
ducts (n = 14) and r e t r o g r a d e  injection of sa l iva  into the ducts (n = 17), leading to vasodi la ta t ion of the gland 
[1] and accompanied  in the p resen t  exper imen t s  by a reduct ion of e lec t r i ca l  r e s i s t ance ,  did not cha~ge the 
e lec t r i ca l  potent ial  when r eco rded  by the two methods.  

Considering previous  data [8-10], these  findings indicate the glandular  origin of the e lec t r i ca l  r e sponses .  
Much g r e a t e r  hyperpo la r i za t ion  of the apical  m e m b r a n e s  than of the basal  m e m b r a n e s  must  be a s sumed  in the 
ac inar  cel ls  of the parot id  gland. Should the acini be or iented away f r o m  the hilus of the gland, summat ion  of 
the se t  of d ipole-ac in i  into one equivalent  source  would take place ,  the d is tance  f r o m  the gland to the su r face  
of the body would be much less  than the s ize  of the source ,  and the potential  gradient  would be absent .  Such a 
model ,  in a g r e e m e n t  with the exper imen ta l  data,  explains the e lec t r i ca l  r e sponse  on the su r face  of the body 
and allows it to be used for  invest igat ions of glandular  t i ssue .  
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E F F E C T  OF A C E T Y L C H O L I N E  ON D I S C H A R G E  

F R E Q U E N C Y  A N D  S H A P E  O F  A C T I O N  

P O T E N T I A L S  OF P A C E M A K E R  C E L L S  

G.  I .  B o c h k i n a ,  G .  S. S u k h o v a ,  
a n d  M. G.  U d e l ' n o v  
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The action of exogenous acetylchol ine  on the isolated p a c e m a k e r  of the f rog  hea r t  was studied. 
Act ivi ty  of s ingle cel ls  and the total  act iv i ty  of the p repa ra t ion  were  recorded .  Exogenous 
acetylchol ine  had not only an inhibitory,  but a lso  an acce le ra t ing  effect  on the rhythm of d i s -  
cha rge  of the p a c e m a k e r  ce l l s .  As a ru le  an acce le ra t ing  action was obse rved  when re la t ive ly  
low concent ra t ions  of acetylchol ine  w e r e  used. An inc rea se  in the r a t e  of r i s e  of slow diastol ic  
depolar iza t ion  during the development  of pa r a sympa the t i c  acce le ra t ion  is evidence of the act ive 
mechan i sm of this p r o c e s s .  The d i f fe rence  in the effects  of acetylchol ine was probably  due to 
d i f fe rences  in the action of l a r g e  and smal l  concentra t ions  of the drug on t r a n s m e m b r a n e  ionic 
cu r r en t s .  

KEY WORDS: acetylchol ine;  p a c e m a k e r  cells;  acce le ra t ion  of rhythm; inhibition of rhythm.  

Invest igat ions have shown that  the pa r a s y mpa the t i c  innervat ion of the hea r t  can cause  opposi te  effects  on 
the hea r t  beat  [4, 5]. It has recen t ly  been found that  impulses  acting through chol inergie  media to r  can e i ther  
delay or  a c c e l e r a t e  the development  of slow diastol ic  depolar iza t ion (SDD) and, at the s a m e  t ime,  delay or  
a c c e l e r a t e  the d i scharge  f requency  of p a c e m a k e r  cel ls  [1, 3]. S imi lar  s tudies of the action of exogenous 
acetylchol ine (ACh) on the development  of SDD and on the rhythm of the p a c e m a k e r  cel ls  have not been u n d e r -  
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Fig. 1. Different types of inhibitory action of ACh on pacemaker cells. A) Inhibition of rhythm of 
pacemaker cell discharges during action of ACh in concentration of 1 �9 10 -l~ g/ml against the back- 
ground of hyperpolarization, decrease in rate of r ise  of SDD, and shortening of duration of AP; B) 
deeper inhibition of rhythm taking place during very  small changes in shape of AP; C) decrease in 
rate of r ise  of SDD and shortening of duration of AP in absence of chronotropic effect. Here and 
in Fig. 2, EG denotes electr ical  activity of isolated pacemaker. Arrow marks time of application 
of ACh. 

Fig. 2. Acceleration of rhythm of pacemaker cell discharge by the action of ACh. A) Increase in 
rhythm from 75 to 84 beats /min against background of more rapid development of SDD, shortening 
of duration of AP, and hyperpolarization; B) acceleration of discharges from 58 to 67 beats/rain 
developing during considerable decrease in rate of r ise  of SDD, shortening of duration of AP, and 
reduction in hyperpolarization; over-al l  rhythm of discharge of preparation shows parallel change 
with rhythm of discharges from single cell; C) more marked acceleration of rhythm (from 57 to 
75 beats/rain) accompanying small decrease in rate of- r ise  of SDD, shortening of duration of AP, 
and reduction in hyperpolarization of membrane; t o t a l  rhythm of discharge of preparation became 
irregular  after application of ACh. 
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taken. The explanation of this problem is important  also because the view has hitherto been widely accepted 
that exogenous ACh can have only an inhibitory action on the cardiac  pacemaker .  

The object of the p resen t  investigation was to ver i fy  how consistently negative chronotropic effects a re  
observed as a resu l t  of the action of exogenous ACh on pacemaker  cells.  

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

Experiments  were  ca r r i ed  out on a preparat ion of the isolated sinus venosus of the frog heart .  Elec-  
t r ical  activity of the pacemaker  cells  was recorded  by glass  floating microe lec t rodes  with a tip under 0.5 # 
in diameter ,  filled with 3M KC1 solution. In most  experiments parallel  recordings  were made of the total 
e lect r ical  act ivi ty of the preparat ion by means of wick macroe lec t rodes .  Both p rocesses  were recorded on a 
loop oscil lograph.  ACh was applied to the sur face  of the whole pacemaker  by means of a thin pipette. 
Acetylcholine was used in concentrat ions of between 1 - 10 -9 and 1 �9 10 -ll g /ml .  

EXPERIMENTAL RESULTS AND DISCUSSION 

The experiments showed that exogenous ACh gives rise to different changes in the electrical activity of 
the pacemaker cells. 

In most experiments the rate of rise of SDD was reduced, the polarization of the membrane was in- 
creased, and the duration of the action potentials (APs) was shortened by ACh. These bioelectrical changes 
were accompanied by slowing of the rhythm (Fig. IA). These effects are in agreement with the widely known 
data [9, i0, 13]. However, in different ceils of the same preparation the above changes in shape of the AP, 
which are usually regarded as inhibitory, could be observed in different combinations. Clear correlation 
likewise was not observed between the depth of the negative chronotropic effect and the degree of the changes 
in shape of the AP. For instance, an example of the inhibitory effect of ACh on the discharge frequency of a 
pacemaker cell is illustrated in Fig. IB; it was not accompanied by any decrease in the rate of development of 
SDD or any appreciable change in the other phases of AP. In other cases ACh could significantly change the 
shape of the AP without changing the discharge rhythm of the cell (Fig. IC). 

Together with the effects of ACh in the concentrations specified described above, in some cases the dis- 
charge frequency of the pacemaker cells was increased. Sometimes acceleration developed against the back- 
ground of an adequate increase in the rate of rise of SDD (Fig. 2A). At the same time hyperpolarization was 
observed and the duration of the APs was shortened, both of which are regarded as inhibitory effects. In other 
cases acceleration of the discharge of the pacemaker cell was accompanied by a decrease in the rate of rise 
of SDD, a decrease in hyperpolarization of the membrane, and shortening of the duration of AP. The over-all 
rhythm of the preparation changed parallel with the change in the discharge frequency of the recorded cell 
(Fig. 2B). A case when application of ACh caused an even more marked increase in frequency than in the first 
two cases, accompanied by a small decrease in the rate of rise of SDD, is illustrated in Fig. 2C. Characteris- 
tically in this case the over-all rhythm of the preparation became irregular after application of ACh, with 
clearly defined slow cycles. 

Besides slowing of the rhythm, in some cases ACh was thus able to cause acceleration of the rhythm 
of the pacemaker cell discharges. The positive chronotropic effect under these circumstances was not always 
associated with the more rapid development of SDD. Cases when acceleration of the discharge was combined 
with a decrease in the rate of rise of SDD could probably be explained not only by the action of ACh on the par- 
ticular cell, but also by a change in interaction between structures of the pacemaker in which acceleration of 
the rhythm developed against the background of adequate changes in the shape of AP. Investigations have shown 
that AP and the rhythm of pacemaker cells depend to a large extent on intercellular interaction [6]. 

Positive chronotropic effects and changes in electrical activity of the pacemaker cells associated with 
them, produced by the action of ACh, were abolished by atropine, demonstrating the cholinergic nature of these 
effects. Since hyperpolarization and the more rapid development of phases of repolarization could be accom- 
panied not only by slowing, but also by acceleration of the discharge of the pacemaker cells, it is reasonable 
to consider that these changes in bioelectrical activity vcere an indication not of an inhibitory effect, but of a 
cholinergic effect that may be two-directional. 

Since the effect depends not only on the nature of the pulsed mediator action, but also on the properties 
of the reacting cells, it can tentatively be suggested that the variation of the effects produced by cholinergic 
stimulation is due to differences in the reactive properties of the pacemaker ce!Is. The cells may differ in 
their sensitivity to ACh, in their functional state and also, perhaps, in certain genetically determined features. 
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Some workers consider that differences in the response of pacemaker cells are structural ly and functionally 
consolidated [12]. Other investigations have shown that the reactive properties may vary with time and also 
under the influence of certain conditions [6]. The intimate mechanisms of the accelerating effect of ACb has 
not yet been explained. It is considered that ACh increases the permeability of the cell membrane for  po- 
t a s s ium ions, and this is responsible for  the inhibitory effects of this mediator. Work has recently been pub- 
lished, however, to show that ACh may change potassium permeability in two directions. Experiments with 
radioactive potassium showed that ACh, in low concentrations, does not increase but reduces the permeabili ty 
of the membrane for  potassium [11]. This fact could explain the positive chronotropic effect. The difference 
in the action of high and low concentrations of ACh on transmembrane ionic currents  has been shown for the 
trabeculae of the atrium [8] and pacemaker cells [7]. The ability of ACh to cause opposite changes depending 
on concentration has also been shown on cells of the intramural nervous system of the heart  [2]. 

In the present  experiments acceleration of the discharges of the pacemaker cells was observed as a 
rule in response to relatively low ACh concentrations (1 �9 10 -tl g/ml). When the same concentration of ACh 
was used, different cells could respond differently: some by inhibition, others by acceleration of the discharge. 
Probably these opposite effects were due to differences in the sensitivity of the cells to ACh. It can tentatively 
be suggested that cells responding to a given concentration of ACh by inhibition are  more sensitive to it and 
that the concentration acting was sufficiently high for them, whereas cells responding by acceleration have 
lowered sensitivity to this mediator. 
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