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= Abstract =The characteristics of contractile and electrical responses to various concentra-
tions of extracellular sodium in the antrum of guinea-pig stomach were investigated in order
to elucidate the mechanisms generating and controlling the slow wave which is known to be
responsible for the gastric motility. The results obtained were as follows:

1) Tonic contraction increased as the concentration of extracellular sodium decreased.
However, phasic contraction gave a different response around 10 mM Na®.

2) In Na™ -deficient solutions, prolongation in the second component and potentiation in
the spike component of the slow wave and membrane depolarization were observed. Those
changes became more marked with each decrement of Na' concentration.

3) In solutions below 10 mM Na*, small slow waves whose components could not be
clearly distinguished appeared at a faster frequency than it did in normal Tyrode solution.

4) In the presence of guanethidine and atropine the change described in 3) disappeared in
solutions of Na™ concentration below 10 mM. Instead the same responses as described in 2)
were observable.

From the above results following conclusions can be made: As the concentration of ex-
tracellular sodium decreases the configuration of the slow wave of the antral smooth muscle
in guinea-pig stomach changed markedly, showing prolongation in the second component,
potentiation in the spike component and depolarization in the membrane potential. These
results are direct effects of extracellular sodium on the smooth muscle cell membrane.
However, in low snodium concentration below about 10 mM, the influence of autonomic
nervous system on the slow wave becomes remarkable and above changes of the slow wave
cannot be found.
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INTRODUCTION

Rhythmic activity is characteristic of many
smooth muscles, and frequently, electrical re-
cording of the membrane potential reveals
underlying slow rhythmic depolarizations. The
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spontaneous slow rhythmic depolarizations
observed in gastrointestinal smooth muscles
which have been given various names are called
slow waves in general (Papasova et al. 1968;
Prosser and Bortoff 1968).

The typical slow wave in guinea-pig antrum is
known to consist of an early part of the slow
wave, the first component, and a following
potential, the second component. The spike
activity may appear on top of the second compo-
nent. The first component occupies the bottom
part of the slow wave and the second compo-
nent the upper part. In this type of slow wave
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the first component is believed to be generated
by a potential-independent process and this
component triggers the second component
which is potential-dependent (Ohba et al. 1975,
1977).

Several hypotheses have been proposed for
the mec'anism of the generation of slow
waves. The first component of the slow wave in
the circular muscle of guinea-pig stomach is
assumed to be generated by electrogenic Na*
-Ca'"" exchange mechanism, and the second
component is thought to be due to an increase
in Cat * conductance initiated by the depolariza-
tion of the first component (Ohba et al. 1975,
1976, 1977; Tomita and Sakamoto 1977). The
slow wave of small intestine in cat and dog Is
known to be generated by periodic fluctuation of
electrogenic Na™ -pump (Daniel 1965; Liu et al.
1969; Connor et al. 1974). And the two compo-
nent of the slow wave in rabbit longitudinal mus-
cle is explained by aiternative increase of con-
ductance to Na® and ClI~ (El-Sharkawy and
Daniel 1975).

In the great majority of cases, both the gen-
eration and the propagation of slow waves occur
in the presence of tetrodotoxin (TTX) or
guanethidine or atropine, and thus these proces-
ses are likely to be myogenic (Papasova et al.
1968; Liu et al. 1969; Szurszewski 1975,
El-sharkawy et al. 1978). But, humoral subst-
ances like neurotransmitters or hormones which
have an influence on slow waves have yet to be
elucidated with respect to the contractile mod-
ulators.

After the existance of Na’ -Ca*’ exchange
mechanisms were proved in heart muscle cell,
many investigations on effect of Na® ions on
the contractions in smooth muscle cell were
made. Nevertheless, the mechanisms generating
slow waves are still unclear and remain to be
established in near future.

Therefore, in this study the contractile and
electrical responses to various concentrations of
extracellular Na™ in the circular muscles of gas-
tric antrum In guinea-pig were analyzed. Thus,
the characteristics of the smooth muscle cell
were investigated according to the components
of slow waves, and an attempt was made to
determine the mechanisms generating and con-
trolling slow waves in relation to the autonomic
nervous system.

MATERIALS AND METHODS

Guinea-pigs of either sex, weighing about
300g, were stunned and bled. The whole sto-
mach was excised and placed in a bath contain-
ing oxygenated Tyrode solution. Again only the
antrum region was obtained and cut in the longi-
tudinal direction along the lesser curvature. After
the contents of the stomach and mucosal layer
were removed, patches of the muscle coat were
obtained by cutting mucosa layer off in Tyrode
solution at room temperature.

Circular muscle strips, 2 mm wide and 10 mm
long, were dissected from the antrum region
and used as a preparation for the experiment.
The mechanical responses were recorded first in
vertical chamber which had a capacity of 100 m|
and then the mechanical and electrical re-
sponses were simultaneously recorded using
conventional glass capillary microelectrode tech-
nique in a horizontal chamber. This chmber was
made of lucite plate and had a capacity of about
2 ml. In the horizontal chamber the preparation

was pinned out at one end with fine needles on
a rubber plate which was fixed at the bottom of
the chamber and was connected to the force
transducer (Grass FT-03) at the other free end.

The tip resistance of the electrode filled with 3
M KCI ranged between 40-80 M. The elec-
trode was inserted from the mucosal side of the
tissue, and the electrical activity was recorded
on a pen recorder (Devices), and was perfused
constantly with Tris-buffered normal Tyrode
solution that was bubbled with pure oxygen gas
and kept 35°C.

The 1onic composition of Tyrode solutions was
as follows (mM): NaCl 147, KCI 4, MgCl, - 6H,0
1.05, CaCl, - 2H,0 2, NaH,PO,4 - 2H,0 0.42,
Na,HPQO, - 12H,0 1.81 glucose 5.5 in phos-
phate-buffered Tyrode solution; NaCl 147, KCI 4,
CaCl, « 2H,0 2, MgCl, - 6H,0O 1.05, Tris - HCI 5,
glucose 5.5 in Tris-buffered Tyrode solution. The
pH of the solution was kept at 7.35.

Na* -deficient solutions were made by substi-
tuting Tris « Cl in an equimolar basis for NaCl.

Drugs used were: Tetrodotoxin(Sankyo),
Guanethidine su:fate(Tokyo Kasei) and Atropine
sulfate(Sigma).
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Fig. 1. Relationship between extracellular sodium con-

centration and mechanical contraction in the
antral circular muscle strip of guinea-pig sto-
mach.
Note that the responses are somewhat diffe-
rent between recordings of upper part
(100,50,70 mM Na') and lower part (5,0 mM
Na'). In the upper part recordings showed re-
latively constant phasic contraction, but in the
lower part phasic contractions increased in am-
plitude at first and then dropped to a new low-
er amplutude.

RESULTS

Effect of extracellular Na™ on the contraction

The experiment was done to investigate the
change of mechanical response as the concen-
tration of extracellular Na* ions was reduced to
0 mM. The concentrations used in this experi-
ment were 147 (normal), 50, 10, 5 and 0 mM.

Fig. 1 shows various contractile responses to
the changes in the extracellular Na* concentra-
tion from normal concentration to 0 mM. The
contractions were constituted of both tonic and
phasic components. The amplitude of tonic com-
ponent increased as extracellular Na™ concentra-
tion decreased. However, the phasic responses
were different from the tonic ones in that they
showed two distinct responses. In the concen-
tration range of 100, 50, 10 mM Na™, the ampli-
tude of phasic contraction increased as Na* con-
centration decreased, while in the range of 10,
5, 0 mM Na™, the phasic contraction increased
in amplitude at first and then dropped to a new
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Fig. 2. Relationship between extracellular sodium con-
centration and the amplitude of tonic contrac-
tion in the antral circular muscle stnp of
guinea-pig stomach.

Each closed circle and bar represents the mean
and standard error, respectively (mean+S.E.D.,
n=~0).

lower amplitude after a few minutes, with con-
sequent increase of frequency of phasic contrac-
tion.

The relationship between extracellular Na™*
concentration and the amplitude of tonic contrac-
tion is illustrated in Fig. 2. The amplitude of tonic
contraction in Na'-free Tyrode solution was
given the value 100% as a reference and then
evaluated. The relative percentages were as fol-
lows: 6.37 4+ 1.03 at 100 mM (mean + S.ED.,
n = 6), 26.37 + 1.38 at 50 mM, 48.37 + 2.21
at 10 mM, 69.16 + 3.16 at 5 mM.

A graph denoting together the relative ampli-
tude and the relative frequency of phasic con-
traction is represented in Fig. 3. Again the ampli-
tude and the frequency of phasic contraction in
Na * -free Tyrode solution were given the value
100% as a reference respectively. The relative
percentages for a given solution were as follows
(%): 17.03 + 161 (Mean + SED. n = 6),
74.48 + 6.71 at 147 mM; 48.14 + 4.52, 69.43
+ 225 at 100 mM; 9169 + 529, 6423 +
1.66 at 50 mM; 116.7 + 591, 66.75 + 2.13 at
10 mM; 107.52 + 1.83,80.52 + 2.16 at 5 mM.
In the concentration range above 10 mM Na™,
the ampitude of phasic contraction increased
and the frequency decreased as Na* concentra-
tion decreased, and in the concentration range
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Fig. 3. Relationship between extracellular sodium con-

centration and the amplitude of phasic contrac-
tion in the antral circular muscle strip of
guinea-pig stomach.
Relative frequency (open circle) and the amoli-
tude of phasic contraction (closed circle) are
denoted together. Each circle and bar repre-
sents the mean and standard error, respective-
ly (mean+S.E.D., n=6).

below 10 mM Na™, the amplitude decreased
and the frequency increased.

In brief summary the responses were different
below and above 10 mM Na™ and the rela-
tionship between the amplitude and the frequen-
cy was inversely related to each other.

Effect of extracellular Na™ on the slow wave

When the preparation was perfused with 100
mM Na* solution made replacing NaCl with
Tns - CI the membrane potential showed about
10 mV hyperpolarization and the amplitude of
slow wave was increased and frequency de-
creased (Fig. 4). The changes in configuration of
slow waves were potentiation in the spike com-
ponent and prolongation in the second compo-
nent. when perfused with normal Tyrode solu-
tion the preparation recovered to normal state,
showing depolarizing membrane potential, de-
creasing amplitude and increasing frequency.

When 100 mM Na™ solution was made by
replacing NaCl with sucrose, the resulting out-
come was similar to that of Tris-replacement in
that membrane potential became hyperpolarized
by 10 mV, but was different in that the ampli-
tude was unchanged (Fig. 5). It is unclear
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Fig. 4. Relationship between isometric tension and
membrane potential in the concentration of
100 mM Na' in the antral circular muscle
strip of guinea-pig stomach.

Isometric tension and membrare potential
were measured simultaneously using the con-
ventional glass microelectrode method. Upper
trace, isometric tension; lower trace, mem-
brane potential respectively in (A), (B), (C) and
(D) panels.

(A); control (B); 100 mM Na™* (C);
Na™ after 10 min (D);
Tyrode

100 mM
wash-out with normal

whether the amplitude change was real. There-
fore in the following experiments where Na™
-deficient solutions were made by replacing
NaCl with Tris - Cl, the data interpretation has
focused primarily on the change of slow wave
configuration and membrane potential.

In 50 mM Na™ solution the membrane poten-
tial was hyperpolarized by 5 mV and the ampli-
tude of slow waves increased and the frequency
decreased (Fig. 6). Note that potentiation in the
spike component and prolongation in the second
component became more marked than in 100
mM Na™ solution.
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Fig. 5. Relationship between isometric tension and
membrane potential in the concentration of
100 mM Na' in the antral circular muscle
strip of guinea-pig stomach (Sucrose replace-
ment).
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Fig. 6. The effects of 50 mM Na' on the contractile
and electrical activities in the antral circular
muscle strip of guinea-pig stomach.

(A); control (B); 50 mM Na' (C); 50 mM Na*
after 10 min (D); wash-out with normal Tyrode

In 10 mM Na™ solution the membrane poten-
tial either maintained nearly normal level or be-

1min
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Fig. 7. The effects of 10 mM Na' on the contractile
and electrical activities in the antral circular
muscle strip of guinea-pig stomach.

(A); control (B); 10 mM Na' after 10 min (C);
wash-out with normal Tyrode

came slightly depolarized, and the amplitude in-
creased while the frequency decreased (Fig. 7).
Potentiation in the spike component and pro-
longation in the second component were most
marked at this concentration. The two compo-
nents of the slow wave which became clearly
prominent evoked two component contraction in
contractile activity.

As Na™-free Tyrode solution was introduced
the membrane potential was hyperpolarized and
the first component was markedly prolonged
(Fig. 8). This brought about decrease in frequen-
cy. But after a few minutes the membrane
potential became depolarized with appearance of
some osclllatory electrical activities, which
seemed to be the second component. When
perfusion with normal Tyrode solution was done
again, the depolarization disappeared and the
first component was restored.

Effect of the change of extracellular Nat
concentration on the slow wave of the auton-
omic nerves

Introducing three neurotransmitter blockers,
the effect on the slow wave of autonomic
nerves ubiquitous in muscle layer of stomach
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Fig. 8. The effects of 0 mM Na' on the contractile
and electrical activites in the antral circular
muscle strip of guinea-pig stomach.

(A): control {B); 0 mM Na*® (C}); O mM Na*
after 9 min (D); 0 mM Na™ after 18 min (E);
wash-out with normal Tyrode

was analyzed as extracellular Na* concentration
was changed. The three blockers are 3 x 10~
’M tetrodotoxin, 5 X 10 °M guanethidine and 1
X 10 ®°M atropine. When the preparation was
perfused with normal Tyrode solution containing
3 blockers for 10 minutes particular changes
could not be found in slow waves. Thereafter it
was perfused with 100 mM Na™ solution con-
taining 3 blockers (Fig. 9). The observed changes
were hyperpolarization of membrane potential,
potentiation in the spike component and pro-
longation in the second component. These were
similar to former findings as in Fig. 4, which
were obtained in the absence of 3 blockers.
The response in Na*-free Tyrode solution
under the influence of 3 blockers was similar to
that in 100 mM or 50 mM Na* solution (Fig.
10): potentiation in the spike component, pro-
longation in the second component and de-
crease in frequency. These observations pre-

3 ¢
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W/NT 5 min 1min

Fig. 9. The effects of 3 blockers in the contraction
responses of 100 mM Na™ on the contractile
and electrical activities in the antral ciruclar
muscle strip of guinea-pig stomach.

3 blockers are tetrodotoxin (TTX) 3 X 10~ ’M,
guanethidine (GED) 5 x 107 °M and atropine
1T X 10 M

sented a striking contrast to the former findings
of Fig. 8, which showed more complicated re-
sults.

To find out which blockers made such a differ-
ence in response of Na* -free contracture, these
3 blockers were administered separately one af-
ter another (Fig. 11). When only tetrodotoxin
was treated as in Fig. 11(A) particular changes
could not be found; when guanethidine was tre-
ated as in Fig. 11(B) much reduction of the am-
plitude of both tonic and phasic contraction was
observed; when atropine was treated as in Fig.
11(C) the most marked reduction of the ampli-
tude of both tonic and phasic contraction was
observed.

DISCUSSION

The slow wave usually triggers repetitive spike
activity on top of the depolarization, and the
strength of the mechanical response is closely
related to the spike activity. So, the slow wave is
reflected well in the contraction. The overall ex-
periment results are represented in 100, 50, 10
mM Na* solutions. But in low Na* solutions
below about 10 mM, influences of autonomic
nervous system cannot be neglected and
another experiment has to be done.

In the concentration range above 10 mM Na™,
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Fig. 10. The effects of 3 blockers in the Na™ -free contracture on the contractile and electrical
activities in the antral circular muscle strip of guinea-pig stomach.
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Fig. 11. The comparison of the effects of 3 blockers
with one another in Na*-free contracture In
the antral circular muscle strip of guinea-pig
stomach.

neurotransmitter blockers had negligible influ-
ence on the slow wave and on the contraction.
This fact means that the findings obtained in this
concentration range is not from interaction of
nerve and muscle but from muscle tissue itself.
The findings in this range were potentiation of
the spike component, prolongation of the
second component, increase of the amplitude of
overall slow wave, decrease of frequency and

hyperpolarization of the membrane potential.
Smooth muscle cells have a relatively low rest-
Ing membrane potential in comparison with
heart muscle cells. In other words, sodium chan-
nels are open in relatively much fraction so that
sodium permeability is increased to some extent
at resting membrane potential. If extracellular
sodium concentration is decreased in step by
step fashion, the hyperpolarization of the mem-
brane ought to be increased theoretically to as
much extent as Goldman-Hodgkin-Katz equation
calculate. But, practical result indicates that the
amplitude of hyperpolarization is clearly in de-
creasing direction. Therefore it is probably more
correct to describe the membrane potential be-
coming depolarized rather than hyperpolarized as
extracellular sodium concentration decreased.
We cannot evaluate the degree of depolarization
quantitatively, and can presume that the ampli-
tude of the tonic component of contraction is
related to that of depolarization of slow waves.
For the present several hypotheses have been
proposed for the depolarization. First, Nat re-
moval increases calcium permeability by un-
known mechanism and this calcium influx into
the cell contributes to the membrane depolariza-
tion (Osa 1971). Second, Na* removal influ-
ences electrogenic ion pump to make mem-
brane depolarized, with consequent calcium in-
flux into the cell (van Breemen et al. 1977; Saka-
moto and Tomita 1982). Besides, Nat-Ca™ ™ ex-
change mechanism described in heart muscle
cells may have something to do with the de-
polarization (Reuter and Seitz 1968; Baker et al.
1969; Brading et al. 1980; Brading 1981). The
increase of the amplitude of slow waves is diffi-
cult to believe, because this observation is not
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found Iin sodium deficient solutions made by
sucrose replacement as well as in previous ex-
periment of T. Tomita (Tomita 1981) that was
performed using sucrose gap method. But the
configuration change of slow waves (potentiation
in the spike component and prolongation in the
second component) and decrease of frequency
are clear. These results are also found in experi-
ment of excess calcium solution, where con-
figuration changes of the slow wave and mem-
brane potential changes were measured as ex-
tracellular calcium concentration increased (Rhie
and Kim 1987; Ohba et al. 1977). From the
above lines of evidence, it can be suggested
that electrogenic Na®-Ca** exchange mechan-
ism 1s related to the generation of slow waves.

In solutions containing less than 10 mM Na™,
especially in Na* -free solution, the slow wave
became initially hyperpolarized and gradually
showed prolongation In the repolarizing phase
(falling phase) of the first component and subse-
guent decrease of frequency. After a few mi-
nutes the first component was lost and replaced
by persistent depolarization. On top of it certain
waves which seemed to be the second compo-
nent appeared in faster frequency. Exposure to
normal Tyrode solution brought about complete
recovery of slow waves showing repolarization
to resting membrane potential, reappearance of
the first component and decrease of frequency.
Here the depolarization by Na*® removal seems
to be a prolongation of the first component and
the osclillating activity on top of it the second
component. the depolarization dué to Na*t re-
moval is difficult to explain. It may be that an
increase in Ca*® conductance, an increase in
Cl conductance, a decrease in K* conductance,
suppression of the electrogenic Nat pump, or
some combination of these changes is responsi-
ble for the depolarization. However, contradic-
tory evidence exists for all (Tomita 1981).

To study the effect of autonomic nerves
which exist extensively in smooth muscle,
neurotransmitter blockers (tetrodotoxin,
guanethidine, atropine) were introduced. In nor-
mal Tyrode solution and in Na™-deficient solu-
tions containing more than 10 mM, the slow
wave did not display remarkable discrepancy be-
tween the responses in the presence and in the
absence of blockers. In Na™-deficient solutions
containing less than 10 mM the respor.se pat-

tern to Na™-deficient solutions containing three
blockers was basically identical with that to Na*
-deficient solutions containing more than 10
mM. Speculating from above results on Na*
-free contracture response it is assumed that
the three blockers facilitated repolarizing phase
of the first component. More specific effect can
be examined on the basis of inidividual drug ac-
tion. Tetrodotoxin (TTX) is a well known specific
Na*™ channel blocker. It seemed that the drug
had no effect at all and the response had no-
thing to do with Na* conductance. Guanethi-
dine(GED) or adrenergic neuron blocker, and
atropine or muscarinic receptor blocker, played a
major role in changing the response of Na™* -free
contracture. Guanethidine is a neuron blocker
acting on presynaptic neuron and atropine is a
receptor blocker acting on postsynaptic mem-
brane. Therefore, effects of these two neurot-
ransmitter blockers on receptor operated ion
channel can be different. The above results sug-
gest that Na* removal induced the release of
neurotransmitters from autonomic ganglia or
autonomic nerve terminals by unknown mechan-
iIsm and these neurotransmitters inhibited the re-
polarizing phase of the first component and this
effect was abolished by the action of guanethi-
dine and atropine. But we do acknowledge that
further experiments are needed to assure these
results.
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