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Role of ion conductance changes and of the sodium-
pump in adrenaline-induced hyperpolarization of rat
diaphragm muscle fibres
'Kenji Kuba & Mitsuo Nohmi

Department of Physiology, Saga Medical School, Saga 840-01, Japan

1 The ionic mechanism of membrane hyperpolarization induced by adrenaline in rat diaphragm
muscle fibres was studied.
2 Removal of the extracellular K+ ([K+]i) from Krebs-Ringer solution initially increased the resting
membrane potential and then caused an increase in the intracellular Na' activity ([Na+]i) and a
decrease in the intracellular K+ activity ([K+]i). All the changes were maintained for more than 3 h.
3 Application of ouabain (0.1 mM) or lowering the temperature rapidly reduced the resting potential
by about 10 mV in the K+-free solution. It then produced further progressive decreases in resting
potential and in [K+]j and a progressive increase in [Na+]j. These observations indicate that an
electrogenic Na-pump operates in the K+-free solution.
4 Removal of most of the Cl- in the K+-free solution did not affect the resting potential or the
magnitude ofthe initial decrease produced by ouabain, despite an increased input resistance; this result
implies a passive distribution of Cl-.
5 Adrenaline (30-60 jiM) either added to the bathing solution or applied to the membrane by
ionophoresis produced a hyperpolarization (3-1O mV: adrenaline hyperpolarization), the amplitude
of which was decreased with a rise in [K ]o and increased with a reduction in [K+]o, but unaffected by
the removal of Cl-.
6 Adrenaline produced an increase in input resistance, the relative magnitude (17-18%) of which
was constant whether external K+ or Cl- was removed. In contrast, a conditioning membrane
hyperpolarization hardly affected the resistance.
7 Ouabain (0.1 mM) or low temperature (8- I0°C) abolished both the hyperpolarization and the
increased input resistance induced by adrenaline.
8 The [K+]i, [Na+]i and the peak of the action potential remained unchanged after a 20 min exposure
to adrenaline (30 tiM).
9 The hyperpolarization induced by the replacement of all Na+ with Tris (Tris-hyperpolarization) in
the K+-free solution was depressed by 39% during the early period (4-31 min) of exposure to
adrenaline (30 tiM), while it was enhanced by 26% during the later period (80-130 min). The initial
depression suggested a decrease in the ratio of the membrane permeability for Na+ (PNa) to that for K+
(PK).
10 These results suggest that the adrenaline hyperpolarization is generated largely by a decrease in
PNa/PK, which is associated with the activity of the Na-pump.

Introduction

Adrenaline produces a hyperpolarization of mam- 1982). Adrenaline-induced hyperpolarization (adren-
malian skeletal muscle fibres (Bowman & Raper, 1967; aline hyperpolarization) in the rat soleus muscle fibres
Somlyo & Somlyo, 1969; Kuba, 1970; Clausen & has been suggested to result from an increase in the
Flatman, 1977) which may be one mode of autonomic electrogenic activity of the Na-pump (Tashiro, 1973;
regulation of skeletal muscle activity (cf. Bowman, Clausen & Flatman, 1977).

In the rat diaphragm muscle, however, adrenaline
'Author for correspondence. hyperpolarization is augmented by the removal of K+
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from the Krebs solution, and is accompanied by an
increased membrane resistance (Kuba, 1970; Kuba et
al., 1978). These results do not support the idea that
stimulation ofthe electrogenic Na-pump is responsible
for the hyperpolarization, but rather suggest a
mechanism involving a change in the passive ionic
permeability of the membrane. For this reason, we
have re-investigated the ionic mechanism underlying
the adrenaline hyperpolarization in the rat diaphragm
muscle. The present experiments suggest that the
adrenaline hyperpolarization is induced largely by a
decrease in the ratio of the membrane permeability for
Na4 (PNa) to that for K+ (PK), which depends on the
operation of the Na-pump. Some of the results have
been published in an abstract form (Nohmi & Kuba,
1980).

Methods

Both sides of the hemidiaphragm with the phrenic
nerve attached were dissected from Albino rats of
either sex under ether anaesthesia. They were cut
radially along fibres into a strip 1.5-2.0cm in width
with the nerve (1.5cm) attached. One of the muscle
strips was mounted in a lucite chamber (5.0ml in
volume) and perfused with a modified Krebs solution
equilibrated with 95% 02 and 5% CO2 at 32.0-34.00C
unless otherwise specified, while the other strip was
kept in oxygenated Krebs solution at 20-240C and
used for a subsequent experiment. An interval of 2-
5 min was required for a 90% change of the perfusing
solution in the recording chamber. The composition of
the modified Krebs solution used was (mM): Na' 137,
K+ 5.9, Mg2+ 1.2, Ca2+2.5, Cl- 134, F12PO4- 1.2,
HCO3- 15.5 and glucose 11.4. The tonicity of the
K+-free or high K+ solution was adjusted by increas-
ing or decreasing the Na+ concentration. The K+-free,
Cl--deficient (7.5 mM) solution was prepared by
replacing all the NaCl with an equimolar amount of
Na-isethionate. A K+-free, Tris solution was made by
the replacement of all the Na+ with 137 mM Tris (Tris-
hydroxymethylaminomethane) and the pH of the
solution was adjusted to 7.0 with 0.1 N HCL.
A conventional intracellular recording technique

was employed, as described previously (Kuba, 1970).
Recording electrodes were filled with 3 M KCI (resis-
tance 20- 50 MQ2). The input resistance of the muscle
fibre was measured by penetration with two indepen-
dent electrodes, one for recording and the other for
passing a current. The current electrode was filled with
1 M K-citrate (resistance 20-30 MQ). In all the
experiments, intracellular electrodes were inserted
through the membrane at least 2-3 mm away from the
endplate region. This was confirmed by the absence of
miniature endplate potentials in the recording.
The ionophoretic application of adrenaline to a

muscle fibre was made by a micropipette filled with
0.5 M adrenaline bitartrate (pH 5.0 adjusted with
0.1 N HCl: the tip resistance was 200 MQ) and by
passing a long-lasting current (100-400 nA) for
several minutes. To obtain the maximum response, the
adrenaline-filled electrode was positioned 30-100 pim
above the muscle fibre (in which a recording electrode
was impaled) and 50-100 pm in the upstream of the
flow of solution. An electrode filled with 0.5 M Na-
bitartrate (pH 5.0) was also used to assess that the
effect of ionophoresis ofadrenaline on the muscle fibre
did not result from the ionophoretic current itself
(resistance 30-100 MQl).

Ion-sensitive electrodes were made as described by
Fujimoto & Kubota (1976). Micropipettes were pulled
from Pyrex capillary tubing (Narishige GD-1.2) on a
conventional horizontal puller so as to have a tip
resistance of 20 MD when filled with 3 M KCl. After
siliconization with 0.15-0.5% silicon oil (KF-96,
Shin-etsu Chemical Ind. Japan) in trichlorethylene,
the tip of the pipette was filled up to 200-500 pm in
length with a K4 -exchanger (WPI) or a Na4 -exchan-
ger which consisted of a 10% (w/v) neutral carrier
(I,1,1-Tris-(1'-(2'-oxa-4'-oxo-5'-aza-5'-methyl) dode-
canyl) propan: FLUKA 71732) in o-nitrophenyl-n-
octyl-ether (FLUKA 73732) with 0.5% (w/w) of
sodium tetraphenyl borate (FLUKA 72020: cf. Steiner
et al., 1979). The reference solution placed above the
ion exchanger was 0.1 M NaCl for Na+-sensitive
electrodes and 0.5 M KCl for K+-sensitive electrodes.
The slope of the relationship between the K4 activity
(0.01 -0.5 M) and the voltage across the K+-exchanger
in the electrode (measured with a high-input
impedance amplifier (AD 331J)) was 54.7 ± 1.4mV
(n= 11) per 10 fold change in K4 activity. The
selectivity constant of the K+-sensitive electrode to
Na4 (cf. Fujimoto & Kubota, 1976) was around 0.014.
The sensitivity of Na+-sensitive electrodes was
58.5 ± 3.2mV (n = 26) per 10 fold change in Na4
activity (0.01-0.3 M). The selectivity to K4 similarly
calculated was 0.0097. Calibration ofthe electrode was
usually carried out before and after the penetration of
muscle fibres. Intracellular activity of Na+ or K4 was
measured from a voltage difference between an ion-
sensitive electrode and an intracellular reference vol-
tage electrode filled with 3 M KC1. The sensitivity of
either type of ion-sensitive electrode remained essen-
tially unchanged after penetration of muscle fibres.

Effects of various treatments of the muscle fibres
were observed in three ways: (1) in some experiments
while recording resting potentials or in all the
experiments when measuring the input resistance of
the fibre, the effects were observed in a single fibre and
their net changes were presented. (2) Resting mem-
brane potentials were also recorded from many fibres
in a considerable number ofmuscles before and during
various treatments of the muscle and the mean values
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of all the pooled data in each condition were com-
pared. (3) Intracellular Na4 or K+ activities were
measured from individual fibres in single muscles
before and during treatments, averaged for two condi-
tions in each muscle, and the means of the averaged
Na4 or K+ activities of each muscle were compared.
All the data are expressed mean ± s.e.mean. Numbers
of fibres and muscles are expressed as nf and nm,
respectively. Statistical significance was examined by
use of Student's t test and a P value less than 0.001 was
considered significant.

Adrenaline bitartrate, strophanthin-G (ouabain),
Tris-hydroxyaminomethane and Na-isethionate were
obtained from Sigma, Merck, Wako Pure Chemical
(Japan) and Tokyo Kasei Ind. (Japan), respectively.

Results

The contribution ofthe electrogenic Na-pump to the
resting membrane potential in a K+-free solution

It was previously shown (Kuba et al., 1978) that
adrenaline hyperpolarization in the rat diaphragm
muscle fibre was greatest in a K4-free solution, a
condition known to block the activity ofthe Na-pump.
One possible mechanism for this effect is enhancement
of the electrogenic effect of the Na-pump by adren-
aline (Somlyo & Somlyo, 1969; Tashiro, 1973; Clausen
& Flatman, 1977). It was therefore necessary to test
whether the Na-pump is active and electrogenic in a
K+-free solution.

The evidence for the activity of the Na-pump and its
electrogenicity in K+-free solution When K4 was
removed from the Krebs solution, the membrane was
hyperpolarized from the normal value of - 74.8+
0.2 mV mean ± s.e.mean, (nf= 443) to - 91.7 +
0.7 mV (nf = 668) within 20 min, and the hyper-
polarization was maintained for more than 3 h. Under
this condition, the intracellular K4 activity ([K4]i)
decreased gradually from the normal value of 72.2 ±
3.7mM (nm = 11) to a steady value of 60.3 ± 2.0mM
(nm = 17) in 1-1.5 h, and the intra-cellular Na + activity
([Na+]i) increased with a similar time course from
18.2 ± 3.0mM (nm= 10) to 25.5 ± 2.4mM (nm= 14).
The [K4]i and [Na4]i in a K+-free solution were
maintained for more than 3 h.
The addition of ouabain (0.1 mM) to a K+-free

solution rather abruptly reduced the resting potential
by about 10mV (Figure la; see Table 1), and then
decreased the [K4]i progressively (Figure lb) and
likewise increased the [Na+], (Figure lc). Furthermore,
lowering temperature (from 34°C to 8-10°C) sig-
nificantly decreased the resting potential in a K+-free
solution (Table 1). These effects of ouabain and low
temperature, as well as the maintenance of a high

resting potential in a K4-free solution, indicate that
the Na-pump was still operating and electrogenic in a
K4-free solution in the rat diaphragm muscle fibre
even though the Na-pump activity was low, as eviden-
ced by the decreased [K4]i and increased [Na4Ji.

The potential induced by the electrogenic Na-pump is
independent of Cl- It is well known that the elec-
trogenic (normally-hyperpolarizing) effect of the Na-
pump is augmented by the replacement of Cl- with
non-permeable anions. This arises as a result of the
reduction in the short-circuiting effect of C1- (Rang &
Ritchie, 1968). Alternatively, however, if Cl- is pas-
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Figure 1 Effects of ouabain (0.1 mM) on (a) resting
potential, (Vm), (b) [K4ji and (c) [Na4Ji in a K+-free
solution. In (a) AV: the membrane depolarization
induced by the 'instantaneous' effect of ouabain which
was obtained by a linear extrapolation of the data to the
beginning of the time of application using a least-square
fitting. It presumably indicates the magnitude of the
membrane potential induced by the electrogenic effect of
the Na-pump.
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Table 1 Effects of adrenaline on resting membrane potentials (mV) in various ionic solutions

Temp.
(C) Control Adrenaline

Krebs (K+ 5.9mM)
K+-free
K+-free
K+-free
K+-free
Cl--deficient (7.5 mM)
K+-free,
ouabain (0.1 mM)

34 - 74.8 ± 0.2 (443) - 78.7 ± 0.2 (417) - 3.9*
34 - 91.7 ± 0.7 (668) - 98.3 ± 0.6 (763) - 6.6*
20 - 96.4 ± 0.5 (108) - 100.2 ± 0.4 (120) - 3.8*
10 - 81.2± 1.4 (60) - 82.1 ± 0.4 (102) - 0.9

34 - 92.6 ± 0.2 (337) - 98.4 ± 0.3 (183) - 5.8*

34 - 82.1 ± 0.5 (161) - 82.1 ± 0.4 (294) - 0.1

Data were obtained by random penetrations of muscle fibres and the effect of adrenaline (30-60 gM) was observed
between 5 and 30 min after perfusion with the solution containing adrenaline. AHp is net change in membrane
potential by adrenaline. *Values significantly different from zero. The numbers in parentheses represent the number of
impalements.
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Figure 2 (a) Effects ofreplacement of 126.5mM CI- with isethionate ions on the resting potential and input resistance
ofa single fibre. Hyperpolarizing current pulses (10 nA and 50 ms) were constantly applied, except for the period during
which current pulses ofdifferent intensities were applied, to obtain current-voltage relationships such as those shown in
Figure 5. (b) Effects of ouabain (0.1 mM) on the resting potentials (V.) sampled by random penetrations in a K+-free,
Cl--deficient solution. The broken line was drawn by the least-square fitting method. For explanation of AV see

Figure 1 legend.
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sively distributed in the rat diaphragm muscle fibre
(Palade & Barch, 1977; Dulhunty, 1978), then, as long
as the membrane is in a steady state, no net-Cl1
current would flow across the cell membrane. Accor-
dingly, the removal of Cl- from the perfusing solution
would not affect the potential generated by the Na-
pump after equilibration (cf. Sjodin, 1984). The results
shown in Figure 2 indicate that this is the case.
When 95% of Cl- in the K+-free solution was

slowly replaced with isethionate iosthere was a small
membrane depolariz accompied by action
potentials (albeit some fibres showed spontaneous
action potentials and twitches due to a large
depolarization of the membrane: see Hodgkin &
Horowicz, 1959), which subsequently returned to the
previous value (Figure 2a; Table 1). Under this
condition, the input resistance ofthe fibre increased to
219% of the control at the low extracellular Cl-
concentration (Figure 2a). In addition, ouabain
(0.1 mM) decreased the resting potential in the K+-
free, Cl1-deficient solution by 8.7 ± 1.6 mV (nm = 6)
(Figure 2b). These results suggest that the Na-pump is
active in the K+-free, C1-deficient solution, and that

its electrogenic effect is independent of Cl- conduc-
tance. Thus, as in amphibian muscle fibres (cf. Sjodin,
1984), Cl- appears to be passively distributed even in
the K+-free solution.

The mechanism of adrenaline hyperpolarization

Adrenaline hyperpolarization and its dependence on
[K+]o When adrenaline was ionophoresed through a
micropipette in normal Krebs solution (100-400 nA
d.c.), the fibre membrane was hyperpolarized (Figure
3Aa), while the ionophoresis of Na+ had no effect
(Figure 3Ab). The hyperpolarization reached a peak
(4.9 ± 0.3 mV, nf = 26) about 2 min after the start of
ionophoresis, and subsided slowly after the iono-
phoresis had stopped. Superfusion of adrenaline (30-
60 gM) to the muscle hyperpolarized the fibre mem-
brane by 4.7 ± 0.7 mV (nf = 15) in Krebs solution, as
seen Figure 3Ba. The adrenaline-induced hyper-
polarization (adrenaline hyperpolarization) was also
observed when sampling resting potentials from many
different fibres (Table 1). These findings agree with
those from previous experiments by Kuba (1970), but

A a Adrenaline

b Na-bitartrate

B
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Figure 3 Adrenaline hyperpolarizations induced by two different methods in different ionic solutions. (A)
Ionophoretic applications ofadrenaline (0.5 M; a) and Na+ (Na-bitartrate, 0.5 M; b) in Krebs solution. Upper and lower
traces represent current for ionophoresis and membrane potential, respectively. (B) Membrane hyperpolarizations and
changes in input resistance induced by perfusion of a solution containing adrenaline (30 gM) in normal Krebs (a: the
latter effect is not shown), and K+-free (b) solution. Upper traces in (b) represent pulses (50 ms in duration) passed to
the membrane, while the trace in (a) and lower trace in (b) show membrane potential.

400 nA

5 mv
.................................................... .................................................

1 min
a-



676 K. KUBA & M. NOHMI

-30r

-40F

Adrenaline 23.6 35.4
,K,59mM I11.8

0 -
10 min

0K' 5.9 mM I Adrenaline 0

.)-1.8
0 W/

00

0

I . .

0 1 10

[K+] (mM)

Figure 4 Effects of varying the extracellular K+ concen-

tration on resting potentials in the absence (0, 0) and
presence (0, *) ofadrenaline (30- 60 pM). Two different
procedures were employed for changes in extracellular
K+ concentration as shown by time-charts in inset.
Sampling of resting membrane potentials from different
fibres were made during periods indicated by horizontal
arrows in inset. Each value represents the mean of data
pooled from 97-763 fibres in 6- 30 muscles. The s.e.mean

of each point is within the size of the symbol.
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not with that ofBray et al. (1976), presumably because
the latter study was done at room temperature (see
below).
When adrenaline (301iM) was superfused to the

muscle in the K4-free solution, it produced a mem-
brane hyperpolarization (5.8 ± 1.0 mV, nf = 9) greater
than that in normal Krebs solution (Figure 3Bb). A
similar result was obtained when recording resting
potentials from many different fibres (Table 1). Figure
4 summarizes the effects of adrenaline (30-60 gM) on
resting membrane potentials at different concentra-
tions of extracellular K+ ([K4]0). The adrenaline
hyperpolarization was enhanced by a decrease in [K4]0
and reached a maximum value (4-10 mV) in the K+-
free solution, whereas it was decreased by increasing
[K+]O. Therefore, the ionic mechanism underlying
adrenaline hyperpolarization was hereafter analysed
in the K+-free solution.

The reduction of the membrane conductance during
100 adrenaline hyperpolarization The adrenaline hyper-

polarization in the K+-free solution was accompanied
by an increase in the effective resistance of the fibre,
which was 117 ± 2% (nf = 12) of the control (Figure
5a; see also Figure 3Bb) and similar in magnitude to
that observed in normal Krebs solution (117%; Kuba,
1970). The increased input resistance was not the result
of the membrane hyperpolarization caused by adren-
aline, since an equal conditioning hyperpolarization
raised the effective resistance by only 2 ± 0.7%
(nf = 25; Figure 5b). Assuming that adrenaline does
not affect the longitudinal myoplasmic resistance and
the fibre diameter, the adrenaline-induced alteration
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Figure 5 Effects of adrenaline (30 gM) and conditioning hyperpolarization on current-voltage relationships. (a)
Effects of adrenaline in a K4-free solution. (b) Effects of conditioning hyperpolarizations in a K4-free solution.
Membrane potential was displaced to different levels by passing constant hyperpolarizing currents. The conditioning
currents are not shown in the current axis. (0) Indicate the current-voltage relationships without adrenaline or

conditioning hyperpolarizations, while (0) represent those in the presence of adrenaline (a) or during conditioning
hyperpolarizations (b).
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in the effective resistance (R, and Re. in the absence and
presence of adrenaline, respectively) was converted to
a fractional decrease (g,(Ad)) in the membrane con-
ductance (gi) by the equation (cf. Hodgkin & Rush-
ton, 1946),

gm(Ad) = (1 - (R/R.)2) x 100.

This was 27% of the control.

Na-pump inhibitors abolish both adrenaline hyper-
polarization and associated conductance decrease
When ouabain (0.1 mM) was added to the perfusing
solution, or the temperature was lowered (8-10C),
adrenaline no longer produced hyperpolarization
(Figure 6a,b; Table 1) or the associated increase in
resistance (Figure 6a,b). At a moderately low tem-
perature (200C), adrenaline hyperpolarization was
reduced to a 58% (3.8 mV) of that at 340C, although
the resting potential was not altered (Table 1). These
results strongly suggest that the adrenaline hyper-
polarization, as well as the increased membrane
resistance in the rat innervated diaphragm muscle
fibre, depend on the activity of the Na-pump.

Adrenaline does not alter [Na+]i and [K+], If adren-
aline enhances Na-pump activity, the intracellular
Na+ and K+ activity would be expected to change. In
contrast to the previous findings obtained in Krebs
solution in other mammalian muscles (Clausen &
Flatman, 1977), adrenaline (30 jaM) superfused for
20 min did not affect [Na+]i or [K+]i of the rat
diaphragm muscle fibres in K+-free solution. These

a

4 Adrenaline

were 22.2 ± 3.8mM (n. = 5, 9-13 fibres for each
muscle) and 62.3 ± 2.7mM (n. = 5, 7-14 fibres for
each), respectively, before application of adrenaline
and 21.3 ± 2.7mM (n. = 5, 7-13 fibres for each
muscle) and 60.4 ± 2.9mM (n. = 5, 7-18 fibres for
each), respectively, after application. These results
conform to the findings that adrenaline (30 tsM) affec-
ted neither the peak amplitude of the action potential
(control; 37.9 ± 0.9 mV, nf= 44: adrenaline applied
for 7-40min; 36.7 ± 0.7 mV, nf= 51), which is an
indication of the Na+ gradient across the membrane
(Hodgkin & Katz, 1949), nor the resting potential at a
high [K4]L which should be almost totally generated by
the K+-diffusion potential (Figure 4).

Lack of involvement of Cl- in the mechanism of
adrenaline hyperpolarization The removal of most of
the C1- from the K4-free solution did not affect the
adrenaline hyperpolarization (Figure 6c, Table 1); the
accompanying increase in the effective resistance was
18 ± 5%, (nf = 4), and the fractional decrease in the gm
was 28%. Constant decreases in g, (Ad) at the normal
and low extracellular concentrations of Cl-, despite a
markedly increased input resistance under the latter
condition, suggest that adrenaline decreased gK and&
to a similar extent.

A possible change in PNJIPK during adrenaline hyper-
polarization If PN. contributes to the generation of
resting potential in the K+-free solution, a rapid
replacement of total Na+ with non-permeable ions,
Tris ion, for a short period (less than Omin) should
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Figure 6 Effects of adrenaline (30 gM) on the resting potential and input resistance at low temperature in a K+-free
solution (8'C; a), in a K+-free solution containing ouabain (0.1 mM; b) and in a K+-free, Cl--deficient (7.5 mM) solution
(c). Current pulses (12 nA (a), 15 nA (b) and 10nA (c) and 50 ms in duration), which are not shown, were applied
constantly except for some periods in (a).
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hyperpolarize the membrane for a decreased (or
reversed) Na'-concentration gradient. This was in fact
observed. When all the Na' was replaced with Tris ion
in the K+-free solution, the muscle membrane hyper-
polarized (inset records of Figure 7). Accordingly,
since both the [Na+]i and [K+]J would not change
during the initial phase ofthis hyperpolarization (Tris-
hyperpolarization), a change in its amplitude may
represent a change in the PNJPK of the membrane. The
amplitude of Tris-hyperpolarization in the K+-free
solution (8.4 ± 0.5 mV, nf = 46) remained constant for
more than 2 h (Figure 7A). Thus, the Tris-hyper-
polarization may be used to examine a change in PNa/
PK, provided that [K+]i and [Na'Ji are constant.
When adrenaline (30 pM) was superfused onto the

muscle, the amplitude of Tris-hyperpolarization was
decreased from the control value of 8.4mV to
5.1 ± 0.4 mV (nf = 10; Figure 7Ba) during the early
part (4-31 min) of exposure, but in the latter part
(80-130 min) it was progressively enhanced
(10.6 ± 0.9 mV, nf = 15; Figure 7Bb). These results
which were obtained from the pooled data of 34
muscles were confirmed in other types of experiments,
where the effects were examined in the same muscle.
The reduction in the amplitude of Tris-hyperpolariza-
tion by adrenaline would indicate a decrease in the PNa/
PK, since [Na+]i and [K+]i remained unchanged during
this period (see Discussion). On the other hand, an
increased Tris-hyperpolarization during a later period

A

of treatment with adrenaline would imply an increase
in the equilibrium potential for K+ (EK; presumably
because the possible enhancement ofNa-pump under
this condition would decrease the K+ concentration
close to the extracellular surface of the membrane), or
an increased PNJPK. Almost constant resting poten-
tials throughout this period would rule out the latter
possibility since an increased PNaI/PK would have
depolarized the membrane (cf. the previous section).
On the other hand, an increase in EK, arising from a
decrease in [K+]O, would not affect the resting potential
significantly, since at a low [K+]J the resting potential
is less sensitive to a change in [K+]. (see Figure 4), but it
would augment the hyperpolarization produced by a
reduced [Na']0.

Discussion

Operation ofNa-pump and its electrogenicity in a
K+-free solution

The present study has shown that a high resting
membrane potential is maintained in a K+-free solu-
tion for more than three hours. Under this condition,
[K+]i gradually decreased during the first 60min and
[Na+]i similarly increased; subsequently [K+]i and
[Nai]i were maintained at a constant level. Further-
more, applying ouabain or lowering the temperature
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Figure 7 Tris-hyperpolarizations in the absence (A) and presence (B) ofadrenaline (30 gM). The inset records (a and b)
correspond to the points marked by the same symbol in the graphs. Graphs indicate the relationships between the peak
amplitude of Tris-hyperpolarization (AH) and the time after perfusion with the K+-free solution with (B) and without
(A) adrenaline. Data in (A) and (B) were obtained from 3 and 5 preparations, respectively, in which Tris-
hyperpolarizations were repeatedly induced by a transient replacement (less than 10 min) of all the Na+ in the K+-free
solution with Tris ions. Correlation coefficients for (A) and (B) are 0.03 and 0.63, respectively, while lines are
y = - 0.003x - 8.53 and y = - 0.05x - 4.98, respectively.
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immediately decreased the resting potential in the K+-
free solution, and produced a further reduction of
resting potential and a progressive decrease and
increase in [K4]i and [Na4]1, respectively. These results
suggest that the Na-pump operates in a K4-free
solution and that it is electrogenic in nature, although
its activity is suppressed to a considerable extent, as
evidenced by a reduced [K4]i and an increased [Na+]i
and a relatively small drop in membrane potential
(10 mV) after the application of ouabain compared
with that in normal Krebs solution (20 mV: Bray et al.,
1976). This is rather an unexpected finding, since the
Na-pump in most cells is markedly depressed or
blocked by the removal of K+ from the bathing fluid
(Kerkut & Thomas, 1965; Tomita & Yamamoto,
1971; Koketsu, 1971; Thomas, 1972). Rat soleus
muscle fibres (Akaike, 1975) and a certain part of frog
muscle fibres (Akiyama & Grundfest, 1971) are excep-
tions. The Na-pump of the rat diaphragm muscle in a
K4-free solution appears to be activated by K4 that
leaks out of the fibres and accumulates at the outer
surface ofthe membrane. Such an accumulation ofK+
would occur mainly in the transverse tubular systems,
since, in diaphragm muscle detubulated by glycerol
treatment, the removal of K4 from the perfusing
solution resulted in a progressive decrease in the
resting potential after an initial transient hyper-
polarization, whereas the resting potential of such
fibres in normal Krebs solution was maintained at the
normal value (Nohmi, Kuba, Chiba & Murata,
unpublished observations).
Den Hertog & Mooij (1976) showed membrane

depolarization to occur in the rat diaphragm muscle
fibre on removal of K+ from a CL-free solution, and
that this depolarizing effect of K4-removal did not
occur in the presence of the normal concentration of
Cl-. This is inconsistent with the present findings as
well as with those by Palade & Barch (1977) and
Dulhunty (1978), all of which indicate a passive
distribution of Cl- in the rat diaphragm muscle fibre.
A notable difference between the experimental condi-
tions of Den Hertog & Mooij (1976) and ours is that
their experiments were done at room temperature (20-
22°C). Although this might explain the differences in
the observations, the exact reasons are unknown.

The ionic mechanism ofadrenaline hyperpolarizations

There are at least two possible mechanisms for the
adrenaline hyperpolarization in the rat diaphragm
muscle fibre; (1) a reduced PNJ/PK of the fibre mem-
brane and (2) an increase in the electrogenic effect of
the Na-pump by an increased membrane resistance
and/or enhanced activity of the pump.
The blockade of adrenaline hyperpolarization by

the procedures that inhibit the Na-pump, e.g. applica-
tion of ouabain and lowering temperature, would

suggest the second mechanism; that is augmentation
of the electrogenic effect of the Na-pump by adren-
aline, and this is consistent with the earlier conclusions
reached using other muscle fibres (Tashiro, 1973;
Bressler et al., 1975; Koketsu & Ohta, 1976; Clausen &
Flatman, 1977; Kaibara et al, 1982; see also Phillis &
Wu, 1981). Evidence obtained in the present study,
however, favours the idea that the first mechanism is
predominant for the adrenaline hyperpolarization in
the rat diaphragm muscle fibres.

Firstly, there was no change in [Na4]i and [K'j
during adrenaline hyperpolarization. This differs from
the findings of Clausen & Flatman (1977), who
observed a significant decrease in [Na4] and increase
in [K4]1, suggesting the activation of the Na-pump by
adrenaline.

Secondly, the lower the [K4]O, the greater was
the adrenaline hyperpolarization; adrenaline hyper-
polarization was largest in the K4-free solution. This
does not agree with the observation on the soleus
muscle by Tashiro (1973), who observed that the
hyperpolarizing effect of adrenaline disappeared in a
K4-free solution, although under such a condition the
fibre showed a resting potential of - 96 mV which is
similar to that seen in the present study. Thus, if
adrenaline were to hyperpolarize the membrane of the
rat diaphragm muscle fibre by enhancing the Na-
pump activity, its effect would have been depressed or
blocked in a K4-free solution, as found in the soleus
muscle.

Thirdly, Tris-hyperpolarization induced by the
replacement of Na4 with Tris ion in the perfusing
solution was decreased during the initial phase of the
adrenaline action. Since the amplitude of Tris-hyper-
polarization would represent a relative measure ofPNJ
PK (because a component of membrane potential
induced by electrochemical potential in a Na4-free
solution would mainly be due to that of K+, and [K+]1
and [Na+]i would be unchanged during this period), its
reduction during adrenaline hyperpolarization sug-
gests a decrease in PNJ/PK by adrenaline. Figure 8 is a
schematic representation of the effect of the rapid
removal of extracellular Na+ on membrane potential
in a K+-free solution. The difference between the
resting membrane potentials recorded during Tris-
hyperpolarizations in the absence (- 101.1 mV) and
presence (- 103.4 mV) of adrenaline indicates the
magnitude of adrenaline hyperpolarization, which
would be induced in a Na4-free (or low Na+), K+-free
solution with constant [Na+]1 (for the measurements
were done immediately after the removal or reduction
of [Na+]4). This adrenaline hyperpolarization (2.3 mV)
at zero or lowered [Na+]L is much smaller than that
(6.6 mV) at the normal [Na+]t. If adrenaline hyper-
polarization were induced solely by the enhancement
of the electrogenic effect of the Na-pump, it would
have been unchanged or potentiated (since the activity
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Figure 8 Schematic representation of the effect of the rapid removal (or lowering) of the extracellular Na' on the
magnitude of the hyperpolarizations (AHp) induced by adrenaline in a K'-free solution. AHp was decreased in the
Na'-free, Tris solution during the initial phase of the adrenaline action, but increased in the later period.

of the Na-pump would be enhanced when the ther-
modynamic load to the pump is reduced by decreasing
or reversing the gradient ofNa' across the membrane:
Weer 1984; Gadsby et al., 1985). This expectation is
not consistent with the results obtained during the
initial phase of the action of adrenaline, but may be
relevant to the effects observed after prolonged treat-
ment with adrenaline (see below).

Consequently, consideration of the results obtained
in the present study favours the idea that the adren-
aline-induced hyperpolarization of the rat diaphragm
muscle fibre, seen during the initial phase ofadrenaline
application, is induced to a large extent by a reduction
in PNa/PK of the membrane. This mechanism resembles
that of adrenaline hyperpolarization in the spinal
motoneurones (Marshall & Engberg, 1979). An
increase in the electrogenic effects of the pump,
however, cannot be completely ruled out; it could
contribute, to some extent, to the generation of
adrenaline hyperpolarization, since the increase in
Tris-hyperpolarization, after prolonged treatment
with adrenaline, can be interpreted as an enhancement
of the Na-pump by adrenaline (see Figure 8). Further-

more, the activation of the Na-pump by adrenaline is
enhanced when the muscle is denervated, as evidenced
by the large ouabain-sensitive hyperpolarization
induced by adrenaline in the denervated rat dia-
phragm (Bray et al., 1976).
One problem remains to be discussed; why adren-

aline hyperpolarization was abolished by the treat-
ment with ouabain or by lowering the temperature?
The decreases in the membrane permeabilities to Na',
K+ and Cl- (preferentially for Na') by adrenaline
were also abolished by procedures that inhibit the Na-
pump. Thus, the reduction in the passive ionic per-
meability of the membrane induced by adrenaline
must be associated with (or depend on) the Na-pump
activity. It is not known how the operation of the Na-
pump is involved in the effect of adrenaline on the
Na', K+ and Cl- channels, although this is an
interesting problem.

We thank Drs M. Fujimoto, K. Kotera & K. Kajino for their
advice on the technique for the construction of ion-sensitive
electrodes and Miss Satomi Nishioka for her help in prepara-
tion of the manuscript.
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