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Smooth muscle cells of the guinea pig u re te r  were studied by the double sucrose  gap method. 
An increase  in the ca lc ium ion concentration in the Ringer,-~ Locke solution to 22 mM led to hy- 
perpolar izat ion and to a slight increase  in the res is tance  of the membrane.  The amplitude of 
the f i rs t  spike potential and the height of the plateau were lowered but the amplitude of the os-  
cillations was increased.  In sod ium-f ree  Ringer--Locke solution, when the action potential in 
the smooth muscle cells of the ure ter  was converted into a simple spike potential, a marked 
increase in amplitude of the action potential was observed with an increase  in the calcium ion 
concentration. 
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The smooth muscle cells of the ure ter  (SMCU) of guinea pigs have a compound action potential (AP) which 
consis ts  of the f i rs t  spike potential and plateau on which oscillations are superposed. The AP plateau is ob- 
served only if sodium ions are present  in the surrounding solution whereas the spike potential and the osci l la-  
tions on the plateau disappear  if calcium ions are  removed [2, 4, 11]. 

It was accordingly decided to investigate the dependence of the spike potential and oscillations on the ex- 
ternal calcium ion concentration and also to study the effect of an increase  in the calcium ion concentration on 
the membrane  res i s tance  and contract i le  activity of the SMCU. 

E X P E R I M E N T A L  M E T H O D  

Segments cut from the middle par t  of the guinea pig ure ter ,  15-20 mm long, were studied by the double 
sucrose  gap method [1, 7]. To record  e lect r ical  potentials and stimulate the muscle cells,  chlorided si lver  
e lect rodes  were used. The muscles  were stimulated by single square pulses f rom 1 to 3 ~A in strength and 
1-3 sec in duration. Contact between the e lect rodes  and muscles  was effected through agar bridges.  The or ig -  
inal Ringer--Locke (RL) solution had the following composition (in mmole s / l i t e r  double-disti l led water): 
NaC1 154.0, NaHCO 3 1.8, KCI 5.6, CaC12 2.2, glucose 5.6. In the sodium-free  RL solution the NaCI was r e -  
placed by sucrose  and the NaHCO 3 by KHCO 3 (RLS solution). The calcium ion concentration in the surrounding 
solution was increased by the addition of the appropriate amount of calcium chloride to the RL and RLS solu- 
tions. 

E X P E R I M E N T A L  R E S U L T S  

An increase in the calcium ion concentration in the RL solution to 5, 11, and 22 mM led to hyperpolar -  
ization of the membrane by 1-2 mV, a slight increase in the input res is tance,  and an increase  in the threshold 
of excitation (Fig. 1, I). Hyperpolarizat ion and the increase  in membrane  res i s tance  following an increase  in 
the calcium ion concentration also are observed in the annular smooth muscles  of frogs [3]. Meanwhile, in 
experiments  on the ra t  portal  vein [6], an increase in the concentration of calcium ions leads to hyperpolar iza-  
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Fig. 1. AP, contraction, and electrotonic potentials (AET) in guinea pig SMCU in response to an 
increase in the calcium ion concentration in RL and RLS solutions. I: a) Above: catelectrotonus 
(CET), AP, and contraction of SMCU during action of depolarizing current in RL solution; below: 
anelectrotonus (AET) in response to action of hyperpolarizing current; b, c, d) the same, with in- 
crease in calcium ion concentration to 5, 11, and 22 raM, respectively. Strength of stimulating 
current everywhere the same. Here and in Figs. 2 and 3: upward deflection of beam, depolariza- 
tion; downward, hyperpolarization. If- a) CET, AP, contraction, and AET of SMCU in RLS solu- 
tion; b, c, d) the same, during increase in calcium ion concentration to 5, 11, and 22 raM, respec- 
tively. Strength of stimulating current in a, b, and c i the same; in c2 and d I twice; and in d 2 three 
times as strong. 

tion and to a decrease in the membrane resistance. This could indicate that with an increase in the calcium 
ion concentration mainly a decrease in the permeability to sodium ions is observed in the smooth muscles of 
the guinea pig ureter and the frog stomach, whereas in the rat portal vein there is an increase in permeability 
predominantly for potassium ions. Opposite results have been obtained on the guinea pig taenia coll. Accord- 
ing to some observations [ 5], hyperpolarization in response to an increase in the calcium ion concentration is 
accompanied by an increase in the membrane resistance and is connected with a reduction in permeability for 
sodium ions, whereas other workers [8, 10] explain the membrane hyperpolarization by an increase in permea- 
bility for potassium ions. 

The changes in AP of SMCU with an increase in the calcium ion concentration in the RL solution were of 
the following character: The amplitude of the first spike potential in most experiments was reduced compared 
with initially (Figs. 1, I and 3A). The amplitude of the AP plateau was reduced, whereasthe amplitude of the 
oscillations was increased (Figs. 1, I and 3B). The amplitude of contraction during an increase in the calcium 
ion concentration in the RL solution depended on the number and frequency of oscillations on the AP plateau 
(Fig. 1, I). 

It is interesting to note that after rinsing the SMCU with normal RL solution, when the calcium ion con- 
centration in the surrounding solution fell sharply, an increase in the amplitude of the first spike potential and 
an increase of 2-2.5 times in the duration of the plateau were observed in the course of 2-3 rain (Fig. 2, IIc). 

The results of this series of experiments (the increase in amplitude of the oscillations, decrease in am- 
plitude of the first spike potential, decrease in amplitude of the plateau) thus indicate that with an increase in 
the calcium ion concentration in RL solution complex changes take place in the shape of AP of the SMCU. 

Meanwhile, in the smooth muscle cells of the taenia coli, which possess a simple spike AID, the amplitude 
of AP depends on the external calcium ion concentration [ 8-10]. In SMCU, AIm also acquires the shape of sim- 
ple spike AP on the removal of sodium ions from the surrounding solution [2, 4, 1i]. 

In the next series of experiments the effect of an increased calcium ion concentration on AP generation 
by SMCU was therefore investigated in sodium-free solution (RLS). The removal of the sodium ions and most 
of the chlorine ions from the surrounding solution led to depolarization of the membrane by 8-10 mV, an in- 
crease in the membrane resistance of the SMCU, the appearance of spontaneous activity, and conversion of the 
complex AP of SMCU into a simple spike potential. 
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Fig. 2. AP, CET, and contract ion of SMCU of guine a pig with increase in calcium ion concent ra-  
tion in RL and RLS solutions and af te r  pre l iminary  hyperpolar izat ion of SMCU membrane.  I: a) 
CET, AP, contraction,  and AET of SMCU in RL solution; b) the same during exposure to Ca 2+ in 
a concentrat ion of 22 raM; c) the same, after r insing with RL solution (2rid rain); d) CET, AP, ), 
and contract ion of SMCU in RL solution after  pre l iminary  membrane hyperpolarization.  Strength 
of stimulating cur ren t  in a, b, and c the same;  in d doubled. B. II: a) CET, AP, contraction, and 
AET of SMCU in RLS solution; b) the same during exposure to Ca 2§ in concentrat ion of 22 raM; 
c) CET, AP, and contract ion of SMCU in RLS solution after pre l iminary  membrane  hyperpolar iza-  
tion. Strength of stimulating cur ren t  in a and b 1 the same; in b 2 and c doubled. 
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Fig. 3.  Change in amplitude of AP of SMCU 
depending on calcium ion concentration in RL 
and RLS solution. A. Change in amplitude 
of f i rs t  spike potential of SMCU with an in-  
c rease  in calcium ion concentrat ion in RL 
solution. Horizontal line shows amplitude of 
f i r s t  spike potential in RL solution with a 
normal  calcium ion concentrat ion (2.2 raM), 
taken as 100%. B. Change in amplitude of 
oscil lat ions of SMCU with increase  in calcium 
ion concentration in RL solution. Horizontal 
line shows amplitude of oscil lat ions in RL 
solution with normal  calcium ion concentrat ion.  
C. Change in amplitude of AP of SMCU with 
increase  in calcium ion concentration in RLS 
solution. Horizontal line shows amplitude of 
AP in RLS solution with normal  calcium ion 
concentration.  Abscissa,  calcium ion concen-  
trat ion (in mM) ; ordinate, amplitude of AP (in%). 

Increas ing the calcium ion concentration in the RLS solution to 5.0, 11.0, and 22.0 mM was accompanied 
by membrane hyperpolarizat ion of SMCU by 3-5 mV, a decrease  in membrane  res is tance,  an increase in the 
threshold of excitation, and a considerable increase in the amplitude of the spike potential (Fig. 1, II and Fig. 
3C). 

The decrease  in the membrane res is tance  of SMCU with an increase in the calcium and chlorine ion 
concentrat ions in the RLS solution can evidently be explained by an increase  in membrane  conductivity as a 
resul t  of the increase in the total ion concentration in the solution. 

Despite the increase in amplitude of AP with an increase in the calcium ion concentration, the amplitude 

618 



of contract ion was unchanged (Fig. 1, Ia-c). Only with the appearance of secondary AP at catelectrotonus was 
an increase  in the contract i le  response observed (Fig. 1, IIc2). 

Since an increase  in the calcium ion concentrat ion in the RL and RLS solutions was accompanied by hy- 
perpolar izat ion of the SMCU membrane ,  it was neces sa ry  to discover  how membrane  hyperpolarizat ion itself 
affected the shape and amplitude of AP. 

As Fig. 2, Id shows, in RL solution pre l iminary  hyperpolar izat ion of the SMCU membrane increases  
mainly the amplitude of the f i rs t  spike potential and, to a l e s se r  degree,  the amplitude of the oscillations,  and 
it also very  slightly shortens the duration of the AP plateau and increases  its amplitude. As was stated above 
and as will be seen in Fig. 2, Ib, the changes in AP with an increase  in the calcium ion concentrat ion in RL 
solution were of a different charac ter .  

In RLS solution pre l iminary  hyperpolarizat ion of the SMCU membrane increased the a~nplitude of AP by 
a much lesse r  degree than did the action of an increased calcium ion concentrat ion (Fig. 2B, b2, c), 

Consequently, changes in AP of SMCU with an increase  in the external calcium ion concentrat ion are 
mainly connected with the specific action of the calcium and not with the membrane hyperpolarization.  

The resul ts  of these experiments  thus demonstra te  that with an increase  in the calcium ion concentration 
in normal  Ringer--Locke solution complex relat ions are observed between the sodium, calcium, and, possibly, 
potassium conductivities of the membrane  at the time of AP development in SMCU. Calcium ions entering the 
cell during AP development are known to activate the outward potassium cur ren t  [12]. On the removal  of so-  
dium ions f r o m  the surrounding solution, when the AP in SMCU loses its plateau and is converted into a simple 
spike potential, an ~ncrease in amplitude of AP is observed with an increase  in the external  calcium concent ra -  
tion. However, for a final.solution to the problem of the contribution of the various ion currents  to e lec t ro -  
genesis of the AP of SMCU, voltage clamp experiments  are necessary .  
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