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SUMMARY

1. Spontaneous spike activity and action potentials evoked by external
field stimulation were recorded, intracellularly and with the double
sucrose gap method, from the smooth muscle of guinea-pig taenia coli.

2. Replacement of external NaCl with sucrose (leaving 10 mM-Na in
the buffer) caused hyperpolarization and stopped spontaneous activity
within 10 min. Spikes could, however, be evoked for 2-3 hr. The ampli-
tude, the overshoot and rate of rise of the spike were increased.

3. In 10 mM-[Na]o the intracellular Na concentration was reduced from
35 to 24 mm, shifting the Na-equilibrium potential from + 34 to -22 mV.

4. Excess Ca (12-5 mM) caused hyperpolarization and increased mem-
brane conductance. The amplitude and the rate of rise of the spike were
increased, the threshold was raised and the latency of the spike evoked by
threshold stimulation became shorter.

5. The effect of reducing the external Ca concentration depended on the
Na concentration present, being greater with higher external [Na]o. When
the membrane was depolarized and spikes deteriorated in low Ca (0-2-
0*5 mm) reduction of Na to 10 mm caused repolarization and recovery of
the action potential.

6. Mn (0-5-1*0 mm) blocked spontaneous spike discharge after 20 min.
Higher concentrations (more than 2X0 mm) were required to block the
evoked action potential.

7. The results indicate that the smooth muscle spike in taenia is due to
Ca-entry and that Na influences spike activity indirectly by competing
with Ca in controlling the membrane potential.

INTRODUCTION

The amplitude of the action potential in the smooth muscle of guinea-
pig taenia coli is relatively insensitive to the external Na concentration.
However, a contribution of Na has been suggested by the findings that
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the rate of rise of the action potential is reduced by reducing the external
Na concentration, and when it is less than 5 mm activity is lost (Holman,
1958; Btilbring & Kuriyama, 1963). Since the observations have been
made on the spontaneously occurring spike, it is possible that the reduc-
tion of the rate of rise is due to an impairment of spike propagation and
that the loss of the activity is due to the abolition of the pace-maker
potential in low-Na-solution.

Bulbring & Kuriyama (1963) postulated that Ca ions may replace Na
and carry the charge to generate the action potential in the absence of Na.
The possibility of a 'Ca spike', even in the normal solution, has been con-
sidered based on the facts that tetrodotoxin is ineffective in blocking the
spike (Nonomura, Hotta & Ohashi, 1966; Kuriyama, Osa & Toida, 1966;
Bulbring & Tomita, 1967), that Ba is capable ofsubstituting Ca for the spike
and that Mn suppresses the spike (Nonomura et al. 1966; Hotta & Tsukui,
1968; Bulbring & Tomita, 1968b, 1969 a), because these findings are similar
to those on the crustacean muscle whose spike is due to the entry of Ca
(Fatt & Ginsborg, 1958; Hagiwara & Naka, 1964; Hagiwara & Nakajima,
1966).
In the present experiments the spike mechanism was further investi-

gated mainly by intracellular recording of action potentials evoked by
external field stimulation (Tomita, 1966; Abe & Tomita, 1968) in low
external Na (NaCl substituted with sucrose). The intracellular Na con-
centration was determined in the same condition. Some experiments were
carried out with the double sucrose-gap method (Biilbring & Tomita,
1969a).
The results have led to the conclusion that the spike in taenia coli is

mainly due to Ca entry and that Na influences the spike indirectly through
competition with Ca in controlllng the membrane potential.
Some of the results have been communicated to the Physiological Society

(Brading & Tomita, 1968).

METHODS

Intracellular and external recording was used for electrophysiological investigations.
The arrangement for intracellular recording and external stimulation has been described
by Abe & Tomita (1968). In this method the absolute intensity of the applied current could
not be measured. In the records, therefore, only relative values of intensity are shown in
the upper tracing. The double sucrose-gap method was used for external recording, as
described by Bulbring & Tomita (1969 a). All experiments were carried out at 370 C.

Ion contents were estimated by the methods described by Casteels & Kuriyama (1965).
The fresh weights of the tissues were determined immediately after dissection, and the wet
weights after equilibration with the bathing solution. The ratio of Na to K in the standard
solution for flame photometry was matched to that in the tissue in order to avoid errors due
to interaction of these ions in the flame.
The ionic composition of the solutions used is given in Table 1. The normal solution in
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most experiments was Krebs solution (A); sometimes Locke solution (B) was used. When
the NaCl was reduced it was replaced with sucrose (154 mM-NaCl is isosmotic with 292 mM-
sucrose). The buffer was sometimes kept constant, as in solution (C), or a part of NaHCO3
was replaced with 5-9 mM-KHCO3, omitting KCI and NaH2P04, and leaving about 10 mM-
Na in the solution (D). In Locke solution containing zero Na, NaHCO3 was replaced with
KHCO3 (E). Further changes in the ionic composition, introduced in the course of an experi-
ment, are mentioned in the description of results.
For the studies by intracellular recording of the effect of excess Ca on the electrotonic

potential, hypertonic solution (F) was used in order to suppress spontaneous activity
(Tomita, 1966). The Krebs solution was made twice hyperosmotic by adding 292 mM-
sucrose. NaH2PO4 was omitted to prevent Ca precipitation; this had no effect in the presence

TABLE 1. Ionic composition (mM)
02/CO2

Solution Na K Ca Mg Cl HCO3 H2P04 Glucose (%)
(A) Krebs 136-9 5-9 2-5 1-2 133-6 15-4 1-2 11-5 97/3
(B) Locke 155-8 5-6 2-2 161-8 1-8 5-6 100/0
(C) Low Na 25 5 9 2-5 1-2 21-7 15-4 1-2 11-5 97/3

Krebs
(D) Low Na 9-6 5*9 2-5 1-2 7-4 15-4 11-5 97/3

Krebs
(E) Zero Na - 5-6 2-2 8-2 1-8 5-6 100/0

Locke
(F) Hyper- 135-7 5-9 2-5 1-2 133-6 15-4 11-5 97/3
tonic Krebs
(G) Tris- 120-3 5-9 2-5 1-2 150-2 - - 11-5 10010
buffered Krebs

of a normal Ca concentration. When Mn was applied in some experiments Krebs solution
with tris (-hydroxymethyl aminomethane) buffer (16-7 mm) instead ofNaHCO8 and NaH2PO4
was used (G) in order to prevent precipitation of Mn, in other experiments Locke solution
,"wvas used. There was no essential difference between the Mn effects in tris-buffered Krebs
and Locke solution.

RESULTS

Effects of low Na
Action potential. Since the taenia is normally spontaneously active, the

shape of the evoked action potential recorded in normal solution varies
with the interval from the preceding spontaneous spike. For this reason
the spontaneous spikes in normal Krebs solution A (Fig. la, d) were com-
pared with evoked spikes in low sodium solution D (Fig. 1 b, c, e). When
the NaCl was replaced with sucrose, leaving 10 mM-Na contained in the
buffer, the membrane was hyperpolarized by about 10 mV and spon-
taneous spike activity stopped after about 10 min. However, spikes were
easily evoked by a depolarizing current pulse, even after 2 or 3 hr exposure
to a low Na solution.

In low Na, the spike amplitude was larger and the rate of rise was faster
than in the normal solution. The maximum rate of rise was increased from
7 to 13 V/sec. The overshoot was usually increased by more than 10 mV
and the amplitude, measured from the resting potential, often exceeded

41 Phy. 200
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80 mV. This was not simply due to the hyperpolarization of the membrane,
because conditioning depolarization scarcely affected the overshoot of the
spike as shown in Figs. 1 and 2.
The records shown in Fig. 2 were taken in 10 mm-Na (solution D) with

(b, d) and without (a, c) conditioning depolarization. Neither the rate of

a b c

FU __=_ n~~~~~~~~~~~~~~-5-0 mV
50 msec

Fig. 1. Effects of a low external Na concentration on the action potential. Spon-
taneous spikes recorded intracellularly in normal Krebs solution, A. with (a) slow
sweep and (d) fast sweep. After 1 hr in 10 mm Na solution, D (sucrose substitution),
the spike was evoked by externally applied current in (b) by a 600 msec pulse
taken at slow sweep speed, in (e) evoked by a 75 msec pulse and taken by fast sweep.
(c), Spike evoked during conditioning depolarization. Upper trace shows zero
potential level and relative current intensity (in b, c and e). Note hyperpolarization
of the membrane, suppression of spontaneous activity, increase in amplitude and
rate of the spike in low Na. Also note little change in overshoot by conditioning
depolarization.

rise nor the overshoot of the spike was affected by conditioning depolariza-
tion.
The spikes in low Na solution shown in Figs. 1 and 2 were evoked by long

current pulses so that stimulating current was flowing during the spike.
However, the spikes evoked by short current pulses (5-10 msec) had the



SMOOTH MUSCLE ACTION POTENTIAL
same shape and height. When the intensity of long current pulses was
increased, the peak of spike remained more or less at the same level, as
seen in the top records of Fig. 3. A constant spike amplitude, independent
of stimulating current intensity, was also observed in normal Na solution
(Tomita, 1966) and may indicate that the membrane resistance is very
much reduced during the spike.

10 mM-Na

c

b

- 50 msecd

0

-50 mV

5 sec
Fig. 2. Effects of conditioning depolarization on the evoked spike in low Na
(10 mm, solution D). (a) and (c): spike evoked by a short current pulse (65 msec),
(b) and (d): with preceding conditioning depolarization (300 msec). Upper trace
shows zero potential level and relative intensity of applied current. Note little
effect of conditioning depolarization on amplitude and rate of rise of the spike.

Ion content. The intracellular ionic composition was determined after
1 hr incubation in Krebs solution and in 10 mM-Na Krebs solution. The
results are summarized in Table 2. In this table it is assumed that all ions
and water are free in the cell. WVhen the external Na concentration was
reduced from 126 to 10 mm, the intracellular K concentration was in-
creased from 184 to 234 mm because of a loss of cell water. The intracellular
Na concentration fell from 35 to 24 mm. The equilibrium potential for
Na was, therefore, shifted from + 34 mV to -22 mV.

41-2

641



642 ALISON BRADING, EDITH BULBRING AND T. TOMITA

0o oo

1+

00
0 c~

0-01~ ~ +

_ o n

4. 0 I+

0 C)

00

0 Os_

00 r-

_'4

X s O b0

_ ;

K;9° t-0

g ° 8 A o.>
S X e ""~~~'4



SMOOTH MUSCLE ACTION POTENTIAL

Spontaneous activity. When the NaCl was reduced to less than 25 mm by
replacing it with sucrose, the spontaneous spike activity usually stopped
within 10-15 min. In most experiments, spontaneous activity remained
absent and only occasionally spontaneous spikes reappeared at a very slow
frequency (e.g. 1 in 10 sec). However, repetitive spikes could be evoked
by applying a sustained depolarizing current as shown in Fig. 3 (top
records). The spike amplitude remained more or less the same even during
strong depolarization which produced spikes at a frequency higher than
that of the spontaneous spikes in normal solution.

3 10 rimM-Na 6 mrm-K

iFikllLii
b c

50

25 mnm-Na 25 mm-Na 5 sec
6 mm-K 15 mm-K

Fig. 3. Repetitive spike activity recorded intracellularly in Krebs solution con-
taining low Na. (a): responses to depolarizing current pulses (3 sec duration) of
increasing intensity (monitored in upper trace) in 10 mM-Na and normal K (6 mM,
solution D); (b): evoked spike in 25 mM-Na and normal K (6 mM, solution C, no
spontaneous activity). After the evoked spike, electrode came out of the cell; (c):
spontaneous spikes in low Na (25 mM) produced by excess K (15 mM). For further
description, see text.

Spontaneous spikes were also produced in low Na solution when the
membrane was slightly depolarized by increasing the external K concentra-
tion (Fig. 3, bottom records). In this condition the spike amplitude was
slightly reduced.

Effect of excess Ca
In experiments with the double sucrose-gap method it has been found

that excess Ca reduces the membrane resistance (Biilbring & Tomita,

643
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1968a, 1969 b). In the present experiments this effect was further investi-
gated by intracellular recording in Krebs solution made twice hypertonic
with sucrose.
The records shown in Fig. 4 were obtained at 03 mm distance from the

nearest stimulating electrode. WVhen the external Ca concentration was

25 mM-
Ca

12 5 mM-
Ca

25 mM-
Ca

0

5O mV

Fig. 4. Effect of excess Ca (12-5 mM) in Krebs solution of twice normal osmolarity
by addition of sucrose (292 mM). Intracellular records ofresponses to current pulses
of increasing intensity. All records were taken from the same cell at 03 mm distance
from the nearest current supplying electrode. (a-c): records of hyperpolarization
and (d-f): depolarization. Top: in normal Ca (2.5 mM), solution F. The strongest
depolarizing current produced a spike. Middle: in 12 5 mM-Ca. No spike was evoked
due to a higher threshold. Bottom: recovery in normal Ca. Note reduction of
amplitude and shortening of time course of the electrotonic potentials by excess Ca.
The graph shows current-voltage relations in the presence of 2-5 mm and 12-5 mm-
Ca. Ordinates: mV; abscissae: current intensity in arbitrary units (see Tomita,
1966; Abe & Tomita, 1968). Filled and open circles: in 2-5 mm-Ca; crosses: in
12-5 mm-Ca.
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increased from 2-5 to 12-5 mm the membrane was hyperpolarized by about
5 mV. The size of the electrotonic potential was decreased by about 20%
(Fig. 4), indicating a reduction of the membrane resistance, since excess
Ca had no measurable effect on the longitudinal tissue impedance (T.
Tomita, unpublished observation). A decrease in the membrane resistance
was also suggested by a faster time course of the electrotonic potential in

-50 mV

b

£50 mV

0N']~~~~~~~~-50mV
500 msec,

Fig. 5. Effect of excess Ca (12.5 mM) on subthreshold and threshold responses,
obtained in twice hyperosmotic solution. Top and bottom: in normal Ca solution F;
middle: in excess Ca. Note the shape of the subthreshold response, the increase in
threshold and amplitude of the spike, and the short latency in excess Ca.

a solution containing excess Ca. The time to reach 84% of the steady level
was shortened by about 30 %.

Excess Ca increased the amplitude and the rate of rise of the spike as
observed on the spontaneous spikes in the normal Krebs solution (Holman,
1958; Biilbring & Kuriyama, 1963). Excess Ca also increased the threshold,
partly as a result of the membrane hyperpolarization and partly due to a

645



646 ALISON BRADING, EDITH BULBRING AND T. TOMITA
shift of the firing level towards a more positive inside potential (Fig. 5).
In the presence of a normal Ca concentration the latency could easily be
more than 200 msec at threshold stimulation, while in the presence of
excess Ca it was relatively short (less than 100 msec).

0

-50 nlv

5 sCC 50 rnsec
Fig. 6. Effects oflow Ca in the presence ofa low external Na concentration (10 mM).
(a): spontaneous spikes recorded intracellularly in normal Krebs solution, A, at
two different sweep speeds; (b): evoked spikes after 30 min in 10 mm-Na solution,
D; (c): evoked spikes after 10 min and (d): after 40 min in 0-2 mm-Ca and 10 mm-
Na. Note increase in rate ofrise and amplitude of the spike in low Na and decrease
after reducing Ca.

Effect of low Ca and low Na
Fig. 6 shows the effect of reducing Ca in a solution containing low Na

(10 mM). Spontaneous spikes were recorded in normal Krebs solution,
A (a). Low Na, solution D, increased the amplitude and the rate of rise of
the spike (b). When the Ca concentration was then reduced from 2*5 to
0-2 mM the amplitude of the spike was gradually decreased from 77 to
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62 mV with only a small depolarization (less than 5 mV) of the membrane
(c, d). The rate of rise was also reduced from 13 to 6 V/see, and the spike
duration became longer. Conditioning hyperpolarization (up to 10 mV
and 3 sec) of the membrane only slightly improved the spike in low Ca
solution.

Figure 7 shows the effect of reducing Na in a solution coutaining low Ca.
Spontaneous spikes were recorded in normal Krebs solution, A (a, e). When

a c d

ef g 1 ssec

- -~~~~~~~~~~~~~~~~~~~~~~~~~50 my1.

100 mlsec

Fig. 7. Effects of reducing Na after the preceding exposure to low Ca. Intra-
cellular recordings (a) and (e): spontaneous spikes in normal Krebs solution, A, at
two different sweep speeds; (b) and (f): in 0-5 mm-Ca solution containing normal
Na; (c): 5 min and (d, g, h): 30 min in 15 mM-Na and 0-5 mM-Ca. Note recovery of
amplitude and rate of rise of the spike by reducing Na concentration in the presence
of low Ca.

the Ca concentration was reduced to 0 5 mm in Krebs solution containing
the normal Na concentration, the membrane was depolarized by about
1OmV and the spike became small (Fig. 7 b, f) as previously reported
(Holman, 1958; Biulbring & Kuriyama, 1963). Thus, the effect of reducing
Ca was much greater in the presence of the normal Na concentration than
with low Na (see Fig. 6). Moreover, when the external Na concentration
was now reduced to 15 mm keeping the Ca concentration low, the membrane
was gradually repolarized, the spike frequency became low and the ampli-
tude of the spike was increased (c). The spontaneous activity finally
stopped after further repolarization (d). In this condition, a spike with
nearly normal amplitude and rate of rise could be evoked by depolarizing
current (g, h).
The records shown in Fig. 8 were obtained with external recording using

the double sucrose-gap method (Builbring & Tomita, 1969 a). In this
experiment depolarizing and hyperpolarizing current pulses of constant
intensity were applied throughout. Therefore, a change in the size of the

647
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electrotonic potential indicated a change in the membrane resistance. The
tissue had been set up in Locke solution, B. When it was exposed to zero
Ca solution, but maintaining the normal Na concentration, the membrane
was depolarized, it lost all activity, and the membrane resistance became
very low (Btilbring & Tomita, 1968b, 1969 b). This condition is shown in the

a

0-Na

b

0.2 mm-Ca

c e

d e r ^ ,<]~~~~~~~~~~~~20 mV
t -0 mm-Ca , 1 min _

Fig. 8. External recording with double sucrose-gap method. Constant current pulses
with alternating polarities (3 sec duration, every 10 sec) applied throughout. (a):
state of depolarization and low membrane resistance after 15 min exposure to
Locke solution containing zero Ca. At arrow, removal of Na (sucrose substitution,
i.e. solution E, but without CaCl2) causing hyperpolarization and recovery of
membrane resistance. (b): after 7 min in zero Na and zero Ca, at arrow: 0 2 mM-Ca
added. (c) and (d): continuous records following (b). (e): after 20 min in 0-2 mm-Ca
and zero Na, at arrow, 1 mM-Ca added. Note recovery of spike activity by 0-2 mm-
Ca but suppression of spikes by 1 mM-Ca in zero Na.

beginning of the top record (a). When now Na was also removed (at arrow
replacement ofNaCl with sucrose, K-buffer), the membrane was repolarized
and the membrane resistance was increased as seen in the larger electro-
tonic potentials (a) even though the solution still contained zero Ca. In
(b), after addition of only 1/10 of the normal Ca concentration, still in the
absence of Na in the external solution, spike activity returned (b to e) and
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the membrane resistance increased. Further increase of the Ca concentra-
tion to 1 mm already suppressed the spontaneous activity (e) and, as the
membrane was hyperpolarized, the electrotonic potential became smaller.
(This stabilizing effect was similar to that produced by lowering the
Na concentration in a solution containing the normal Ca concentration.)
If either a strong depolarizing current pulse or conditioning depolarization
was applied, the spike could be evoked even though no Na was present
(Biilbring & Tomita, 1969 a).

Effects of Mn
Using external recording, Nonomura et al. (1966) have shown that

0'5 mM-Mn abolishes the spontaneous spike activity very rapidly, i.e.
within seconds. Builbring & Tomita (1968b, 1969 b), also using external
recording, have reported that the onset is somewhat slower: 0 5 to
1 mm-Mn blocked the spontaneous spikes within 1 min, but a spike could
be evoked by an outward current pulse.

In the present experiments, using intracellular recording, it was found
that the block of the spontaneous spike was much slower than that
observed by external recording. This difference may be partly due to
differences in experimental conditions, e.g. the degree of stretch of the
tissue, and the speed at which the final Mn concentration was reached.
Desynchronization of the spikes in fibre bundles of the tissue may be
another factor reducing activity when it is recorded externally.

Figure 9 shows the effects of 0-5 mM-Mn in tris-buffered Krebs solution,
G. Normal spontaneous activity is shown in (a). When Mn was applied,
the first effect was an increase in spike duration and slowing of the fre-
quency of discharge (b, c). The membrane was gradually depolarized by
10-15 mV, the slow depolarization (pace-maker potential) between the
spikes developed clearly, but the activity became irregular, the spikes
being blocked occasionally (d, e). Usually, it took more than 20 min for the
spontaneous activity to stop. However, spikes could be evoked by applying
depolarizing or hyperpolarizing current, (f), although the amplitude and
the rate of rise of the spike were less than in normal solution.
With a higher Mn concentration (1 mM), the block of spontaneous

activity appeared more quickly (within 10-15 min). However, the spike
could still be evoked by depolarizing current, especially during conditioning
hyperpolarization (Fig. 10). If the concentration was further increased to
more than 2 mm, the evoked spike was also abolished.

649
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200 msec

0

-50 mnV

5 sec

Fig. 9. Effect of Mn (0.5 mM). Intracellular records. (a): spontaneous activity in

tris-buffered Krebs solution, G; (b): after 8 min exposure to 0-5 mM-Mn; (c): super-

imposed spikes of (a) and (b) with fast sweep; (d): after 15 min.; (e): after 25 min
exposure to 0-5 mM-Mn; (f ): block of the spontaneous spike after 40 min exposure,

but evoked activity by depolarizing and hyperpolarizing current pulses. Note

gradual change in spike shape and frequency in Mn solution.

a Corntrol b rlm-Mn, 10 min

lhfr-S mV

El i ~~~~~~~~~~~~~5omv
c 1 mM-Mn, 1 hr 5 sec

Fig. 1O. Effects of Mn (1 0 mM). Intracellular records. (a): spontaneous activity in
normal Locke solution, B; (b): after 10 min exposure to 1 mM-Mn; (c) spikes evoked
by current pulses, with and without conditioning hyperpolarization, after 1 hr
exposure to 1 mM-Mn.

f
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DISCUSSION

In previous experiments the effects of Na deficiency have been studied
on the spontaneous spike activity with either choline-chloride (Holman,
1958) or tris-chloride (Biilbring & Kuriyama, 1963) as substitutes for NaCl.
In choline chloride solution (5-20 mM-Na), the spontaneous activity was
maintained at normal frequency for 100 min, the amplitude and the rate
of rise both being reduced. In tris-chloride solution (14 mM-Na), the mem-
brane was slightly depolarized after an initial hyperpolarization, the spike
amplitude was also slightly decreased, and the maximum rate of rise was
reduced from 8 to 5 V/sec. Spontaneous activity was maintained for
30-60 min.
In the present experiments NaCl was substituted with sucrose. The

membrane was hyperpolarized, spontaneous activity stopped, and the
amplitude and rate of rise of the evoked spike was increased for more than
100 min in the presence of low Na (10 to 15 mM).

Since replacement of Cl with a large anion depolarizes the membrane
(Kuriyama, 1963), the hyperpolarization in sucrose solution is not due to
a lack of Cl. It is more likely due to a lack of Na, or to a loss of water
causing an increase of the internal K concentration, or to a reduction of
the ionic strength, which might increase Ca binding in the membrane
(Liittgau & Niedergerke, 1958).
The block of spontaneous activity in low Na (sucrose) solution is prob-

ably a result of the membrane hyperpolarization, not a direct result of the
Na-deficiency, because depolarization produced either by current applica-
tion or by excess K initiated repetitive firing of the spike.
A definite conclusion regarding the spike mechanism can as yet not be

drawn from the present experiments. There are still two possibilities to
explain the results, although the first is more likely. First, there is the
possibility that the Na-contribution to the spike is not substantial and the
normal spike is due to Ca-influx. Choline and tris have an effect of their own
reducing the amplitude and the rate of rise of the spike, since this is not
seen in sucrose solution. It is possible that spontaneous activity stops in
low Na solution because the slight hyperpolarization affects the spike con-
figuration and thus delays or blocks the spike propagation at the branching
of the muscle bundles (Tomita, 1967).

Secondly, there is the possibility that Na carries part of the total current
during the spike. When sucrose is used asNa substitute, Ca in the membrane
is increased and potentiates the regenerative process of the spike, as in
excess Ca solution (Frankenhaeuser & Hodgkin, 1957). This potentiation
overcomes the effect of Na deficiency.

Nevertheless, the Na contribution to the spike is, if any, probably rather
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small, because not only are the overshoot and the rate of rise of the spike
actually increased in low Na solution, but the spike can also be evoked in
zero Na solution containing Ca. These observations suggest strongly that
the spike in the taenia is due to Ca entry. Bennett (1967) has also reached
the conclusion that in the guinea-pig vas deferens part of the current
responsible for the rising phase of the spike is carried by Ca, as a result of
observing the effects of Na and Ca on the spike. It is not possible to esti-
mate the free intracellular Ca2+ in smooth muscle, but, if it is similar to
other muscles, it is probably less than 10--10-7 M (Caldwell, 1968). The
calcium equilibrium potential in normal solution (2-5 mM) would then be
over 100 mV.

There is considerable evidence supporting the idea that Ca is the main
ion involved in the spike mechanism in the taenia.

(1) In low Na solution (10 mM), the intracellular Na concentration is
only reduced from 35 to 24 mm, thus reversing the equilibrium potential
from +34 to -22 mV, while the overshoot is increased from + 10 to
+ 20 mV. It is likely that some intracellular Na is bound, so that the free
Na ion concentration in the cell is actually lower than 24 mm. However,
it is unlikely that external Na reduction decreases the intracellular Na so
much that the concentration gradient becomes actually larger than before
and causes an increase of the overshoot of the spike.

(2) In low Na solution (which increases the spike amplitude and rate of
rise) Ca deficiency causes only a small depolarization but decreases the
amplitude and rate of rise of the spike considerably, suggesting an increase
in Ca-permeability during the spike. The results of the present experiments
are not sufficient to analyse the parameters of the spike quantitatively in
relation to the external Ca concentration. The increase in the spike ampli-
tude and the rate of rise in low Na solution, and the decrease in low
Ca solution, are more than can be explained by the shift of the membrane
potential, because conditioning depolarization or hyperpolarization have
much less effect.

(3) The following observations are similar to those made in crustacean
muscle (Fatt & Ginsborg, 1958; Hagiwara & Naka, 1964; Hagiwara &
Nakajima, 1966) whose spike is due to Ca entry: (a), ineffectiveness of
tetrodotoxin on the spike (Kuriyama et al. 1966; Nonomura et al. 1966)
although it blocks the electrical response produced by nervous elements
in the muscle (Bulbring & Tomita, 1967), (b) spike generation in Ca-free
solution containing Ba (Hotta & Tsukui, 1968; Bulbring & Tomita,
1968b, 1969c), (c) suppression of the spike by Mn (Nonomura et al. 1966;
Bulbring & Tomita, 1968b, e).
The effect of reducing the external Na concentration is similar to that of

increasing the external Ca concentration on the membrane potential and
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on the spike. The degree of depolarization in low or zero Ca solution depends
on the external Na concentration, suggesting an increase ofNa conductance
of the membrane in low Ca solution. Therefore, it is likely that Na influences
the spike activity indirectly through competition with Ca as in the cardiac
muscle (Liittgau & Niedergerke, 1958; Niedergerke & Orkand, 1966); or
by competing with Ca in the control of the membrane potential.

This work was supported by a grant from the Medical Research Council (G. 964/340/B).
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