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=Abstract=To study the role of Na-Ca exchange mechanism which controls the intracellu-
lar free Ca concentration, the changes in contractile force and membrane potential of G-I
smooth muscle were measured. Guinea-pig’s taenia coli and gastric antrum were isolated,
and all experiments were performed in Tris-buffered Tyrode solution aerated with 100% O,
and kept 35°C. After application of K-free solution which is known to increase the intracellu-
lar Na concentration due to inhibition of Na-K pump, Na-free or low Na solution were
applied. Contractions were recorded with force transducer, and membrane potentials were
measured by single sucrose-gap method. In the taenia coli, the extent of relaxation of K-free
contracture was inversely proportional to extermal Na concentration. As the external Na
concentration was decreased, the membrane potential was more hyperpolarized. In the gas-
tric antrum, the extent of relaxation of K-free contracture increased proportionately to the
decrease of external Na concentration. Membrane potential was maximally hyperpolarized at
Na-free solution. As extracellular Na concentration was increased, the degree of hyperpolar-
ization decreased, and at 125 mM Na the membrane potential was depolarized. When Ca
antagonist (verapamil) was applied, K-free contracture did not develop in the taenia coli. It is
concluded that Na-Ca exchange mechanism would play little role in the control of intracellu-

lar free Ca concentration in the taenia coli and gastric antrum.
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INTRODUCTION

There is a close relationship between the in-
tracellular free Ca concentration and the contrac-
tion(Ruegg 1971), but the mechanisms that in-
crease the intracellular free Ca concentration, so
induce the contraction are different one another
in the various muscle tissues. The depolarization
in the skeletal muscle and the Ca current
through Ca channel in the cardiac muscle re-

Received 23/79/88: revised 23711/88: accepted 24/
11/88

"This study was supported by grant for assistant from
College of Medicine, Seoul National University and
clinical research grant from Seoul National Universi-
ty Hospital(1987).

lease Ca from the sarcoplasmic reticulum, and
thus, increase the intracellular free Ca concentra-
tion which leads to contraction. Smooth muscle
is the only muscle where the diffusional distance
between extracellular space and myofilaments is
short enough, and the rate of tension develop-
ment is slow enough for Ca influx to play a ma-
jor role in activation of contraction (van Breemen
et al. 1982).

The mechanism controlling the intracellular
free Ca concentration that is closely related to
contraction has been studied long before. Since
the demonstration of a link between transmem-
brane Na and Ca movements in heart(Reuter &
Seitz 1968), work has been done in many tis-
sues to investigate the existence and the role of
Na-Ca exchange. In cardiac muscle, physiolog-
ists have strong evidence for the existance of a
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Na-Ca exchange mechanism and have become
increasingly enthusiastic about its role in the
control of intracelular free Ca. The exchange is
thought to be electrogenic and voltage sensitive,
and thus to affect not only tension development
(Chapman 1974; Chapman & Tunstall 1980, Eis-
ner et al. 1983; Vassort 1973) but also the mem-
brane potential itself(Coraboeuf et al. 1981; Mul-
lins 1981). In contrast, smooth muscle physiolog-
Ists have less direct evidence for the exchange,
although the importance of Na in determining
the contractile state of the tissues has been fre-
guently investigated. Initially, such studies led re-
search workers to look favourably on the idea
that a Na-Ca exchange was involved (Bohr et al.
1973). This outlook was reinforced by the de-
monstration of Na-dependent Ca efflux in arte-
rial smooth muscle and culminated in specula-
tions on the involvement of Na-Ca exchange in
the etiology of hypertension(Blaustein 1977).
Several workers have become increasingly reluc-
tant to assign much importance to a Na-Ca ex-
change in the regulation of intracellular free
Cal(Casteels & van Breemen 1975; Droogmans
& Casteels 1979; Raeymaekers et al. 1974; van
Breemen et al. 1978).

There have been many arguments whether or
not Na-Ca exchange would play a major role in
the control of intracellular free Ca in taenia coli
and gastric antrum of guinea-pig. In taenia coli
the evidence that Na-Ca exchange iIs important
was mainly obtained by the flux ex-
periments(Brading 1978; Brading & Widdicombe
1977; Katase & Tomita 1972; Ma & Bose 1977).
Results that deny the existence of Na-Ca ex-
change and favor the role of a Ca pump were
obtained in other studies (Casteels & van Bree-
men 1975, van Breemen et al. 1975, 1982). In
gastric antrum, Na-Ca exchange has been re-
ported to play a major role in the control of the
intracellular free Ca in the longitudinal muscle,
and Ca pump in the circular muscle (Kuriyama et
al. 1975). Na-Ca exchange is also considered as
a mechanism of the slow wave(Ohba et al.
1975, 1977). We therefore tried to study the
ability of low Na and Na-free to induce contrac-
tions by Na-Ca exchange in guinea-pig taenia
coli and gastric antrum with normal and elevated
intracellular Na, the susceptibility of these re-
sponse to Ca-antagonist durgs and the changes
in the membrane potential that accompany

them.

MATERIAL AND METHODS

1. Preparation

White guinea pig weighing about 300 g were
stunned and bled. The stomach and taenia coli
were cut and removed from the animal. The sto-
mach was excised and cut in the longitudinal
direction along the lesser curvature. The content
within stomach and the mucosal layer were re-
moved from the muscle layers in phosphate-buf-
fered Tyrode solution at room temperature. The
strips of circular muscle preparation, 2 mm in
width and 10 mm long, were isolated together
with the longitudinal layer. The circular muscle
and serosal fat were carefully removed from the
longitudinal taenia coli muscle. The strips of
taenia coli were prepared 2 mm in width and 10
mm long. Both strips were fully relaxed for ex-
periments.

2. Solutions

A Tris-buffered normal Tyrode solution con-
tains NaCl 147 mM, KCI 4 mM, CaCl,-2H,0 2
mM, MgCl,-6H,0 1.05 mM, Tris-HCl 56 mM,
glucose 5.5 mM; equilibrated with 100% O, pH
7.4 at 35°C. Na-free soutions were made by re-
placing NaCi isosmotically with Tris-Cl, sucrose,
or choline chloride. Variations in the Na concen-
tration were made by replacing NaCl isosmotical-
ly with Tris-Cl.

3. Experimental apparatus and protocol

Tissues were allowed to relax at the horizontal
chamber for at least 1 hour in Tris-buffered
Tyrode solution at 35°C before being exposed to
the experimental solution. Then isometric con-
tractions were recorded by using a transducer
(Device force transducer). When spontaneous
activity reached the steady-state, length-tension
curves were obtained and all experiments were
performed at optimal length.

The membrane potentials were recorded by
single sucrose-gap method. The single suc-
rose-gap method was modified from the rubber
membrane method by using material, which was
made from very elastic rubber and X-ray film, to
partition off the horizontal chamber(volume 2 mil)
to three compartments. The sucrose-gap was 2
mm in width. Tissues were allowed to relax at
the horizontal chamber for at least 1 hour in
Tris-buffered Tyrode solution at 35°C before
being exposed to sucrose and isosmotic KCl.
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Fig. 1. Comparison of K-free contracture with ouabain-induced contracture in taenia
coli. K-free contracture appeared immediately and developed a constant ampli-
tude of tonic contracture 10 min after the application of K-free Tyrode solu-

tion.
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Fig. 2. Effects of some substitutes for extracellular Na in taenia coli. Na-free solution
substituted by Tris or sucrose led to the disappearance of spontaneous con-
traction, while choline-substituted Na-free solution induced contracture.

The electrical signal that was preamplified ten
times was connected to a DC amplifier, and re-
corded by the pen recorder(Device physiograph).
Membrane potential recorded by intracellular
glass microelectrode is about —53 mV in the
taenta coli(Bilbring & Kuriyama 1963; Tomita
1966), and about —63 mV in the gastric antrum-
(Komori & Suzukj 1986). Membrane potential re-
corded by single sucrose-gap was about —25
mV in the taenia coli, and about —30 mV in the
gastric antrum. In principle, if the resistance of
the sucrose-gap is infinite, membrane potential
recorded by single sucroose-gap method would
be equal to membrane potential recorded by
glass microelectrode. Comparing the above re-
sults implied that there must be short-circuit
across the sucrose-gap(Kuriyama & Tomita
1970). This method, therefore, represents the
direction of membrane potential change qualita-
tively, not the quantitative change of membrane
potential.

RESULTS

1. Effects of K-free solution

Changes in tension development by K removal
from the Tyrode solution is shown in Fig. 1. The
K-free contracture reached steady-state in about
10 minutes and sustained itself until K-free solu-
tion was replaced by normal Tyrode solution. It
Is known that the K-free contracture developed
due to the inhibition of the Na-K pump(Casteels
1966; Tomita & Yamamoto 1971), similarly con-
tracture also developed with digitalis. Membrane
potential depolarized after application of K-free
solution(Fig. 6).

2. Effects of substances substituted to Na to
make Na-free solution
NaCl was replaced isosomtically with Tris-Cl,
sucrose, or choline cholride. When Tris-substi-
tuted and sucrose-substituted Na-free solution
were applied, spontaneous contraction dis-
appeared, but when choline-substituted Na-free
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Fig. 3. Effects of extracellular Na on K-free contracture in taenia coli.
K-free contracture was completely relaxed immediately after the
application of Na-free solution. The response of Na-free solution
on K-free contracture was similar in both Tris- or sucrose-substi-

tuted solution.
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Fig. 4. Effects of extracellular Na on K-free contracture in taneia coli. K-free contrac-
ture was completely relaxed immediately after the application of 0 mM Na
Tyrode solution. The relaxation extent of K-free contracture was extracellular
Na-dependent; the basal tone remained was increased proportionately to ex-

tracellular Na.

solution was applied, changes of membrane
activity occurred and contractures developed.
Even though atropine 10°M, which is known to
inhibit the effect of acetylcholine at the synapse-
(Holman 1957), was applied before the applica-
tion of Na-free solution, choline-substituted
Na-free contracture didn't disappear.

K-free contracture were relaxed by either
Tris-substituted Na-free solution or suc-
rose-substituted Na-free solution(Fig. 3).

3. Effects of extracellular Na on K-free con-
tracture
In the taenia coli. 0 mM. 50 mM Na solutions

completely relaxed K-free contracture im-
mediately after aplication. But 756 mM, 100 mM
Na solution incompletely relaxed the contracture,
and the basal tone was remained to be In-
creased proportional to extracellular Na concen-
tration(Fig. 4). As the maximal rate of relaxation
and the relaxation time constant are considered
to be the reference of relaxation, the relation
between Na concentration and extent of relaxa-
tion is linear (Fig. 5). The membrane potential
recorded by single sucrose-gap method is
shown in Fig. 6. The membrane potential be-
came more hyperpolarized as the Na concentra-



tion was decreased; that is, 2 mV more negative
than resting membrane potential at 100 mM Na,
4 mV at 75 mM, 5 mV at 50 mM, 7 mV at 25
mM, and 14 mV at 0 mM. The changing rate of
membrane potential was 5.5 mV/decade(Fig. 7).
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Fig. 5. Relationship between the extent of relaxation

and extracellular Na in the taenia coli. (dT/
dt)max OF T was linearly proportional to ex-
tracellular Na. (dT/dtymax: the maximal rate of
relaxation; 7 : relaxation time constant.
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In the gastric antrum, the extent of relaxation
in the K-free contracture was increased as Na
concentration was decreased(Fig. 8). The mem-
brane potential was maximally hyperpolarized at
0 mM Na. The degree of hyperpolarization were
decreased along with increasing the Na concen-
tration. At 100 mM Na, the membrane potential
returned to the resting membrane potential, and
a little depolarized at 125 mM(Fig. 9).

4. Effects of Ca antagonist

When the Ca antagonist{verapamil) was ap-
plied, there was no change of contraction due to
K-free and Na-free state(Fig. 10).
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Fig. 7. Relationship between extracellular Na and
membrane potential in taenia coli. The chang-
ing rate of the membrane potential was 5.5
mV/decade.
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Fig. 6. Effects of extracellular Na on the membrane potential developed during K-free
- contracture in taenia coli. The membrane potential was more hyperpolarized as

extracellular Na was decreased.
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Fig. 8. Effects of extracellular Na on K-free contracture in the anturm. The extent of
relaxation in the K-free contracture was increased as extracellular Na was

decreased.
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Fig. 9. Effects of extraceliular Na on the membrane potential in antrum. The mem:-
brane potential was maximally hyperpolarized at 0 mM Na, after which the
degree of hyperpolarization was decreased. The membrane potential returned
to the resting membrane potential at 100 mM Na, and slightly depolarized at

125 mM Na.

10 min

1 200mg

T 1 * !
Verapamil K-free sol. Na-free sol, W/NT
2x1076M

Fig. 10. Effects of Ca antagonist(iverapamil) on K-free
contracture in taenia coli. There were no
changes of contraction due to K-free and
Na-free state when verapamil was pretreated.

DISCUSSION

In taenia coli, what is known to play major
roles in the control of the intracellular free Ca
are: 1) Ca flux throuah Ca channel 2} Na-Ca ex-
change, and 3) ATP-dependent Ca pumpi{van
Breemen et al. 1982). First, there is a body of
evidence for role of Ca flux. Spike potentials are
considered as Ca spikes in the taenia coli {In-
omata & Kao 1976; Yashida & Yabu 1985). The
diffusional distance between extracellular space
and myofilaments is short enough, and the rate
of tension development is slow enough for Ca
influx to play a major role in activation of con-
tractions(van Breemen et al. 1982). In addition,



amplitude of contraction is proportional to spike
frequency(Kim & Kim 1985), and as extracellular
Ca was decreased, spike frequency and ampli-
tude of contractions were reduced. At 0 mM Ca
spontaneous contraction disappears(Brading et
al. 1969; Kim & Kim 1985). Second, there are
evidence for existence of Na-Ca exchange. High
K-contracture was relaxed by Na while mem-
brane potential continuously depolarized, and in-
crease of intracellular Na concentration increased
Ca influx. The above facts suggest that Na-Ca
exchange play a certain role in the control of the
intracellular free Ca(Brading 1978; Brading &
Widdicombe 1977; Katase & Tomita 1972; Ma &
Bose 1977). But others insisted that K-free solu-
tion and 3 X 10°° M ouabain did not cause
significant increase in total cellular Ca content,
and Na-Ca exchange is nonspecific, that is, Li
and K instead of Na could decrease the in-
tracellular Ca accumulated when Na-free solu-
tion applied. They, therefore, denied the impor-
tant role of Na-Ca exchange (van Breemen et al.
1982). Third, there are indirect evidence for Ca
pump. ATP depletion, which is induced by lower-
ing temperature and using metabolic inhibitor,
led to rapid Ca accumulation toward eugilibrium
well before the Na gradient had changed enough
to significantly affect Ca transport(van Breemen
et al. 1982). With the results denying the exist-
ence of Na-Ca exhcange, above results suggest
that ATP-dependent pump play a certain role.

In Fig. 10, K-free contracture did not develop
when verapamil, which is known as blocker of
Ca channel, was pretreated. In Fig. 6, K-free
contracture was not potentiated but relaxed by
Na-free solution. Our results thus suggest that
Na-Ca exchange play little role in the control of
the intracellular free Ca. However the possibli-
ties either that when receptor-operated channel
increases the Ca permeability Na-Ca exchange
might a certain role (Brading 1971, 1977), or that
Na-Ca exchange might operate in different pat-
tern compared with vascular smooth muscle and
cardiac muscle are remained.

It is thought that K-free solution depolarizes
the membrane potential by 3-5 mV, and depolar-
ization releases Ca from sarcoplasmic reticulum
that may be closely related to the membrane
potential, also open Ca channel through which
Ca enters into the cells. As a result, the in-
tracellular free Ca increase and K-free contrac-
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ture develops. In the taenia coli, it appears that
sarcoplasmic reticulum that exist near the mem-
brane might be closely related to membrane
potential, and important to control intracellular
free Ca(Brading 1977). As the maximal rate of
relaxation and relaxation time constant are consi-
dered the reference value of relaxation, the rela-
tion between Na concentration and extent of re-
laxation is linear. The reason might be Na per-
meability is larger than other excitable cells(Brad-
ing 1971; Casteels 1966), thus contributions of
Na permeability to membrane potential is larger.
In the present experiment membrane potential
became more hyperpolazied exponentially as Na
concentration was decreased(Fig. 7). In the
taenia coli, therefore, Na-Ca exchange play little
role in the control of intracellular free Ca, and
sarcoplasmic reticulum closely related to the
membrane potential controls the intracellular
free Ca along the membrane potentials.

In the grastric antrum, Na-free solution
caused the K-free contracture to relax. Na-free
solution didn’'t maintain the K-free contracture
like the vascular smooth muscle, and decreased
the contracture, because Na permeability is lar-
ger, so Na-free solution causes the membrane
potential to hyperpolarized and Ca pump de-
creases the intracellular free Ca and relaxation
occurs, rather than Na-Ca exchange changes the
membrane potential and this change causes the
Na-Ca exchange to change and relaxation
occurs(Kuriyama et al. 1975).

It is suggested that in taenia coli and gastric
antrum Na-Ca exchange play little role in the
control of intracellular free Ca and in the taenia
coli Ca spike and sarcoplasmic reticulum closely
related to the membrane potential are important,
in the gastric antrum Ca pump is important in
the control of intracellular free Ca.
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