the hyperpolarization in Li-loaded specimens
by 5-(NN-dimethyl)amiloride (Fig. 8) also suggests that the
mechanism for the hyperpolarization recorded in the absence
of drug (Fig. 2) involves an exchange of intracellular Li' for
extracellular Na'. This is consistent with a recent report of
inhibition of Na-Li exchange in canine smooth muscle sarco-
lemmal membrane vesicles (28) by another derivative of amil-
oride, ethylisopropylamiloride. However, considerably higher
concentrations (0.1-1.0 mM) than used for the present study
were needed to effectively inhibit the exchange, despite ethyli-
sopropylamiloride being an order of magnitude more potent
than 5-(NN-dimethyl)amiloride (32). This could be due to
species or tissue-dependent differences in drug-sensitivity or to
differences in the experimental designs of the studies.

Both 5-(NN-dimethyl)amiloride and ethylisopropylamilo-
ride are potent inhibitors of the Na-H exchanger. Inhibition of
Na-Li exchange might therefore be due to inhibition of the
mechanism which usually mediates Na-H exchange. However,
amiloride and its derivatives also can block Na, K-pumping
(33), Na-Ca exchange (34) and ion permeation of Na and K
channels (35, 36), at least in high concentrations. This suggests
that inhibition of Na-Li exchange could have been due to
effects on any of these transport systems. The Na-Ca ex-
changer does not have affinity for Li' (27), however. Therefore
it is unlikely that Na-Li exchange could be mediated by an
operational mode of the Na-Ca exchanger. In the concentra-
tions used in this study, 5-(NN-dimethyl)amiloride was found
to have essentially no effect on electrogenic Na pumping, in-
dicating that, although the Na, K-pump dealt with the result-
ing Na load, it did not mediate the Na-Li exchange. Finally,
blockade of Na and K channels with TTX and Ba2' did not
inhibit hyperpolarization in Li-loaded specimens (Fig. 4), in-
dicating that exchange of Li' for Na+ involved neither Na nor
K channels in the mechanism for the hyperpolarization. Al-
though it cannot be excluded entirely that another currently
unknown transport system, sensitive to 5-(NN-dimethyl)amil-
oride, is able to transport Li', it would seem that the effect of
this drug on the counter transport system that usually mediates
Na-H exchange offers the most reasonable explanation for in-
hibition of Na-Li exchange. This, in turn, suggests that Na-H
exchange and Na-Li exchange are mediated by the same trans-
port system. As first pointed out by Aronson (1), such com-
mon identity could have important implications for under-

standing the association between abnormalities in Na-Li
counter transport and essential hypertension.
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