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D~rt~g the dev:elopment of wgat I~hibitlon of the heart, the tissue~ ~ec~ete acerylcholine [19], and the 
K-Ion concentration in ~2~e p e r f ~ t e  i~ t~c~ez~ed [~, I1, 15, I~, ~] .  For thl~ reason, phy~loioglst/believe that 
tLe develop~7r of a vagal effect 1~ deterr~ai~ed by the u l d ~ e  effect of eld~er eeet~qchol~~e or K-lon~ on the 
c~dizc muscle. 

Bo~h ~eerr) probable, ~tnce tim acetylcholtr~e on the heart t~ attended b 7 K-ion uec~edon (Lehnartz, [ I T J -  
wrtle heart: Holland, [14] -guinea pig ~:,r~cle~), and acetylcholine appear~ ~hen the concentration of K-Ions 
l~c~ease~ In a heart pe~fu.,ate(Bcznak[7]). Phy~lologf~t~ base the ~c~.ation of vagal tnhibHory development 
wi~ L~e ultimate effect of K-ton~ or acetylc~oli~e on ~e pheno~enolo$~cal ~lmilarlty of t3~e effe~.u caused by. 
~agu~ e.erve stimulation and by the actlen of fl~e~e ~ub~tances e~tr~neously introduced. This is probably the 
reason why ~~ere a~e ~ r~any works ~tudy!ng the *'inhibitory" effect of acet),lcholtne and K-ions. 

Ac~ally. such an LmporLant sign of vagal inhibition a~ a decreased card|at contraction ampllt~ade can be 
observe.; durtr~g the action of bo~ K-Ions and acet~'Ichol~e. Many authors mention ~e  ~!owed rhythm and sub- 
sequent cessation of the heats u~der the influence of d~em agent~. The problem of the polarized ~lft~.wMch 
are oh*erred in the hears'with the action of acetylcl-rollne or of K-ions is widely d l ~ e d .  

Using a needle and mirror galvanometer, A. S. Mozzhukin [4], V. B. Boldyrev [1], and V. B. Bold)'rev and 
P. A. K|selev [~  observed the resting current of the cardiac muscle to Increase under the influence of acetyl- 
r 

V. B. Bold)hey [1] recorded an increase ta the resting current during the action of surplus K-tom. 

However, the.re are contradictor'/data. It hat been definitely established that K-Ions actively depolarize 
different stimulated tissues [9, 10, 12]. There are L3dieat/on$ that acetylchollne cannot increase the polartzatiolt 
of t ~  cardiac museulM srmcturet [3, 8, 21, 22]. 

We propose that neither acetylehol~ne nor K-ions alone can produce those change, in t~e funetior, al pro- 
peraes of the cardiac muscle 'which ate observed during the development of "~agal inhibition. Only a mutually 
caused disturbance of the ionic balance, ~m release of acerylchollne and the change In the polarization faculty 
of the cardiac muscle cellular structures can bring about the initiation and development of the.complex process 
Of cardiac llahibitlolL 



~ . ~  p a . - ~  of. tk~ ~ k  w ~  m ~tudy .the action of acetylcholine and K-ions on a frog's heart. 

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

The e~cperia'e~ts ~er~ do~te on hh~ hearts of male and fr ale I~ana temporarta ov'.r a two-)ear ped/od 
.L'o~ 1947-1~-'~, We ~md ~,e rotzry perfvston method and al~o a preparation made from a heart Isolated aecord- 
!~g  ~o s t ~ , :  : i f 'art  action ~,a~ elcet:ocardfographlcally recorded in strictly potentiometrie conditions on a 
,u-z~g gzlv~:x,:t;e~.e* co~nee~d ~.itb a continuous current booster by a direct contraction (for detai ls of methods, 
,ee  Article IL Ace~-IcMlir.e ~-a~ prepared in a ~in~cr's ~olutlon from a dry preparation of acetylchol ine hydtoo 
ch~tic~e. ~*e c ~ c e r . ~ ' a ~  of  the potagdum ~olution was u~mlly 10- t (1 g of potassium chlorate to .l,OOO ml 
o. ~ � 8 9  ~ ~:~on)o T~:.te~ote, d'~e K-ion coamnt in t~e active sol,lOon was 0.114~/o ~stead of  the 0.014~ In 

E X P E R I M E N T A L  ~ES U L']'S 

T h e  ~L-~ ~e.~ie , o~ e ~ , i , ' -  en t~  ~t'~d~e~ C~e a C ~o~rt O f acctu at~d Of pota~iui]~ on a normal frog*s 

c 

:~ :i I:~ i~:~ . i~ ~: .. . . .  ' ~ 

, 

VS. L ~ t .  ac~.~: of acetylc',~olir, e on ar~ L~olatcd 5og'~ tzeart in conditions of Shtraub's 
:-; e:!;o~ ~a.e) a.~d of rotary i:~err (b.c.d~ a. b. c) reaction of a rvo~ma! heart; d) re- 
..cLeon of nor:: ~t a ~  a~optnized Leazt (aUopi~e (O'S); e) reaction of a ptevio,,~ly de~ 
~:7, ? a L ~ e ~  a~d at:opin~zed heart. Acert|c~.~olirie concenLration: a, d. e)  lO't; b) ! 0~1 
e) I 0"3 

A r.egatt'~-e laoL~o~ir effect, wl~ch depended on t~:e concemrat~on of tim substance administered, was ob- 
,t~'a~ in all ea~s .  F i ~ . e  ~L. a.b, and:c show the t.ffect of acet),lcholinr in concentrations of lo- t ,  10 ' l  and 
2~2. t :estx.cUvely. K ~ o g r : . m  a. in l:ig. 1. itlus~rate, an acet~lcholhm injection into a |mart iiolated according 

~h.ttaub. Fig'.~te 1. b and c d'~ow ~ e  action of  acetylcholine when it was administered directly to the smut 
~.'t.r, osus by ~ pez~sioa.  In ,~o c a ~  wez.  any changes in the inherent rhythm of the heart recorded. The 
apFazeat r e t a z ~ i o a  of rhyt.~m i~ Fig. 1, a and b is the zemlt of Mocking attioventzicula~ conduction 1:2 attd 

~.,, e~p:anarion fc~ a r ~  g iven in  Russian tex t  - Pub l ish~ 's  note., 
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1,4 (L~ ~ cat~, d~ eb:ct~czr~ogram d, owed a normal slam rhythm). In Flg. 2, one can see the effect of 
acetyicho|ine on the form and duza~on of development of the action Potentlals, and also on the resting powJ1- 
tia| level of the cardiac musclet meehanograms of the auricles and ventricles were recorded slmtiitaneoutly 
with rthe electrocardlogr~m. Acetylchollne, especially, sharply changed the monophadc action potential ttaclng, 
destroying it, normal pi~teau and accelerating the development of the descending Bmb. i. e.. the reswrative 
processes aft, t depolarization. 

Reports have recently appeared In the literature which agree with the dam we obtained; Hoffman and 
Suckling. esp~clally, observed while reeordlng monophasic action Potentials of a dog's heart wl.th Intracealular 
e l ,  cuodes that the repolarizafion p~ocetses were accelerated und, r the lnflLmnc~ of acetylcholine. 

However. the acceleration of the restorative processes was attended by the development of residual nega-  
dvity; the t t ~ e  could not f~lly ~estore the original potential, and the resting Potential was observed to decrea~ 
(an ~pward shift of the l'~ase line, wh,ch occurred as a secondary pheZ~.T~enon after d3e development period of 
the n~o~ophadc action Potentials had been reduced - s,e Fig. 2, a). 

In c~ses wher~ am atriowntticular hloci<ade developed and where there were no ventricu[ar monophadc 
po t la tch ,  ~ e  dn~Js rhythm was unchant~ed (Fig. 2 b). and a small ~rcondary lncream in the resting potential 
was ObServe ~. 

Therefore, t~e i.~jectJon of ace~y'Ic~o~~e into ~ e  heart (either into the venuicles or directly Into the 
sin~,.~ v e r ~ o ~  war attempted by a decrease In contraction amplitude, the degree of ~hlch depended On the con- 
cem~adon of ~ e  acting ;~b~ta~tce. High concenttat~on~ of acetylcholine caased ; Mockade of the at~iovemtricular 
~ d  ~ ! ~ o - a t ~  co~lductiot~ to develop, The fact uhat acetyichoitr~c did not ~tffecl fl~e level of ~ e  re,ring Po- 
ter~*.!a! ~ t~e ::*~d~ac r.,u~scle dtrectiy ~ t  bc e.,~ph~;tzed. ~'~t~ r only Vm detected ~hen working with a 
~ . ' en~o: :  e~ic  appara,.,~ by whh~ ov:e co~dd recor,.} ~le t~ril~ar)' effect o[ acet)'lcholine OP, the resto~'aLf~e pro- 

7::e e~ect  of ~ p l : ~  ~:,ie~:s o~ ~n i~olate~ ~rog'~ ~eart ~.,'~ :e~ed ~ 0  ti~::es. In no r a ~  d ~  the ~ecord~ng~ 
::tow ~6 i:~:~ere~:t ~:yflm: Of tile .~!e:tt to Be ~eL~rded. ir~ 4:~"/,, Of 0ie experirl;ent~,, a podtJve ch~'ol:oL~opic effect 
~a~ o:',~er~'ed, rc~ch$n~ ] ~ ,  (th}:th~ ,ccele*at~d to i:-~ co*~.tr~cUO~,~ per ~,~tn~.,te). A~ a rule. the action of 
F~-ior~ ~ a ]t~ *~ co~<'r w ~  ~.t~er~de~ 3)* a co~,dder~:;l~'r :~egatlve JnoL~o~lc et'~ect. ,,o.,-~edt~cs |nvolving 
~.'e di~'~-~.~t ~;~ee of the vet~i~l~ ~l~r cO~u,~ctto~l.L "I~e ~<)~,~ogtan~ in Fig. 3,~ was obtained from K-ion, acting 
{|n a.,~?.*~ce~xr~,qo;I o~ l0 "~) ~irectl'/o~i the ve~,t~icles, a~:d t!~.e o~e in F~g. ::.b ~'rom the ~ m e  action on the fl~u{ 
v e ~ ,  ,~ o, t a ~og'~ heart In Fig: ?.a, one can ~ee the e~cct  fre~:~e~tiy caused by fl~e action of potassium -- a 
b~oc~.~de of t~e at:ioven~icu]at co:~,,J~cdon ~evetoptng. So~et ime,  a dr, o-at~l~l o~ ever, a ~|no=~.inmai blockad,  
wa~ ob.'-oer v e d, 

$~:2dying t~he effect of K-~on~ on the bloelectrJc tonicl ty of the cardiac muscle: was e,peclal ly interesting. 
T~e .experi~,ent.s ~:cr* conducted in the usu:l way. A typical re,t~lt of ~ e  K-ion action ~s shown in Fig. 2. d, 
The ~njeet3o~ of Pot~i~ i~  in ~ 10 "~ ,o~centradon was attended by ~ shatp decrease in the re~dng poiendal.( l .e. ,  

�9 ne;~ativa~ton) of the cardiac m~.Jsc!e, with a *in~ultaneo~ decrease in rd~.e an~ptlt,2de arid development rime 
o~ ~.~e mo~opha~fe action poten.dal. We observed a negative inoLroplc and a positive chrono~opic effect on the 
�9 ,~cha~,o~,~ Of this expedmenL 

t~ many cams, a sharp alteration of the monopha~lc action poten~al was ob~ezved, which undoubtedly 
t ~ C ~ t ~  t ~ t  elm depolarization proce~e~ ar~ disturbed by K.lon acdoo,  

In the c a ~  of the cardiac muscle also, therefore, K-ions are a factor acdvely depolarizing the ceUular 

strue~.~es o~ ~;e myocatdit~n. 

The ~econd ~erieS of experime~ts examined the action oi r acetyicholine and K-Ions on an auoplnlzed 

f~og'~ heart. 

In 1924, O. Loewi and Vo Navratil [~0] concluded that acetylcholl~e'and atropine in the cardiac muscle 
w,~re intexrelate.d. The authors believed that atropine reduced the ~ensidvity of the cardiac muscle to addition- 
al ly administered acetylcholinr or to that secreted by the vagu~ t,etve endings.  In ~ i t e  of the many works treat- 
ing this probiemo them 1~ still no cleat ,ntterstandlng of the changes effecmd by the action of acetylcholine on 

~n a t ro~ iM~d h-art ,  

agl 
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Fig, ~. Cha~ge in monopI~asic action potent~ah ~nd testing potential 
of a~ i~olated frog's lmart d~rtng ~'.e action o~ acetylchotiim in a 10 "~ 
conceat~aticn (a.b.c) and of t,-ion~ in a I0 "~ conce~at ton  (d).  The 
tracing b shows the effect of acetylcholine on a previously at~oplnized 
heart. Explanation of t~-aci~g.~: from top ,'o bett~m- a) mr 
elec~ogram, t ime indication; b, c, d) electrogram, time indication. 
Ar,~ws mean the same a~ in Fig. 1. 

"~e effect of acetylcholine in dlfferem concentrations on a previously a~opi~zed frog's heart was tested 
~7~, t~:~s. Afmr ~e effectof acety~choline in a Ringer's ~]urlon had been recorded, atropine was Imaoduced 
~. ~ a ca~ula (usuaLly in a co~centra~on of lO'S), and, after a fixed time interval, ~e effect caused by tim 
~me ~l~t~on of acery]choIL~e was examined. Afta.~ "~e introduction of acetylcholinc Into the at~oplnized heart, 

a ~i~e ino~npic effect developed In 236 cas~s. 

I~,me~lately aftra the Ringer's soluUon was replaced with the ~noplne, tlm ~sua] n~gatlve Is~ot~plc result 
eff~cted by acetylchoILne was ob-~rveM to decrease. One. to two minutes after the adrnlnlstratlon of a~)pine, 
ace~'ylc~'~oline had no eHec~ on the force of the heart conu-actions. However, after 2-5 mlnutes, a second test 
sb~wed a po~ve inotropic elfect from flse action oface~ylchollne In the same concentration. The supposed 
rec~uced ~enslriviry o! the a~plnlzed heart to acetylcholine s~'~uld have be~n evidenced by different reactlon~ 

~iffetent concentrations of acetylc~o~ne, .i.e... In ~ course of at~opinlzatlon, a heart which did not react 

~o a I0- ~ conce.ntzation of acetylcbolm~ should have reacte~ m a 10 4 or 10 4 concentzatlon, even if only by a 
~,~k ~ga~ve im~roplc effecL ~e ~d not observe in any case such a ~adabon in auoptn~ed hearl reactions. 

392 



l~ig, ~ Effect of surpl~ K-ioa~ on frog'~ ,~earl v~)lated according to Sht~aub 
~a) a~,d unJ~ cond|'dor, s of rotary, pcdu~ion ~b); c) effect of K-lo,~'~; o~ a ~e- 
vlo~ly ~troplnizcd hear~ (atropine in a I0 "~ conce~'.trauon); The arno~'s mean 
@~c ~me as in Fig. 1. 

Any concengation produced bhe ~qvence de~cri~d a~ve in Cqe development of a positive Inomap|c effect. 
There waz no ckax~e in ~le inh~re~ rhyt!~m of ~e heart in any case, 

Figure I, d s.hc~ws the po~tive ino~pic effect "#hich occurred when acetylcholinc was admlnlst~red in a 
concenua~io~ of ig "~ after ~e 2-wlnum action of a~oplne. 

Many au~ors, having obse.ved a Positive L-,o~'oplc effect from acelylcho!ine under conditions of amapinl- 
zation, propose tha~ it develops from the action og acetylcb~llne On the endings of the car~ac muscle sympa- 
�9 f |bem 

The experimen~ we condvcted on prevloasly r hearu ~howed that. in 44 out of 52 cases, a 
clearly expressed, positix~e Inot~opic r was observed from acerylchollne In any concen~atlon (see Fig. l ,e). 

Then we studied the action of acer!Ichollr.e on the bioclectdc tonicity of an atropinlzed heart. Identical 
results were obtained in all 56 ~sts. The r In Fig. 2, c ~hows that the atropine admlnis~ation cause.~ 
the restin~ ~:~otemllal ca slightly Increase (downward shift of the base line). The action of acetylcholine lit a 10- t 
concemuation on an atfopinized heart was attm'~de~l by a decmau~ in the testing potemtlal (lzacing 11 - upward 
shih of base line); in this cam, the mechanogzam showed a Posltlvc inouopic effect. 

Therefore. when the heart is aCdplnlzed, acerylcholine can no longer accelerate the restorative processes 
(~epolarlzaUon) which occur afte~ depolarization: it only lowers the resUng potential of u~  au'opinlzed muscle 

the normal l eve l  

In 1936. Lehnartz [1T] established that the heart, after ar cannot ~elease K-ions i~ response m 
vagus nerve stimulation and to the actio~ of ac~/leholi,:~. ThCs fact is extremely important in determining the 



role ~f m ~ - ~ a r a o r a i  ~tmrt laUom ia the development of vagal inhibition of the heart. In connection ~l th this. 
~e studied the action of  K-ions on a rnechanogram and eleetrogram of the atropinlzed heart. 

When Fig..3. a is compared with Fig. 3,c, one MII observe that there is no difference in due reactions of  
r, om~al and atropinized hearu to the action of s~plus K-ions in a 10- ~ concentration, Analogou* results were 
o~mined in ~eelec~og~am recording of the heart; u~e negativafion of the aUoplnized cardiac muscle was the 
~n,e as ruder nom,al conditio,~. 

There are  r~-any ~orks in the literature *tud)ing the effects of acetylcholine arid K-ions on the nomml and 
a~o~im:.e~l henr i  All  t,~e~e ~,otk~ stats with a comparison and de~cril)tiGu of the "iP-htbitory" effect of acetyio 
c,~ltr~r t'-tO;~ and ',ag~s ner~'e ~t~mulaUon. Fro::: thiL t,~e concludon ~eems logical  that "atroplni~ation o[ 
the hea.rt, ~,hlch reheve~ '.agal and acet)lc.M31me inhibition, does not prevent the development  of inhibition due 
tO d~e infl ,en,-e of ~ t ~ i u m "  ~1]. ~ e  same author .~peak, of =hhe extremely fine differentiation of acery l -  
c~o]ine and ~'-,ota~iun; in?::blto~" mechgnisms w when the heart is a~ropinlzed. However. i t  seems to us that there 
"f* r,o ~a,t~ for tSe,e conclusions. Vagal inhibition is attended by an iftcrease in the polarization of the cardiac 
~u~cle'~ eel.%la, ~tructure, and by ~ e  ces~aLion of  aeuvi ty  in tim ~ino-auial  node. No ~,imilar occurrences were 
obtruded ~ d c r  r of acet) ' lcholine or K-ion action~ Acetylcholine and poIasdum decteam the force of 
t~e bears contractor:,, ~n~ aid ,,~e developn ear of cond~ci~on blockade. Acetylchoiine. ~,t'ich accelerate~ the 
re,Meaning,, of ~ e  initial  ~o~emtal, ~ecrea,-es its level,  i. e..  indirectly lowers the po!ari :a t ion of the cardiac 
L*:~*:le. Po~a~:.i;sm act ively de~!~rize~ Lhe cellMar ~cruetmes o~ the m ) ' o c a r d i ~ ,  b~t doe~ ant affect the or i -  
ginal ,'ate of r~)C::v,, We ~gge~t C~at neiC~er of ~ e ~  agePt~ a~e,inhibito~y, i .e . ,  f~either can cause all  ti~e ~igm 
of vag~{ ~;::!'lhiuon Of t~e heart, Therefore.  tt i~ difficult to ptopove t ~ t  atropine ca)~ "differentiate ace ty l -  
~" >oh';e a,~d ?o',a- A.~m tnhiN tion mechar'd m:~", 

Z Y:t:; ;~e action Of acet)'lc,%o.li~e On a not;~'al heart :~'~o!,' p~red w~.t~ that On ,~n at :opi~ized heart, i t  
);7'ea~', :::.~t at'.o.3,~'.e doe~ :'.oI eli~vi~'.~e e,e effect of C~i,, ,,ob~t~nce, but only cha~gr t2re rc.~ction of  the heart 
~,o C;e a~ c,'yh-~o!me A~opir~e, -~,hi~-h ,~tab.~tize~ t~;e original polarization o! d~e cell-~ar ~trucmre~ of the heart 
,~ee ,'L:~; le ~}. p~eve:~, t~e ,~cceieratio~ of re~otari~a~ioa ~nder the 5)fl~et;cc 9Lacetylct~oline, 

W~er) I c?:~a:t~ "? ~a~2 v, ('o,,~idered. o;~c can ~uppo~e d)at. ~adcr eolldltiot:~ O[ ;~t:opfni~,ation, the CoTrel~ 
Cc'~: ~,~ C~" dl~$cre;~i io.':~ ~,'., t~e c~rdta< ~;;u:~cle ~.. di~t:~rbcd, at~d ~ag~ ,lcrvc qi~:~,.~'tntion i~ not attended by 0.)e 
e:'; i ;o~; or v- ioi t ,  f t e r  ~ tis~',e~. We o~;ser~ed an iittenqf~eat|on of the ~x~,ltl-ve effects from ~vct)-It-hollne 
or~ ~',,o,.~::~::c~ ~earts ol ~p~t~:g ~,d fall frog/, l~ t2;e spri)~g and fall, a po.q~i~,e ~ot~op~c effect  c o u l d ~  0bt~i~)cd) 
e,c.~) e ~ a n~r::'al Leafs, [ro~; the ~cgon oI acetyle~oline,  In the~e period~, tht- ('orrclat~o~; of  t!;e g-ion~ and 

;,Ii t l c ,e  fa~ t.~ox',l) p~ovr ~he ~eeesdty of ~mrmal ionic relations to  the reaiiz;~tlo~i o* fl~e usn~l effect of 
a.~-c~;;'lc', o!t:',e, b,Jl do not ",olve ~;e proble~) of l)ov~ tMs ~ub.~tance or K-ions ~'~Ilhibit ~), 

~*o,.e~cr. ~ ;e  5ope that t.~;e da ta  we ?,~ave obtained will help approach an u))derstanding of hO~, the ionic, 
i, o r ~ ' ;  a~d polarizin~ facmr~ are interrelated in the origin and spread of vega! i~.hihit,ion of the heart, 

SU'MMARY 

The effect of acetylcholihc and K-tons upon the rate arm force as well as upon the resting and action 
t~-~ientials of r~ormal and atrop!ni.~ed frogs' heart ,  was :;ttMled (over 600 experiments).  Acetylcholtne and 
K-i~m ~qmim~ed the forcc of contraction of the normal heart and promoted the blocking of conductivity,  the 
r~te o**inu~ dtythm being unaltered. Acetylcho|ir,  e accelerated repolattzation lead ing  to a ~omewhat diminished 
pelartzatien ~f tt~ bears mmcle .  Potassium suppret,md the contractions of the heart  muscle diminishing at the 
same t~me die a m p l i t ? ~  and $1owitlg the development of mcmophatic action potentials.  Preliminary a t ropiniza-  
tl~m did not alter d,,e effect of surpiu* potaisium on the heart. Acetylcholitm however did not acce lera te  tepolar i -  
z~ ion  m~er  ~ e ~  conditions, i t  only lowered the tesr3ng pomntial  of the atropinizec! mumle doom 1o Its normal 
l e v e l  Acct)lcholine enhanced the force of contraction of the atropinized normal andix~ane~giy  6esympathized 
Ecart. 
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