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Potassium induces relaxation and hyperpolarization of
circular muscles but contraction of longitudinal muscles

of pig duodenum
1. Kimura, M. Kimura & M. Kimura

Department of Chemical Pharmacology, Faculty of Pharmaceutical Sciences, Toyama Medical &
Pharmaceutical University, 2630 Sugitani, Toyama 930-01, Japan

1 The mechanisms by which K* relaxes circular muscles of pig duodenum were investigated, and
compared with the response of the longitudinal muscles to K+.
2 Circular muscles were concentration-dependently relaxed by 8.3-23.6 mM K*, but contracted

by 47.2-143.4mM K*.

3 Longitudinal muscles were contracted by 11.8-94.4 mM K*.

4 The relaxation of circular muscles was correlated with hyperpolarization (4 mV), but evoked
Ca?* spikes were not suppressed.

5 Neither ouabain (0.14 pM) nor phentolamine (10 um) blocked the relaxation, but tetrodotoxin
(TTX, 0.63 um) blocked both the relaxation and hyperpolarization. Mesaconitine (0.16 uM) in-
creased the relaxation. Inhibitory junction potentials and concomitant relaxations were also blocked
by TTX.

6 The results suggest that K*-induced relaxation is caused by the release of a non-adrenergic

inhibitory transmitter.

Introduction

In a previous paper on pig bile duct ampulla (Kimura
etal., 1983), we showed that CCK (cholecystokinin)-
C-terminal peptides relax circular muscle segments
by an action other than direct suppression of calcium
influx, but arrest the spontaneous contraction of
longitudinal muscle segments by suppressing the cal-
cium influx. In duodenum taken about 3 cm from the
bile duct ampulla, both muscle segments respond
similarly to those in ampulla and can be more easily
separated anatomically than in the ampulla.
Potassium-induced relaxation has been well
documented in arterial muscles (Chen et al., 1972;
Toda 1974; 1976; Haddy, 1975; 1978; Bonaccorsi et
al., 1977; Webb & Bohr, 1978; Reiner, 1978; Hagen
et al., 1982, Harder, 1982), and in the anococcygeus
muscle (Ishii & Shimo, 1980). The ‘relaxation’ refer-
red to in these publications was an inhibition of
noradrenaline, 5-hydroxytryptamine, acetylcholine,
prostaglandin F,, or K*-free solution-induced con-
traction. In the present paper the relaxation in
duodenal circular muscles is a change in resting tone,

as documented in guinea-pig taenia coli (Ishii & .

Shimo, 1979). We investigated the mechanism by

which K* induces relaxation in pig duodenum, in-
tending to confirm the effect in both longitudinal and
circular muscles by using electrophysiological and
mechanical methods of recording. However, we
found that the K*-induced relaxation of the latter
muscle was distinctly different from K*-induced re-
sponse of the former.

Methods

Pigs of either sex weighing about 90 kg were killed by
electric shock in a slaughter house.

The duodenum situated about 2-5cm from the
bile duct ampulla was isolated. After the serous and
mucous membranes surrounding the segments were
cut away, longitudinal and circular muscles were
separated and cut into 2 x 10mm sections for
mechanical recording and 5 x 15mm sections for
simultaneous electrical and mechanical recording. A
modified Krebs solution of the following composition
(mM) was used; NaCl122,KCl15.9, CaCl, 2.5, MgCl,
1.2, NaHCOs; 15.5 and glucose 11.5. The bath solu-
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tion was maintained at 37 °C, and bubbled with 95%
0O, and 5% CO;. By replacing the NaCl with KCl, we
prepared a solution containing 8.3, 11.8, 23.6, 47.2
and 94.4 mM K*. Ca?*-free solutions with or without
2mM EGTA were used.

Mechanical measurements

The longitudinal or circular smooth muscles were
suspended in an organ bath containing 5 ml of Krebs
solution. Isotonic contractions were recorded on a
technicorder F (Type 3051, Yokogawa) with a DISP
transducer coupled to a Biophysiograph (Type
180-2, San-ei). The resting tone was adjusted to
500 mg. K*-relaxations (or contractions) were ob-
tained by exchanging the normal Krebs solution in a
stepwise manner with solutions containing increasing
concentrations of K*.

Electrical measurements

A 300mg load was applied to the tissue. The parti-
tion stimulating method of Abe & Tomita (1968) was
used for stimulation and recording. One end of the
muscle was passed through holes in two Ag-AgCl
plates 10 mm apart and connected to an isometric
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transducer (SB-1T-H, Nihon Kohden) for recording
tension. A current (10 pA; 10, 20, 30 or 700 ms;
0.033 Hz) was applied between these two plates. The
other end of the preparation was pinned to a rubber
plate. An intracellular glass electrode (tip resistance,
20-80 MQ, filled with 3 M KCl), was inserted into the
pinned area under a stereotaxic microscope.

Reagents

Acetylcholine chloride (Daiichi), ouabain 8-9 H,O
(Merk), phentolamine mesylate (Ciba), tetrodotoxin
(TTX, Sankyo) and EGTA (Nakarai) were used.
Mesaconitine (a gift from H. Hikino, Dept. of Phar-
macognosy, Tohoku University) was dissolved in 0.1
N HCl solution before dilution.

Results

Concentration-response curves of circular and
longitudinal muscles of pig duodenum to potassium

The Na* in Krebs solution was replaced with K* to
prepare 8.3, 11.8,23.6,47.2,94.4 and 143.4mMK*
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Figure 1 Log concentration-response curves for the isotonic relaxation (@) and contraction (O) of the circular
muscles of pig duodenum induced by increasing concentrations of K*, added cumulatively. The relaxation is
expressed as a percentage of maximal response to Ca?*-free Krebs solution containing 2mmM EGTA and the
contractile response was measured from the point of maximal relaxation. Each point represents the mean (n =2-4)
and the vertical lines show s.e.mean. The traces show typical responses (changes in length) to 8.3, 11.8, 23.6,47.2

and 94.4 mM K*.
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Figure 2 Log concentration-response curve for the contraction of the longitudinal muscles induced by increasing
concentrations K* added cumulatively. Isotonic contractions are expressed as a percentage of the maximal
contraction induced by 143.4 mM K™ solution and each point represents the mean (n = 3) with vertical lines showing
s.e.mean. Each trace shows a typical response to 11.8,23.6,47.2 or 94.4 mm K*.

solutions. In circular muscles K* produced an im-
mediate and concentration-dependent relaxation at
the first three concentrations. The 23.6mMK*-
induced relaxation was estimated to be 80 % of the
maximal one in Ca?*-free Krebs solution containing
2mM EGTA. The 47.2 mMK* solution initially re-
laxed the muscle and thereafter immediately con-
tracted it. Contraction was measured from the point
of maximal relaxation. At the last three concentra-
tions, K* contracted the circular muscle in a
concentration-dependent manner, as shown in Fig-
ure 1, where % contraction was represented on the
same scale as above. The contraction induced by
143.4 mM K* was maximal.

In longitudinal muscles 11.8, 23.6, 47.2 and 94.4
mM K* produced only contraction, as shown in Fig-
ure 2, where the response to 143.4 mM K+ was maxi-
mal. Note that 47.2mM K* also induced maximal
contractions.

Thus, it appears that K*-induced relaxation is a
distinctive property of circular muscles.

Potassium-induced resting membrane potential
changes in circular muscles

The relation between log concentration of K* and
membrane potential is plotted in Figure 3. The rep-
resentative traces show first a depolarization, sec-
ondly a hyperpolarization (Figure 3a), and thirdly a
depolarization (Figure 3b) on exposure to

23.6 mMK*. The relaxation induced by 23.6 mMK*
was observed simultaneously with the hyper-
polarization. The graph shows the second and third
potential changes plotted against K* concentration.
Over the range of concentrations of 11.8 to
29.5mMK* —1.93 to —1.53 on a log scale), the
membrane hyperpolarized to 4mV in a
concentration-dependent manner; however, at
35.4mM phase (a) was no longer discernible. De-
polarization during phase (b) was enhanced gradual-
ly, and at 35.4mMK™ it was steeply increased. In
some tissues which were slowly relaxed by
23.6 mMK* hyperpolarizing fluctuations of resting
membrane potential were observed before the relax-
ation.

These results indicate that relaxation was caused by
the K*-induced hyperpolarization; the fluctuating
hyperpolarization = may reflect endogenous
(neurogenic) release of an inhibitory transmitter.

The effects of phentolamine, ouabain and tetrodotoxin
on potassium-induced relaxation in circular muscles

In vascular smooth muscles K*-induced inhibition of
contractions to acetylcholine (ACh) was termed a
‘relaxation’. In circular muscles of pig duodenum
K*-induced inhibition of ACh (0.3 mM)-elicited con-
tractions was not readily measurable, as phasic rather
than tonic contractions were provoked (Figure 4).
Thus, the K*-induced relaxation was simpler to in-
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Figure 3 Change in resting membrane potential of circular muscles to increasing concentrations of K* (added
cumulatively) shown as log concentration-effect curves. Each point represents the mean (n=3-7) and vertical lines
show s.e.mean. Typical records show K+*-induced relaxation (lower trace), and hyperpolarization (a, 4 mV upper
trace) after initial short-term depolarization, followed by depolarization (b, S mV). The 0 membrane potential was
taken to be the plateau of the first depolarization induced by K* in (a), and the resting membrane potential before K+

addition in (b).
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Figure 4 Typical inhibitory responses of the circular muscle induced by K* (23.6 mM) under different conditions.
(a) The effect of Krebs solution on the contractile response to acetylcholine (ACh, 0.3 mMm) and (b) the effect of K*
on this response. (c and e) show control response of the muscle to K* (i.e. no pretreatment), (d) K*-induced
relaxation after ouabain pretreatment (0.136 uM for 20min) and (e) shows a similar response to K* after
pretreatment with phentolamine (10uM for 5 min). These concentrations of ouabain and phentolamine did not
change the K*-induced relaxation of normal tone. The effects were observed consistently in 2—-3 experiments.
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Figure 5 The reduction or suppression of K*-induced relaxation and hyperpolarization of circular muscles by
pretreatment with tetrodotoxin (TTX, 0.626 um). The tissue was treated with TTX for 15-17 min before the
addition of a solution containing K*(23.6 mM) plus TTX. The effects were observed consistently in 5 experiments.
(a) Isotonic tension changes induced by K+ before an after pretreatment with TTX. (b) Membrane potential changes

and (c) alterations in isometric tension. W; washing out.

vestigate than the K*-induced inhibition of con-
tracted muscles.

In order to elucidate the mechanism of K *-induced
relaxation, the circular muscles were treated for
5-20min with phentolamine (10puM), ouabain
(0.136 uM) and tetrodotoxin (0.626 uM) before in-
ducing a relaxation response by addition of K*
23.6 mM. The K*-induced relaxation was hardly af-
fected by ouabain, and was only slightly effected by
phentolamine as shown in Figure 4.

In longitudinal muscles the contraction induced by
K* 23.6 mM was not suppressed by tetrodotoxin, and
was increased 40% by ouabain (data not shown). On
the other hand, in circular muscles the K*-induced
relaxation was greatly reduced by tetrodotoxin (Fig-
ure 5), while the K*-induced contraction was en-

hanced. After treatment with tetrodotoxin, 23.6 mM
K* only depolarized the membrane.

When circular muscles were pretreated for 6.5 min
with mesaconitine (0.16 uM), an agent which in-
creases sodium permeability (Catterall et al., 1981),
the K*-induced relaxation (11.8 mM) was remarka-
bly increased (data not shown), in contrast to the
effect of tetrodotoxin. This suggests that the K*-
induced relaxation is closely related to the
neurogenic release of inhibitory substances.

Evoked spikes during potassium-induced relaxation
and inhibitory junction potentials

Transmural stimulation (700 ms, 0.05 V) of circular
muscles evoked spikes, which were considered Ca
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Figure 6 Records from one of three experiments showing evoked spikes (0.03 Hz, 700 ms) during K+ (23.6 mm)-
induced relaxation in circular muscles. Note that evoked spikes were not suppressed during relaxation. (a) Shows
membrane potential (b) current monitor and (c) tension changes.
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Figure 7 Inhibitory junction potentials and concomitant relaxation caused by transmural stimulation (0.033 Hz,
10-30ms) before (a) or after (b) pretreatment with TTX (0.626 uM, 36 min). Top, membrane potential; middle,

current monitor; bottom, tension changes.

spikes (Kimura et al,, 1983). During K*-induced
relaxation the spikes were not suppressed, indicating
that the relaxation was not caused by suppression of
Ca?* influx during action potentials (Figure 6).

In two experiments, short stimulation pulses (0.23
V; 10, 20 or 30 ms), were used to evoke inhibitory
junction potentials and simultaneous relaxation.
After the circular muscles were pretreated with tet-
rodotoxin (0.626 uM) for 36 min neither relaxation
nor inhibitory junction potentials were observed
(Figure 7), suggesting that transmural stimulation
causes neural release of an inhibitory transmitter.
That the same concentration of tetrodotoxin sup-
pressed both K*-induced relaxation and that accom-
panying inhibitory junction potentials is consistent
with this notion.

Discussion

The mechanism by which K* induces a relaxation
response is puzzling as the Nernst equation predicts a
membrane depolarization. Increased Na* pump ac-
tivity and the consequent hyperpolarization have
been proposed as a possible mechanism. Harder
(1982) speculated that K* might increase the Ca®*-
sensitive outward K* current and/or decrease the
inward Ca?* current. However, the K*-induced in-
hibition of the contractile responses elicited by
stimulant drugs seems to involve more complex
mechanisms. The present paper investigated the K*-
induced relaxation from resting tone which was not
inhibited by ouabain. During relaxation the evoked
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