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�9 The reflex regulation of the heart in fish has been studied by many authors [2, 3, II, 13, 15-19, 21]. It has 
been established that stimulation of various intero- and exteroceptors, or of afferent nerves, causes cardiac an~ 
or slowing of hhc rate of cardiac contractions. At the same time, certain authors [2. 15, 16, 21] observed ~flex 
acceleration of the heart rate. Neither Inlfibition nor stimulation of the heart rate is observed after section of 
the cardiac branches of the vagus [2, 15, 17] whereas destruction of the First s~mpathetic ganglion, the forebraln 
and the spinal cord does not abolish these reflex effects [16]. The most pronounced tachycatdia and bradycardla 
are noted on stimulation Of the swim-bladder and the gills, i.e., organs which send sensory fibers to tlm medulla 
within the branches of the vagus. 

Reflex tachycardia described in the works mentioned is usually considered to be the result of lowering of 
the inhibitory tonus of the vagi. Thus, F.D. Vasilenko and K.S. Koshtoiants [2] explain the tachycardia observed 
On reduction of pressure within the swim-bladder as a passive consequence of exclusion of afferent influence= 
which maintain reflexly the tonus of the vagal centers. This interpretation is contradictory to observations of 
other authors who have shown that increased heart rate may result on raising the pressure within the swim-bladder 
[21]. i.e.. that it may arise as the result of the appearance rather than dimppearance of afferent impulses. Lutz 
[16] found in his experiments that acceleratio~ of the rate of flow of fluid through the gills was accompanied by 
increase in the heart rate and reduction in the rate of flow by slowing of the heart. 

On the basis of the possibility discovered by us [4] of actively accelerating the heart rate in fish by stimu- 
lating the peripheral portions of the cardiac branches of the vagi it was decided to trace the way in which this 
mechanism was utilized in reflex regulation of the heart ram. 

The experimental method used in these experiments has been described In the previous communication [4]. 
Certain additional procedures will be cited in the course of p~sentation of experimental materiaL 

EXPERIMENTAL RF, SU LTS 

Both i;~.ibitlon and stimulation of the heart rate were observed on stimulation of the central portions O[ 
indiv/d~aal gill branches of the vagus. The two effects were not specific for the different gill nerves. StimuIa- 
t3on of each of the g i l l  nerves c ~ l d  lead to acceleration or slowing of the heart rate and to complete cardiac 
arrest for varying periods of time. The nature of the effect depended in each individual ca~ on the Strength 
of stimulation of the given nerve. Relatively weak sfimula~on caused acceleration of the heart ram (Figure la.  
Pc). lncz~a~ng the strength of stimulation led to inhibit ion of cardiac act iv i ty (Figure 1.b,c;2,b); this inhibi -  
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tion became even mote marked when the stimulation of the same afferent nerves ~'as increased in  strength (Fig. 
ld,  2a). ~.'ch consistent result* could be obtained on stimulation of the central portion of any of the four g i l l  
branches both on the right and on the left sides. 

The results cited do not exclude: the hypothesis that weak stimulation of the gill nerves b~ngs into play 
some s~cia ! accelerator fibers whose influence is overshadowed on stronger stimulation by the activity of sped- 
tic inhibitor)" nerve elements. If this were so it should have been expected that ~i.~ultaneous stimulation of two 
afferent nerves, separate stimulation of each of which elicited acceleration of the heart rate. wo~Id lead in all 
cases to even greater accelerat ion of the heart, whereas simultaneous stimulation of g i l l  branches, whose separate 
st imulation e l i c i t ed  accelerat ion in the case of one and slowing of the heart rate in the case of the other, wcmld 
lead to some degree of levelling off of the effects of theix separate st imulatlom 

a b c d 

Fig .  1. Reflex changes in the rhythm of cardiac contractions 
in pike on electr ic  stimulation of file central end Of the 3rd 
gi l l  branch of the vagus. Records from above down., mech-  
anical  record of cardiac act ivi ty,  stimulus marker; figures 
denote distance between the induction coils. 

In order to test  these hypotheses simultaneous stimulation was applied to the centra l  ends of two d l f f e ~ m  
gil l  nerves whose separate stimulation could, as shown above, produce the most vaned effects.  

a b r 

Fig. 2. Reflex changes in the rhythm of cardiac contractions in perch on e lec t r ic  s t im-  
ulat ion of the central end of the 5th gi l l  branch of the vagus. Records as in Figure 1. 

Two afferent nerves were placed on stimulating electrodes, separate for each gill branch. Each pair d 
electrodes.was connected with separate induction apparatus. The two stimulating circuits shared the client 
breaker and the charging source which ensured that, With equal distances between the primary and secondary 
coils, the current strength and frequency of breaks were the same. When reproducible results of sepatat~ stimula- 
tion of the g i l l  nerves with a selected strength of current were established two branches were s t imulated s imul -  
taneously. T~.,e results of some of these experiments are summarized in the table on the following page.  

The re_cults of d,e first two examples given in the table can only be comlxehended ff i t  is assumed that  
&~ring sepaxam stimulation of each branch with subthreshold (but approaching threshold) current strength a ce r -  
tain number o fa f f e ren t  fibers entering the branch is exci ted.  However, this number of reflex arc  e lements  in  o 
volved in acd t~ ty  proves to be inadequate to effect  reflex changes in the work of the heart. Increase in the num-  
ber of ac t ive  afferent fibers by means of s i~ i l a r  "subthreshold" stimulation of another branch leads to defiadm 
reflex acce lera t ion  of the heart rate, i .e . ,  produces the same effect as that observed in respome m weak but  s~,- 
prathreshold st imulat ion of each of these nerves separately (Figure l a :  2c) when the number of  exc i ted  fibers in  
the one nerve trunk i~ akeady  sufficient to produce fi-~s effect.  When stimulation o~oar of the nerve b t a n c h ~  
leading to  acce le ra t ion  of the heart  rate was joined by "subthreshold" stimulation of  another, the resultant ef fec t  
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of such simultaneous st imulation was expressed not in reinforcement of the positive lrdluence,  but in Its conver- 
sion to the functionally 0ppo.qte effect  - inhibition. The same result was obtained on ~imultaneous ~timulation 
of two branches which, st imulated separately with a certain current seength,  e l i c i t ed  accelera t ion  of the heart  

�9 rate (examples 4 and 8 ) .  The results of t,he next three examples cannot be under~tood in terms of the presenr 
of specific accelerator  or inhibitor r:erve fibers in the gi l l  nerves. I t  appears that an increase in the number of 
nervous elements Involved in act ivi ty  leads to reflex inhibition of the heart ,  although formerly, st imulation ot 
these elements caused tachycardia.  ' This hypothesis is also vividly brought out by results of Examples 6-9 which 
show that simultaneous st imulat ion of two afferent nerves, which gave opposite effects *.'hen st imulated separately,  
leads not to the mutual  attenuation of these opposize effects but to enhancement  of o ~  of them, viz. inhibition; 
a quali tat ively similar  result is obtained on combination in t ime of two st imuli  each of  which had caused weak 
inhibition of the heart  rate (Example 10). Comparison and analysis of ten examples  of combined stimulation of 
various gil l  n~rve branches thus Permits only one interpretation of the results of this series of experiments:  the 
nature of the reflex react ion of the heart  depends on the number of qual i ta t ively d m i l a r  afferent conductors i n -  
volved In act ivi ty by means of one or another stimulus. Excitation of a definite number of such fibers determines 
the reflex accelerat ion of the heart  rate; when this number is Increased, Cardiac inhibit ion develops and becomes 
progressively more profound as more and more afferent fibers are involved In ac t iv i ty .  

, , , ,  

No. in without 
order I stimulation 

. . . .  t 

, I 
2 

4 
5 
6 
7 
8 
9 

io 

29 
17 
17 
19 
19 

24 
24 
24 
24 
26 

Heart beats per minute 

with separate stinlulatiofi . . . . . .  simultaneofis ' 
s t imulat ion of 

one branch 

29(H1) 
17 (tit) 
19(11} 
22(H) 
22(H) 
19(II) 
20~II) 
17 (III) 

.19(IV) 
24 (IV) 

another branch 

29 (IV) 
17 (IV) 
17 ( I I I )  
24 ( I l l )  

( I l l )  
29 (IV) 

27 (iv) 
~J (H) 
21 ( i i i )  

two b r a n c h ~  

O t t §  iv )  
29 (III-4-1V) 
14 (II-.I.-III) 
11 lqlJr I I I )  

1 4 0 1 + I H )  
15 (II-I- IV) 
8 (11 + I V )  

7 ( H I + W )  
2 (IV-4- Ii} 
5 (IV-I- I I I )  

m 

Note: The numbers In brackets refer to the g i l l  nerves. 

The results c i ted (Figures 1 and 2) do not resolve the question as to the par t ioa la t  part of the reflex arc In 
which those concrete conditions are laid clown and which determine the c h a r a c t e f o f  the cardiac  react ion to a 
given influence. This may occur at  the vagal  center or i n  the hear t  i tself.  In the first case the effects noted 
could be regarded as the result of change in the central tunas of the vagi,  or i t  may  be assumed that  drawing in 
of different numbers of uniform afferent fibers into activi ty is associated with involvement  of different afferent 
rierve elements,  which exert  a spec i f i cac t ion  on the heart leading only to well-deFLt~d changes in its act iv i ty .  

In order to e lucidate  these question~ a spec ia l  series of experiments was Performed in which the c~ntral  
e n d o f  one of the g i l l  nerves was st imulated repeatedly by current of the same strength, causing definite cardiac  
inhibition (Figure 3a). In the intervals between stimuli the previously prepared card iac  l~ranches of the vagi were 
transected successively; these branches carried the centr ifugal  pathways of the ref lex under consideration. Folo 
lo.wtng transection of one of the four cardiac branches the inhibitor)" effect  of ~ e  s t imulat ion cf the second gill .  
branch with the former current strength was found to be diminished (Figure 8b). After transectibn of another ca r -  
diac branch the same st imulat ion caused very feeble slowing of the heart  rate (Figure 3c). Transection of ye t  
another ( th i rd)efferent  branch was associated with accelerat ion and not slowing of the hear t  rate when the same 
stimulus was appl ied (Figure 3d). Tachycardia could not be e l i c i t ed  after t ransection of the last cardiac  branch. 
When the order of transection of the cardiac  nerves was al tered no change occ-,,m-ed in the successive phenomena 
demonstrated in Figure 3. This refutes the hypothesis that accelera tor  fibers were concentrated In some one 
branch in the presence of which reflex stimulation led to tachycazdia.  At the ~ t ime these experiments l e a ~  
no doubt that vagal  tachycatdia  cannot be the result of interference with the ton~s of the vagi but  results from 
reflex exci tat ion of an ar t i f ic ia l ly  ! imited number of vagal  efferent fibers. 

400 



The material presented permits representation of the ref]e~ regulation of the heart in fish as follows: st im- 
uli differing in intensity involve a definite number of afferent fibers in activity and lead to reflex excitation of 
a greater or lesser number of efferent elements of the medulla and consequently of a corresponding number of  
cen~fuga l  nerves whom acrLve impul.~ action on the heart determines the final effect exerted on it by the re -  
flex. The ceritrifugal pathway of  functionally opposite reflex influences on the heart is constituted by homo~ 
gcne0us elements of the vagi. These elements are not in their consti~ational properties either enhancing or In-  
hibitory. When they are drawn into activity in defirfim, relatively small numbers they elicit  tachycardia, whllr 
excitat ion of a larger number of the same efferent fibers elicits various degrees of cardiac iahibltion. Therefore, 

without confirming the hypothesis of qualitative specifi- 
city of the inhibitory action of the vagus on the heart, 
whose logical development is the theory proposed by 
Skramlik [20] suggesting a unilaterally inhibitory influ- 
ence of the nervous system on the heart in fish, we inter-  
p,'et the results obt" "ned in accordance with concepts de-  
ycleped by M.G. Udel'nov[6], who showed that the muco 
tutal-functional basis of cardiac regulation Is the charac-  
teristically parasympathetic intramural synaptic apparatus 
concerned with dispersion and multiplication of impulses. 
leading not only to tachycardia, but also to btadycardia. 
It is characteristic that the heart in fish is that organ in 
which the vagal fibers first acquire synaptic discontinuity, 
i.e., features cf a parasympathetic nerve, 

The fact that stimulation of the reflexogenic zone 
of the gills can exert a dual effect On the heart becomes 
particularly significant in connection with_ the hypothesis 
first enunciated by Koch [14] and recently elaborated in 
detail by Chernigovskii [% 8] which is concerned with tim 
origin of the carotid sinus, aortal and pulmonary reflexo- 
genie zones of pulmonates in the gill reflexogeaic zone 
of the lower vertebrates. This hypothesis has found socnd 
basis in the investigationof Boyd [9], and Bystrov [1]. 

V.N. Chernigovskii visualizes the high senzi~,..ity of  
Fig. 3. Reflex changes in the th)'thm of cardiac the carotid sinus, aortal and pulmonary reflexogenic 
contracti'ons in pike on electric stimulation, zones as the result of all these aff~;rent areas arising from 
identical with respect to strength, of the central the blood vessels of the gill region, i.e., from vessels 
end of the 2nd gill branch of the vagus with all which in fish are constantly in direct contact with tim 
cardiac branches of this nerve intact (a), after external environment. This suggestion is confirmed by 
transection of one of these branches (b), after the data Of a number of authors which show that the 
transection of 2 cardiac branches (c), after tran- strongest cardiac reflexes arise on stimulation of the ~.'ll 
section of 3 cardiac branches of the vagu~ (d). reflexogerdc zone [2i]. The functional characteristics 
Records fine same as in Fi~are 1. of this zone as a source of bilateral regulatory influences 

on the heart supplement this analog3' and permit the in-  
clusion of the buffer properties of the strongest reflexo- 

genie zones of the higher vertebrates - ca ro t id  sinus, aortal and pulmonary zones - a m o n g  ~ e  buffer-compema- 
tory reflex influences on cardiac activity; this can be deduced from such properties shown by their homolog, tim 
~1t rcflexogenic zone, which exerts a bilateral and therefore buffer-compensatory effect on the heart. Taking 
into account that the heart is the main organ maintaining the necessary circulatory level in fish and d;at tlm 
vagus in  these animals is the only centrifugal pathway for all cardiac reflexes, the origin of  vagal function in 
higher vertebrates as the main regulator of general blood pressure can be readily understood [5, 6]. 

SUMMARY 

It was established that electric .-ximulation of  the central endings of different gill nerves in fish CatLSe a re-  
flex change of heart late. Weak stimulation rc.~lts in increased frequent-  of the heart rat~. Stronger s ~ n u l a -  
lion causes decrea~d frequency or complete a'n'est of  the heart. Simultaneous stimulation of two gill ner~.s by 
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the current which caused tachycardia when each ~erve was stimulated ~parately,cau~ed cardiac inhibition. SI- 
multaneous stimulation of two gill nerws, the separate stimulation of one of which te~uhed In decrease of 
heart rate and of the other in increase, caused even mote i~ronounced inhibition of the heart. If the strength of 
stimulation of one of the gill nerves is kept constant the effect of r reflex action changes deper.,dlng on the 
number of the intact efferent nerves of the heart. If all the neryes ate intact the frequency of the hearrtbeat 1= 
decreased, while if a number of them are cut tachyoardta resulu. This prov/des evidence against the quaUta- 
t!ve Specificity of the individual afferent or efferent elemenu in the reflex arc under investigation. It points to 
the dependence of the quality of the reflex effect on the number of the nerve elements involved in this reaction. 
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