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During the development of vagal inhibition of the heart, the tssues secrete acetylcholine [19), and the
K-lon concentration in the perfusate s increased {6, 11, 15, 18, 3], TFor this reason, phydologists belleve that
thie development of & vagal effzct §s determined by the ultimate eflect of elther ecetylcholine or K-lons on the

cardiac muscle,

Both seem probable, since the acetylcholine on the heart i attended by K-lon secredon (Lehnanz, [17] =
turtie heart; Holland, [14] -guinea pig suricles ), and acetylcholine appean when the concentration of K-fons
Increases In a heart perfusate {Beznak[7]), Physiologists base the associaton of vagal inhibitory development
with the ulimate effect of K-ions or acetylcholine on the phenomenclogical stmilarity of the effects caused by
vagus nerve stimulation and by the action of these substances extraneously inmoduced,” This {s probably the
reason why tiere are so many works studying the *tnhibltory™ effect of acetylcholine and K-jons,

Actually, such an imporwant sign of vagal inhibition as a decreased cardlac contraction amplitude can be
observed Aduring the action of both K-lons and acetylcholine. Many authors mertion the slowed rhythm and sub-
sequent cessation of the heart under the influence of these agents, The problem of the palariz d shifts which
are observed in the hc&n ‘with the acton of acetylcholine or of K-fons is widely discussed.

Using a needle and mirror galvanometer, A. S, Mozzhukin {4}, V. B. Boldyrev {1}, and V. B, 8cldyrev and
P. A. Kiselev [2] observed the resting cutrent of the cardiac muscle w Increase under the influence of acetyl-
chaline, .

V. B. Boldyrev [1] recorded an increase in the restng current during the action of surplus K-fons.

However, there are conuadictory data, It has been definitely established that K-fons actively depolarize
different stimulated tissues [9, 10, 12). There are iadications that acetyicholine carnot incrzase the poladudoc
of the cardiac muscular structures {3, 5, 21, 22).

We propose that neither acetylcholine nor K-lons alone can produce those changes in the functional pro-
perdes of the cardiac muscle which are observed during the development of vagal inhibition, Onlya mutually

caused disturbance of the ionic balance, the release of acetylcholine and the change in the polarization facuny
of the cardiac muscle cellular structures can bring about the inixiation and development of the. complex process

of cardiac inhibidon,



The pupose of tis work was @ study the action of acetylcholine and K-ions on a frog's heart.

EXPERIMENTAL METHODS

The experimrents were done on the hearts of miale and female Rana temporaria ovar a two-year perfod
from 1947-1943. We used the rotary perfuston method and also a preparadon made from a heart {solated accord-
‘ing w Shiauh: leart action was elecuocardiographically recorded in strictly potentiometric conditions on a
suing galvisometer connect=d with 2 continuous current booster by a direct connecton (for details of methods,
see Article I Acetylcholing was prepared in a Ringer's solution from a dry preparation of ‘acetylcholine hydro-~
chioride, The concentation of the potassium solution was usually 10-2 (1 g of potassium chiorate 10 1,000 m§

@1 Ringer'™s solotion). Thercfore, tie K-ion content in the actve solution was 0. 1147 instead of the 0,014% In
arn ordinary Ricger's solution,

Twe sertes of experiments were done,

EXPERIMENTAL RESULTS
The fizot series of experirrenty srudied G acdon of acerylcholine and of potassinin on a normal frog's
meart AMwut T teen were Jone o determine the effect of acetyicholine in eoncenyravions of 1040 0 on
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Fig. L The acuon of acetylcholine on an isolated frog’s heart in conditions of Shtraub's .
o ethod 12,8y and of sotary perfusion (b.c,d) a, b, ¢) reacdon of a normat heart; d) re-
cuen of nom &l and avopinized heart (abopine 1075, e) reaction of a previowsly de-
virpatuzed and atropimzed heart Acetylcholine concentration: a, d, e) 1077y 107
3 1070,
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3

A negative iotopic effect, which depended on the concentration of the substance administered, was ob-
served in all cases. Figure L, a,b, and'c show the effect of acetylcholine in concentrations of 1u-7, 10-® and
108 respeciively, Kymogram a, in Fig. 1, illusgates an acetylcholine injéction inw a heart isolated according
@ Shiraub, Figure 1, b and ¢ show the acton of acetylcholine when it was administered directly to the sinus
verosus by roary perfusion. 1a no case were any changes in the Inherent thythm of the heart recorded. The
2ppareat retasdation of rhythmn ia Fig. 1, a and b is the result of blocking auioventricular conduction 1:2 and

-

* ... explanztion for arrows given in Russian text — Publisher’s note,
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144 (in thess cases, the eloctucardiogram showed a normal sinus thythm). In Fig. 2, one can see the effect of
acetylcholine on the form and dutadon of development of the action potentlals, and aiso on the resting poten=-
tial fevel of the cardlac muscie; mechanograms of the auricles and ventricles were recorded simultaneously
with the electrocardiogram, Acetylcholine, especially, sharply changed the monophasic action potential tracing,
destroying its normal plateau and accelerating the development of the descending Umb, 1. e., the reswrative
processes afier depolarization,

Reports have recently appeared in the literature which agree with the data we obtained; Hoffman and
Suckling, especiaily, observed while recording monophasic acton potentals of & dag®s heart with invacellular
electrodes that the repolarization processes were accelerated under the influence of acetylcholine,

However, the acceleration of the restorative processes was attended by the development of residual nega-
dvity; the dssue could not felly restore the original potential, and the resting potential was observed 1o decrease
{an upward shift of the base line, which occurred as 2 secondary phenomenon after the development period of
the monophasic acuon polentials had been reduced ~ see Fig. 2, ),

In cases where an atrioventrfeular blockade developed and where there were no ventricular monophasic
potentials, the sinus rhythm was unchanged (Fig. 2 b), and 2 small secondary Increase in the resting potental
was observed,

Therefore, the injecton of aceryicholine intp the heart {either inw the ventuicles or directly inw the
sinus venosas) was attended by a decrease In contracton amplitude, the degree of which depended on the con
centratdon of the acting substance. High concenwatons of acetylcholine caused 3 blockade of the atioventricular
and sino-atsial conductions to develop. The fact that acetylcholine did not affect the level of the resting po-
teatial of the vardiac muscle directly must be emphasized. This could only be detected when working with a
polentomeuic apparatus by which one could record the ;mm;;:y effect of acetylcholine on the restorative pro-
cesses frepolanzation processes),

The effect of surpls ¥-lons on 32 bolated frog's heart was tested 120 times. In no case did the recordings
show thé interent thythm of the beart to be retarded, In 407, of the experiment, a positive chzonovopie effect
was observed, reaching 107, (thythn acrelerared w0 -7 contractions per minote), As 2 rule, the sctlon of
V.ons i s 107 concentration was 2ttended by & constderable negative inotople effecy, omedmes fnvolving
the dissppearance of the veniricular centracdons, The kymbgmm in Fig. 3,4 was obtained from K-fons acting
{in a-concentraton of 19”} directy on the ventricles, and the one In Fig. 3,b from the same acton on the sinui
verosus of a frog's heart, In Fig. %.a, one can see the effect frequenty caused by the acton of potassium — 2
blockade of te aulovenuicular conductdon developing. Sometimes a sino-auial or even 2 sino-sinusaj blockade
was obesved,

Studying the effect of K-ions on the bloelectric toniclty of the cardiac muscle was especially interesting.

. The experiments uere conducted in the usucl way, A typical result of the K-jon action is shown in Fig. 2, d.
The injection of potassium in & 107? concenuation was attended by a sharp decrease in the resting potendal({i.e,,
pegativation)  of the cardiac muscle, with a simultaneous decrease in the amplitude and development dmie

of tie monephasic action potental, We observed a negative inotroplc and a positive chronotopic effect on the
mechancgram of this experiment,

Tn many cases, a sharp alteration of the monophasic action potential was observed, which undoubiedly
indicates that the depolarization processes are disturbed by K-fon action, "

1n the case of the cardiac muscle also, therefore, K-fons are a factor actively depolarizing the cellular
structiwes of tie myocardium,

The second series of experiments examined the actlon of acetylcholine and K-lon: on an atopinized
frog's heart,

In 1924, O, Loewi and V. Navratil [20] concluded that acetyicholine and amopine in the cardlac muicle
were interrelated, The authors belleved that attopine reduced the semsidvity of the cardiac muscle w additon=
ally administered acetylcholine or to that secreted by the vagus Lierve endings. In spite of the many works weat-
ing this probiem, there i¢ still no clear understanding of the changes effecied by the action of acetylcholine on
an atropinized heart,
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Fig. 2. Change in monophasic action potentials and resting potendal
of an isolated frog®s heart during the action of acetylcholine in a 10”7
concentratica (a,b,c) and of K-ions in a 1072 concenuaton (d). The

" waclng b shows the effect of acetylcholine on a previously awopinized
heart. Explanaton of tracings: from wp to bottom: a) rngchanogram,
electrogram, tme indicadon; b, ¢, d) elecrogram, time indication,
Arrows mean the same as in Fig. 1,

The eifect of acetylcholine in different concentrations on a previously atropinized frog’s heart was tesied
270 times. After the effectof acety!choline in a Ringer's solution had been recorded, atropine was inwroduced
i .0 a cannula (usually in 2 concentration of 107%), and, after a fixed time interval, the effect caused by the
:ame solution of acetylcholine was examined, Afts he Introduction of acetylcholine inw the awopinized hieart,
& positive inouopic effect developed In 256 cases, '

Emmediately after the Ringer's sojudon was replaced with the auopine, the usual negative inotropic result
effected by acetylchofine was observed to decrease, One w two minutes after the adminiswration of awopine,
acerylcholine had no effect on the force of the heart conuactions, However, after 2-5 minutes, a second test
showed a positive inouopic effect from the acdon of acetylcholine in the same concenuation, The supposed
reduced semsitivity of the avopinized heart 1 acetylcholine should have been evidenced by different reactions
o different concentrations of acetylcholine, i. e., in the course of avopinizaton, a heart which did not react
10 2 10-7 concenuation of acerylcholine should bave reacted o a 10 or 10"* concenuation, even if only by a
weak negative inotopic effect. We did not observe in any case such a gradation in auopinized heart reactons.
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Fig. 3. Effectof surplus K-lons on frog’s heart iolated according to Shuaub
{2y and under conditons of rotary perfusion (b); ¢) effect of K-fons on a pre-
viously awopinized heart (atropine in & 1078 concentration). The arrows mean
the samne as in Fig, 1. ‘

Any concentration preduced the sequence described above in the development of 3 posidve inotropic effecy,
There was no change in the icherent shythm of the heart in any case,

Figure 1, d shows the posdtive inovopic effect which occurred when acetylcholine was adminisiered in a
concenuation of 1077 after the 2-rrinute acton of awopine,

Many authors, having obse.ved 3 positive inotropic effect from acerylcholine under conditons of atropini-
zation, propose that it develops from the acdon of acetylcholine on the cndtngs of the cardiac muscle sympa-
thetic fibers.

The experiments we conducted on previously dusympathized hearts showed that, in 44 out of 52 cases, 2
clearly expressed, positive inouopic effect wis observed from acetylcholine In any concenwration (see Fig. 1,e)

Thea we studied the action of aceryicholine on the bioelectdc tonicity of an atopinized heart. Identical
results were obtained in all 56 tests. The elecuogram In Fig. 2, ¢ shows that the avopine adminiswation caused
the resting potential w slightly increase (downward shift of the base line). ‘The action of acetylcholine in a 107
concentration on an atropinized heart was atiended by a decrease in the resting potential (tracing II — upward
shift of base linej; in this case, the mechanogram showed 3 positive inouopic effect

Therefore, when the heart is audpinized, acetylcholine can no longer accelerate the seswrative processes
{repolarizaton) which occur after depolarization; 1t only Jowers the resting potential of the atopinized muscle
0 the nonmal level

In 1936, Lehnartz [17} established that the heart, after awopinization, cannot release K-lons iu response W
vagus nerve stimulation and to the acton of acetylcholice, Thi fact is extremely important in determining the
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ole of isso-hurveral interrelations in the development of vagal inhibiton of the heart. In connccdon with this,
we studied the action of K-ions on 3 mechanogram and electrogram of the atropinized heart,

When Fig. 5,2 s compared with Fig. 3,¢, one wlll observe that there is no difference {n the reactions of
nonual and awopinized hearts w the action of swplus K-ions in a 10-? concentration, Analogous results were
phtained in the elecyogram recording of the heart; the negadvation of the atropinized cardiac muscle was the
same as nder nomi-al conditions,

There are srany works in the literature studying the effects of acetylcholine and K-ions on the normal and
auopinized heart All these works start with 3 comparison and.descripticn of the *irhibitory® effect of acetyl.
choline, §"-fois and vagus netve stimulation. From this, the conclusion seems Jogical that *awopinizatdon of
the heart, which relieves vagal and acerylcholine inhibition, does not prevent the development of inhibition due
w0 the tnflsence of potdssium® 1], The same author speaks of "ihe exuwemely fine differentiation of aceryl-
choline and powassium infubitory inechanisms® when the heart is anopinized, Howevsr, it seems w us that there
s no hacs for these conclunons, Vagal iniubiuon is attended by an increase in the polarizaton of the cardlac
muscle's cellular structures and by the cesation of acuvity in the sino-avisl node, No shinilar occurrences were
ehserved under condinons of acetylcholine ot K-ion action, Acetylcholine and potassium decrease the force of
the heart contractions and aid the developn-ent of conduction blockade. Acetylcholine, which accelerates the
resgration of the inital potendal, decredses it lesel, 1. ¢, indirécily lovwerns the polarization of the cardlac
muscle, Pousshum actively depolarizes the cetlular stuctures of the myocardiun, but does not affect the ord-
ginal rate of rhythun, We suggest that neither of these agents arednhibitory, i.e., neither can cause ail the signs
of vagal mhhiuen of the ?”tati Therefore, 1t i difficult 10 propose that-atropine can "differentiate acetyl-
eroling and pola-iium inhibition mechaniams®,

wWhen the acton of aceryleholine on a ﬂcmﬁai heart ivYompared with that on an atropinized hearr, i
'.zrwcam 1ot avepine does not elininate the effect of thir substance, but only change: tre reacton of the hean
w e el :,L heline, Avopine, which stabilizes the original polarization of tie cellufar structures of the heary
e At le I p'm&»m the aregieration of repelarization ynder the influence of accrylcholine,

When Lelmarte™ daws &5 comsidered, one can suppose that, under conditions of avoploizaton, the forrelas
Lo of e different dons an e cardiae muscle bs disturbed, and vague oerve <tinulation is not attended by the
e faren of Fadons {ror the tisees, We observed an intendification of the poduve effects froms aceryleholine
onstorured bearts ol wpring and fall frogs. In the spring and fall, a positive inouopic effect could be ohtained,
exciton & nonral beart, frons the acton of acetyleholing. In there neriods, the conrelation of the € -jons-and
ealrize i the uuaes s kiown o cliange greatly (8, 1€, 24).

231 these fact only prove the necessity of normal lonic relations 1o the realizaton of the usual effect of
¢leioline, but do not solve the probleny of how this substance or K-fons "inhibit®,

arety
HMowerver, we hope that the data we have obtained will help approach an understanding of how the ionic,

wors} and polarizing factors are interrelated in the origin and spread of vagal ishibition of the heart,

SUMMARY

The effect of acetyicholing and K-ions upon the rate and force as well as upon the resting and action
petentials of normal and auopinized frogs® hearts was studied (over 600 experimenis). Acetylcholine and
K-ions diminished the force of contraction of the normal heant and promioted the blocking of conductivity, the
rate of sifius chythim being unaltered. Acetylcholine accelerated repolarization leading to a somewhat diminisned
polanzation of the beart muscle, Potassium suppressed the contractions of the heart muscle diminishing at the
same ume the amplitude and slowing the development of mouophasic action potentials, Preliminary atropiniza-
tion did not alter the effect of surplus potassium on the heart, Acetylcholine however did not accelerate repolari-
zation under these conditons,it only Jowered the festing powential of the atropinized muscle down to its nermal
level, Acetyicholine enhanced the force of contraction of the atropinized normal and permancitly desympathized
heart,
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