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Expe r imen t s  were  c a r r i e d  out on isolated s t r ips  of guinea pig taen ia  coll.  The smooth musc le  
was depolar ized  in a solution with high po tass ium concentrat ion (120 mM KC1). The effect  of 
papaver ine  (in concentra t ions  of 10 -5 to 3.10 -s g /ml)  onthe tone and o f f - r e sponse  to a prolonged 
and s t rong hyperpolar iz ing  cu r r en t  was invest igated on the denerva ted  muscle .  Papaver ine  was 
found: 1) to abolish contract i le  r e sponses  to applicat ion of his tamine,  bradykinin,  and ace ty l -  
choline; 2) to reduce the tone of the depolar ized  muscle  and abolish the effect  of  an inc rease  in 
the Ca ++ concentra t ion in the ex te rna l  medium on musc le  tone; 3) to have no effect  on the amp l i -  
tude and veloci ty  of the ascending phase  of the o f f - response ;  4) to acce l e r a t e  the descending 
phase  of the o f f - r e sponse .  The following hypotheses a r e  put fo rward  to explain the resul t :  1) in 
the cel l  m e m b r a n e  the re  a r e  chemica l ly  exci table  ca lc ium channels which a r e  blocked by papa -  
verine;  2) in the m e m b r a n e  there  a re  ca lc ium leakage channels respons ib le  for the maintenance 
of tone and blocked by papaver ine;  3) papaver ine  has negligible effect  on e l ec t r i ca l ly  excitable 
ca lc ium channels.  
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It was pos tu la ted  prev ious ly  [3] that bes ides  e l ec t r i ca l ly  exci table ca lc ium channels respons ib le  for act ion 
potent ial  genera t ion [8], chemica l ly  exci table ca lc ium channels a l so  ex is t  in the sur face  m e m b r a n e  of smooth 
musc le s ,  and these  a r e  ac t ivated by the act ion of biological ly ac t ive  subs tances  (BAS) - ace ty l cho l ine ,  his tamine,  
and bradykinin - on the cor responding  r e c e p t o r s .  Act ivat ion of chemica l ly  exci table ca lc ium channels  in a 
"pure"  fo rm can be obse rved  as  a r e su l t  of the act ion of BAS on depolar ized  musc le  [1, 4-6 ,  9], for  under  these  
conditions the e l ec t r i ca l l y  exci table  channels  a r e  inact ivated.  The inactivat ion of these  channels can be abol -  
ished by pass ing  a hyperpolar iz ing  cu r r en t  through the membrane ;  the cont rac t i le  o n - r e s p o n s e  (OR) to the c u r -  
rent  is evidently due to the inward flow of Ca ++ through these channels.  Both the cont rac t i le  effects  of BAS and 
the OR a re  abolished by compound D-600 and manganese  ions [3, 4]. Local anes the t ics  (procaine,  t r i m e c a i n e ,  
QX-572), inhibit the effects  of BAS much more  s t rongly  than OR [3]. 

The p resen t  invest igat ion shows that even more  effect ive separa t ion  of chemica l ly  and e l ec t r i ca l ly  ex-  
citable calc ium channels can be obtained with the aid of papaver ine .  Data important  for  the understanding of 
the spasmolyt ic  act ion of papaver ine  on smooth musc le  also a re  descr ibed.  

EXPERIMENTAL METHOD 

Exper iments  were  c a r r i e d  out on isolated s t r ips  of the guinea pig taenia  coli (1.5-2 cm long, 300-500 
wide). F o r  s imul taneous  s t imulat ion and record ing  changes in m e m b r a n e  potential,  the double sucrose  bridge 
method was used. The construct ion of the exper imenta l  chamber  was descr ibed  p rev ious ly  [2]. Measuremen t s  
of mechanical  ac t iv i tyo f the  s t r i p s  were  made under i some t r i c  conditions by means of the 6MKh-IS mechanotron.  

The following solutions were  used: (in mM): a) normal  Krebs '  solution: NaC1 120.7, KC1 5.9, NaHzPO 4 
1.2, NaHCO 3 15.5, MgC12 1.2, CaC12 2.5, glucose 11.5; b) po tass ium (depolarizing) solution: KC1 120, NAC147.7, 
NaHCO 3 3.6, CaC12 0.4, glucose 11.5. The pH of the solutions was 7.3. All exper imen t s  were  c a r r i e d  out at a 
t e m p e r a t u r e  of 22"C. These  conditions were  desc r ibed  p rev ious ly  [1]. 
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Fig. 1. Effect of papaverine on tone and OR of depo- 
lar ized smooth muscle,  a) Change in tone and OR 
under the iufiuence of papaverine marked by arrow.  
b) Comparison of two OR (before and after  action of 
papaverine) .  Changes of potential in ar t i f icial  node 
during application of hyperpolarlzing cur ren t  shown 
ca left (thin line). 

EXPERIMENTAL RESULTS 

The experiments were carried out as follows. The muscle was kept initially in normal Krebs' solution. 

Replacement of the Krebs '  solution by the depolarizing solution caused potassium contracture  of the muscle 
(not shown in the illustrations). After  the end of the physical  par t  of the potassium contracture,  the muscle 
tone rever ted  to its previous res t ing level [6]. Against this background l l - s e c  pulses of hyperpolarizing cu r -  
rent were applied and the OR was recorded (Fig. la). The addition of papaverlne to the potassium solution in 
concentrat ions of 10 -5 to 3.10 -5 g /ml  caused the muscle tone to decrease  (Fig. la). In 2 of the 17 experiments  
the decrease  in tone was preceded by a very small  increase.  After  establishment of the new level of tone in 
papaverine, l l - s e c  pulses of hyperpolarizing current  of the same strength were again applied (Fig. la).  The 
ascending phase of the muscle OR in papaverine solution was virtually indistinguishable f rom the ascending 
phase of OR of the same muscle in potassium solution. It relaxed much faster .  OR of a muscle in normal 
potassium solution and in the presence  of papaverine a re  shown in Fig. lb superposed on each other. The ampl i -  
tude of OR remained unchanged in 14 of the 17 experiments  and in the other three it was slightly reduced, tn 
higher concentrat ions of papaverine (5.10 -5 g / m l  or  higher) the amplitude of OR was always reduced. 

A typical response of the muscle to addition of histamine (2.10 -e g/ml) in normal  potassium zolution is 
shown in Fig. 2a. In Fig. 2b OR of the muscle in normal  potassium solution and in solution with the addition of 
histamine can be compared.  Some lengthening of the phase of relaxation of OR through the action of histamine 
can be seen. The addition of papaverine to the potass ium solution completely abolished the effects of histamine 
(Fig. 2c); the OR against the background of the combined action of papaverine and histamine, moreover ,  were 
vir tual ly indistinguishable from OR in papavertne solution (Fig. 2c, d). In other words, papaverine abolished 
not only the contract i le  effect of histamine, but also its effect on OR. Similar resul ts  were obtained with acetyl -  
choline (10 -5 g/m1) and bradykinin (10 -5 g / m 0 .  

The blockiug by papaverine of contract ions evoked by BAS and the preservat ion  of OR are  evidence in sup- 
por t  of the ear l ie r  view that there  are  two groups of calcium channels in the membrane of smooth-musc le  ceils.  
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Fig. 2. Effect  of papaver ine  and his tamine on tone and OR 
of musc le ,  a) Response of musc le  to applicat ion of his tamine 
(2.10 -6 g/ml)'; b) changes in OR against  the background of 
act ion of histamine.  Thin lines on left show changes in poten-  
t ia l  in ar t i f ic ia l  node; c) absence  of cont rac t i le  r e sponse  of 
musc le  to applicat ion of his tamine a f t e r  p r e l i m i n a r y  act ion of 
papaver ine  (10 -5 g /ml) ;  d) compar i son  of 2 OR (after  p r e l i m -  
inary  action of papaver ine  and of papaver ine  with histamine).  
1) His tamine  2) normal  3) papaver ine  +his tamine,  4) papaver ine .  
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Fig. 3 .  Effect  of inc rease  in ex te rna l  Ca+~ concentrat ion on tone 
of musc le  and its OR under  norm conditions and a f te r  p r e l i m i n a r y  
act ion of papaver ine ,  a) Change in musc le  tone and OR following 
tenfold inc rease  in Ca ++ concentrat ion;  b) compar i son  of 2 OR in 
po tass ium solution with normal  and increased  Ca ++ concentrat ion;  
c) 10- and 100-fold inc rease  in ex te rna l  Ca ++ concentra t ion a f t e r  
p r e l i m i n a r y  act ion of papaver ine .  Record  obtained 20 rain a f t e r  
applicat ion of papaver ine ;  d) compar i son  of 2 OR (after  p r e l i m i -  
nary  action of papaver ine  and papaver ine  with a tenfold inc rease  
in Ca++). 
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Papaver ine  evidently se lec t ive ly  blocks the chemica l ly  exci table  ca lc ium channels which a r e  ac t ivated by BAS 
but has v i r tua l ly  no effect  on channels ac t ivated by an e lec t r i c  field. These findings a r e  in a g r e e m e n t  with the 
r e su l t s  of Imai  and Takeda [7], who showed that  papaver ine  does not block spike ac t iv i ty  in the~taenia coll.  

Acce le ra t ion  of the phase  of re laxa t ion  of OR af te r  the p r e l i m i n a r y  action of papaver ine  can be explained 
by  s e v e r s l  m e c h a n i s m s :  both by acce l e ra t ion  of the outflow of Ca ++ into the ex te rna l  medium,  and by the a c c e l -  
e ra t ion  of its binding by in t race l lu la r  depots .  The r e su l t s  obtained do not provide  a d i rec t  answer  to this ques -  
tion. 

To shed light on the m e c h a n i s m  of the d e c r e a s e  in tone under  the influence of papaver ine ,  expe r imen t s  
were  c a r r i e d  out in which the ex te rna l  Ca ++ concentra t ion was changed. Removal  of Ca++ f rom the normal  
po ta s s ium solution led to a sha rp  dec r ea s e  in tone and comple te  d i sappearance  of the OR. A tenfold inc rease  
in the Ca ++ concent ra t ion  caused a m a r k e d  inc rea se  in musc le  tone, which was mainta ined at a high level  
throughout  the per iod  of appl icat ion of the solution with inc reased  Ca++ concentra t ion (Fig. 3a). OR inc reased  
in ampli tude compa red  with no rma l ly  (Fig. 3a, b); the phase  of re laxat ion  was lengthened under  these  c i r c u m -  
s tances  just as a f t e r  p r e l i m i n a r y  appl icat ion of h is tamine (compare  with Fig. 2b). A tenfold inc rease  in the ex-  
t e rna l  Ca++ concentra t ion  a f t e r  p r e l i m i n a r y  act ion of papaver ine  (4 exper iments )  did not cause  an inc rease  in 
musc le  tone (Fig. 3e) and did not delay the phase  of re laxat ion  of OR, although the i r  ampli tude inc reased  (Fig. 
3c, d). Even a 100-fold inc rease  in the Ca++ concentra t ion in the solution led only to a ve ry  smal l  inc rease  in 
musc le  tone (Fig. 30). 

The r e su l t s  a r e  evidence that papaver ine  blocks the flow of Ca++ into the cel l  r espons ib le  for  the ma in -  
tenance of musc le  tone. Evidently in the depolar ized  m e m b r a n e  the re  is a s teady Ca ++ flow through p e r m a -  
nently open ca lc ium channels .  The blocking of these  channels by papaver ine  may pe rhaps  be the cause  of the 
dec rea se  in musc le  tone. In this case  an i nc rea se  in the ex t race l lu la r  Ca++ concentra t ion would not lead to any 
inc rease  in tone. 

1, 
2. 
3~ 

4. 

5. 
6. 
7. 
8. 
9. 

LITERATURE CITED 

V. I. Pogadaev and E. N. Timin, Byull. ]~ksp. Biol. Med., No. I, 12 (1976). 
V. I. Pogadaev, E. N. Timin, and B. L Khodorov, Biofizika, 21, 848 (1976). 
B. I. Khodorov, E. N. Timin, and V. I. Pogodaev, in: Physiology and Biochemistry of Mediator Processes 
[in Russian] ,  Moscow (1976), pp. 133-134. 
I. Bilek and U. Pe ipe r ,  Pf l i iegers .  Arch.  Gesamte  Physiol . ,  343, 57 (1973). 
C. E. Devine, A. V. Somlyo, and A. P. Somlyo, J .  Cell Biol., 52, 690 (1972). 
D. H. L. Evans ,  H. O. Schild, and S. Thesleff ,  J .  Physiol .  (London), 143,477 (1958). 
S. Imai  and K. Takeda,  J .  P h a r m a c o L  Exp. Ther . ,  156,557 (1967). 
H. Inomata and C. Ya. Kao, J .  Physiol .  (London), 255, 347 (1976), 
N. Ohashi, Y. Nonomura,  and A. Ohga, Jpn. J .  Pha rmaco l . ,  17, 247 (1967). 

175 


