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The electrogenic Na-pump and spontaneous
contraction of the hypokalemic rat duodenum
N. Akaike' & Y. Wakita*

Department of Physiology, Faculty of Medicine, Kyushu University 60, Fukuoka 812 and Department of
Physiology*, Kumamoto University Medical School, Kumamoto 860, Japan

1 The effects of the electrogenic Na-pump on spontaneous contraction in the isolated, longitudinal
muscle of the duodenum of rats which had been on a potassium-deficient diet for 7 weeks, have been
investigated. Intracellular levels of Na+ are increased by this diet.
2 The spontaneous contraction of the duodenal muscle was stopped, transiently, by 0.5 to 120 mM-
KC Krebs solution. The period of decrease of tone and amplitude occurring immediately after adding
KC was shortened when the external K+ concentration ([K]b) was increased from 0.5 to 120 mM.
3 The decrease in tone and amplitude induced by KC was abolished by exposure ofthe tissue to 0mM
[K]b, by exposure to a temperature below 14C, and in the presence of ouabain (3 x 10-5_10-4 M).
4 The spontaneous contraction of'Na-rich' duodenum in bathing medium containing 15mM K and
following inhibition ofthe electrogenic Na-pump with cooling or ouabain was much the same as in the
duodenum from rats fed balanced diets: i.e., increase ofcontractile tone immediately after adding KV.
5 To activate the Na-pump in 'Na-rich' duodenum, the externalK could be replaced by Rb+, Cs',
NH4' and Tl3+ The effectiveness was in the order K' > Rb+ > Cs' > NH4t > T13+.
6 The possible existence of a neuronal or hormonal inhibitory mechanism affecting the active Na-K
transport in rat smooth muscle in situ, under conditions of hypokalemia, is discussed.

Introduction

When rats are fed a potassium-deficient diet for a few
weeks a considerable decrease in intracellular K+
concentrations ([Kj]) and an increase of intracellular
Na' concentrations ([Na]i) results. The magnitude of
the effect decreases in different muscles in the order of:
skeletal > intestinal (duodenum)> heart (Conway &
Hingerty, 1948; Muntwyler & Griffin, 1951; Cooke et
al., 1952; Bradbury & Kleeman, 1967; Johanson et al.,
1974; Nattie, 1977; Akaike, 1981; Akaike etal., 1983).
When 'Na-rich' skeletal muscles such as the soleus and
extensor digitorum longus from hypokalemic rats
were soaked in a Krebs solution containing more than
1.5 mM K+ at 370C, [Nal] was promptly reduced
whereas [K]i was increased. At the start of the
recovery, the 'Na-rich' skeletal muscle fibres were
hyperpolarized (Akaike, 1974; 1975a; 1976; 198 1). The
period of hyperpolarization was shortened with in-
creasing levels of [K]O. The K+-sensitive hyper-
polarization was abolished in K+-free solution, on
cooling to ca. 4CC, and in the presence of 1o-4M
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ouabain (Akaike, 1974; 1975a). However, the con-
tribution of the electrogenic Na-pump to contractile
activities of 'Na-rich' smooth muscles isolated from
hypokalemic rats has remained unknown. The present
study attempts to determine the manner in which the
contractile activities of the duodenum from hypok-
alemic rats differ from those of normal rats in the
presence of 0.5 to 120mM external-KC, and to observe
the effects of K'-free solutions, low temperatures and
exposure to ouabain upon them.

Methods

Male Wistar rats weighing between 200 and 280 g were
kept for 7 weeks under conditions of a 55 to 60%
humidity at about 22°C and were given free access to a
normal rat cake diet (control group) or to a potassium-
deficient diet (hypokalemic group). At the start of
expenments, rats were stunned and bled, the
duodenum (2 cm caudal to the pylorus) was isolated
and emptied of contents by flushing with 0.9% saline,
and longitudinal segments (1 cm) were prepared. The
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preparations were suspended in an organ bath filled
with 15 ml Krebs solution without K+ at 37TC and
superfused with the solution through a heating coil, at
a rate of 2mlmin-'. A rapid change in bathing
solution from K' -free to K+-rich Krebs solution, with
or without ouabain, was achieved by flushing through
30 ml of the new test solution within 30 s. The
preparation was cooled to 5C in 30s or less by
application of a solution through tubing coiled in an
ice bath containing salt. The temperature was mon-
itored by means ofa thermistor and was kept constant
within ± 1VC during the experiments.

a 5 mMK

Longitudinal smooth muscle contraction measurement

Isometric contraction of the duodenum was recorded
on an inkwriting oscillograph through a strain gauge
transducer. The initial tension applied to the prepara-
tion was adjusted to about I g, since the tone and
amplitude of spontaneous contraction are related to
the initial tension.

Solutions

Modified Krebs solution was used of the following
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Figure 1 Effects ofexternal K+ on spontaneous contraction ofduodenal strips from normal and hypokalemic rats. (a)
Recordings (i) to (iv) were obtained from different preparations of normal rats. Note a decrease of tone in K+-free
medium and an increase of tone with raising external K+. (b) All recordings were made from different preparations of
hypokalemic rats. Note a transient decrease in tone and amplitude of spontaneous contraction after the application of
K+, the duration of which is shortened by increasing external K+ concentrations.
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composition (mM): NaCl 115, KCI 5, Ca-gluconate
2.5, MgSO4 1.2, NaH2PO4 1.2, Na2HPO4 0.4,
NaHCO3 28 and glucose 11. All solutions were
prepared with distilled and deionized water from
tenfold concentrated stock solutions ofthe major ions.
Glucose, Ca-gluconate, NaH2PO4, Na2HPO4 and
NaHCO3 were added to the solution before each
experiment. All solutions were equilibrated with 95%
02 and 5% CO2 throughout the experiments and the
pH of solutions was 7.3 to 7.4. Modified Krebs
solutions containing various concentrations of K+
were prepared by replacing NaCl by an equimolar
amount of KCI or by replacing KCI with NaCl.
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Muscle Na' and K+ contents

Na' and K+ contents (mmol kg-'H20) in the
duodenum were measured by means of flame
photometry (Desmedt, 1953; Akaike, 1975a).

Statistical methods

The data were analysed statistically by Student's t test.
The numerical values are given as mean ± s.d.

Results

Effects ofexternal K+ concentration on spontaneous
contraction ofthe duodenum

Figure la shows the time course ofchanges in tone and
amplitude of the spontaneous contraction of the
duodenum from normal rats, in solutions containing
0, 5, 10, 15, 60 and 120 mM-K+. In K+-free medium,
the tone decreased gradually by -0.4 ± 0.08 g (6
preparations). Upon adding 10 and 15 mM-K' solu-
tion, both the tone and amplitude of the spontaneous
contraction increased. Further increase in [K]o to 60
and 120mM led to a rapid increase in the tone, which
was earlier and more short-lived in higher than in
lower [K]0.

Exposure of the duodenum from hypokalemic rats
to solutions containing 0.5 to 120 mM-K' induced a
transient decrease in tone and a disappearance of the
spontaneous contractions (Figure lb). The periods of
decreased tone after adding K+ became shorter with
increasing [K]0. The duration is summarized in Figure
2a.

Figure 2b shows the time course of changes ofNa+
and K+ content of 'Na-rich' duodenum when immer-
sed in 15 mM-K' solution. The Na+ and K+ contents
of the muscle are presented as mmol kg-' H20 of
muscle wet weight, since we do not know the exact
extracellular space in the tissue. After exposure to
recovery solution containing 145 mM-Na' and
15 mM-K' for 20 min at 37°C, the Na+ ofthe 'Na-rich'
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Figure 2 (a) Change in the period of reduced tone in
duodenum of hypokalemic rats induced by various
external K+ concentrations. Each point represents the
average value of 8 preparations; vertical bars show
± 1 s.d. (b) Na+ and K+ content of duodenum from
hypokalemic rats during recovery at 37C. At zero time
Krebs solution containing 15 mM-K' was added. Each
point is the average of 12 preparations; vertical bars
indicate ± I s.d. Note the rapid recovery in tissue cation
contents after adding K+.

muscles was reduced to 56.6 ± 1.8 from
72.3 ± 2.8 mmolkg-' H20 (n = 15) and K+ was in-
creased to 77.3 ± 2.2 from 55.2 ± 2.0 mmol kg-' H20
(n = 12), these being close to the values in normal rats
(Na+, 51.6 ± 1.6 and K+, 81.2± 2.0 mmol kg-' H2O,
n = 10). However, Na+ or K+ recovery was incom-
plete since the contents of these ions in recovered
smooth muscles differed significantly from those in
normal rats.
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Effects ofK+-like cations on spontaneous contraction of
the 'Na-rich' duodenum

In Krebs solution containing 5 mM K4, Rb4 or Cs',
there were rapid decreases in tone and the rate of
decrease was greater in the order K+ > Rb4 > Cs4
(n = 5). A cessation of the spontaneous contraction
was produced by 5 mM-K4 while spontaneous con-
tractions still occurred in the presence of Rb4 or Cs4
(Figure 3). Furthermore, adding 5 mM NH4' to K+-
free Krebs solution caused not only a transient
decrease of tone, but also a prolonged decrease in the
contractile frequency in which the amplitude of spon-
taneous contractions was augmented with time. In the
presence of0.5mM TI34, the tone decreased for a long
period and the spontaneous contractions were in-
frequent and of reduced amplitude.

Effect of ouabain

Ouabain is a specific inhibitor of Na4-K4-dependent
ATPase (Skou, 1965). Figure 4a shows changes in tone

K-free
5 mM K

and in the amplitude of spontaneous contractions of
'Na-rich' duodenum, in response to 15 mM-K4 and in
the presence or absence of various concentrations of
ouabain at 37°C. The addition of 1i-4M ouabain
immediately reversed the relaxation caused by 15 mM-
K+ Krebs solution and the effect on contractile
activity was dose-dependent. Figure 4b shows the
relationship between the period of reduced tone and
ouabain concentration. The period of reduced tone
decreased with increasing ouabain concentration. This
decrease in tone after the addition of K+ is probably
due to membrane hyperpolarization resulting from
activation of the K4 -sensitive electrogenic Na-pump.

Effect of cooling

The effects of adding 15 mM-K4 to the K4-free Krebs
solution bathing 'Na-rich' duodenum at various tem-
peratures (5 to 37C) are shown in Figure Sa. When
K+ was added to the solution at temperatures between
15 and 37TC, the decrease in the contractile tone
occurred more slowly at lower temperatures. The
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Figure 3 Spontaneous contraction of the hypokalemic rat duodenum during recovery in Krebs solution containing
5mM K+, Rb+, Cs+ and NH4+ and 0.5mM T13+ at 37TC. Each recording was made from a different preparation.
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gradual increase in tone during K4 re-accumulation
also became slower at lower temperatures. However,
the addition ofK4 immediately increased the contrac-
tile tone at temperatures below 14C (Figure 5a (v) and
(vi)), thereby suggesting blockade of the electrogenic
Na-pump by cooling. Figure 5b summarizes the effects
of temperature on the peak tone (shown by the arrow
on each trace of Figure 5a), in the presence of 15 mM-
K+.

Discussion
(iii) i I-

1O-5M

(v) -I

5 min

b

5

4
0

C

0

0D2
(0

0

._

02
0~

10 7 1o-6 10-5

Ouabain concentration (M)
lo-4

FIgwe 4 (a) Changes in spontaneous contractions dur-
ing immersion of 'Na-rich' duodenum in Krebs solution
containing 15 mM-K4 in the presence or absence of 10-7
to 10-' M ouabain. Recordings were obtained from
different preparations. (b) Relationship between period
of reduced tone of 'Na-rich' duodenum and ouabain
concentration. Each point represents an average value of
8 experiments, vertical bars show ± I s.d.

The addition of 0.5 to 30mM-K4 to K4-free Krebs
solution bathing 'Na-rich' skeletal muscles isolated
from hypokalemic rats transiently hyperpolarized the
resting membrane potential beyond the potential
predicted from the Goldman equation or even beyond
the K4 equilibrium potential (EK). The hyperpolariza-
tion declined progressively during immersion in a
recovery solution containing K4, and the measured
membrane potential became equal to EK, as a con-
siderable Na4 extrusion and K4 uptake occurred
(Akaike, 1975a). Moreover, the K4-sensitive hyper-
polarization was abolished on exposure to 0 mM-K4,
on cooling to ca. 4'C, and in the presence of ouabain
(10-4 M), a compound which inhibits the electrogenic
Na-pump. In the present experiments, there was a
marked transient decrease in the tone after adding 0.5
to 120 mM-K4 to K4-free Krebs solution bathing the
'Na-rich' duodenum isolated from hypokalemic rats.
Such a decrease in the contractile tone was abruptly
abolished by lowering the temperature to below 14C,
or by 3 x 10-i to 10-4M ouabain. This would suggest
that reduction in the tone is due to a membrane
hyperpolarization by activation of the electrogenic
Na-pump.

In other experiments, we found that increasing the
K4 concentration in the recovery Krebs solution led to
a hyperpolarization of 'Na-rich' skeletal muscle fibres
from hypokalemic rats which appeared earlier and the
duration of which was shortened with increasing
concentration (Akaike, 1975a). The peak post-tetanic
hyperpolarization of non-myelinated nerve fibres of
the rabbit was also found to decline significantly at a
[Kb. exceeding 2mM (Rang & Ritchie, 1968), and the
peak hyperpolarization of 'Na-loaded' taenia coli of
guinea-pig diminished and disappeared more rapidly
with increasing [Kbo (Casteels et al., 1971). These
results are consistent with the present findings, in
which the period of reduced tone of 'Na-rich'
duodenum with the addition of K4 became shorter
when increasing [K]b from 0.5 to 120mM.

In the present experiments, the addition of 5mM
K+, Rb4, Cs+, NH44 or 0.5mM T13+ to K+-free
solution bathing 'Na-rich' duodenum resulted in a
decrease or cessation of tone and the number of
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Figure 5 Effects of temperature on the spontaneous contraction of the hypokalemic rat duodenum. (a) Effect of
cooling on reduction of tone caused by adding 15 mM-K' to K+-free medium. All recordings were from different
preparations and measurements at peak tone are indicated by an arrow. (b) Relation between contractile tension of
'Na-rich' duodenum after adding 15 mM-K+ Krebs solution and temperature. The dashed line represents the tone in
K+-free medium. Each point was obtained from individual preparations. Note a marked change of tone between 14
and 17C.

spontaneous contractions was reduced. This would
suggest that the electrogenic Na-pump in the duodenal
muscle is activated not only by K+ but also by Rb+,
Cs+, NH4+ and T13+. RbV, Cs", NH4+ and T13+ can
also substitute for K+ in increasing the rate of oxygen
uptake associated with Na-pumping in crab nerve
(Barker & Connelly, 1966). The order of effectiveness
of equimolar concentrations of K+, Rb+, Cs+ and
NH4+ in stimulating the electrogenic Na-pump in 'Na-
rich' skeletal muscles of hypokalemic rats was Rb+-
> K+ > NH4' > Cs+ (Akaike, 1975b). In the 'Na-
rich' duodenum, the effectiveness was in the order
K+ >Rb+ >Cs+ >NH4+ >TI3". This order is
similar to the relative order of cations penetrating
various cell membranes, such as frog muscle (Conway
& Moore, 1945; Bolingbroke et al., 1961), barnacle
and lobster muscle fibres (Hagiwara et al., 1964;
Gainer & Grundfest, 1968), frog and rabbit corneal
basal cells (Akaike & Hori, 1970; Akaike, 1971) and
frog crystalline lens fibres (Murata et al., 1984). In

addition, the prolonged suppression of tone of 'Na-
rich' duodenum in Krebs solution containing NH4+ or
Tl3" may be attributed to the high activity of the
electrogenic Na-pump found in crab nerve (Barker &
Connelly, 1966) and in 'Na-rich' skeletal muscle
(Akaike, 1975b).

In rats fed a potassium-deficient diet for 5 to 7
weeks, the plasma K+ level was 1.6 to 2 mM, a value
sufficiently high to stimulate the electrogenic Na-
pump in skeletal muscle. Thus, in skeletal muscles
isolated from hypokalemic rats 1.5mM-K' Krebs
solution evokes a reduction in [Na]j while [K]i is
increased. The high [Na]i and low [K], in skeletal
muscles in vivo are not a direct result of pump
inhibition by plasma hypokalemia. In fact, peripheral
nerve section, cervical and brain-stem transection,
decerebration, cortical spreading depression with 20%
KCl, and electrolytic lesioning of the ventromedial
hypothalamic nucleus (VMH) activate Na+ and K+
transport in skeletal muscles in vivo during hypok-
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alemia, thereby indicating that the CNS directly
imposes an inhibition on active transport (Akaike,
1974; 1975a; 1976; 1979; 1981; 1982; Akaike et al.,
1983; 1986; Yoshimatsu et al., 1986). The spontaneous
contraction of the 'Na-rich' duodenum of hypok-
alemic rats was also inhibited by adding 1.5 mM K+ to
K+-free Krebs solution. All these observations in-
dicate that the high [NalJ and low [K]i in the duodenum
in situ of hypokalemic rats may not be due to pump
inhibition by plasma hypokalemia; rather a neuronal

or humoral regulation which suppresses the active Na-
pump in smooth muscles ofhypokalemic rats has to be
considered.
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