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- The reflex regulation of the heart in fish has been stwdied by many authors [2, 3, 11,13, 15-19, 21}, It has
. been established that simulation of various intero- and exteroceptors, or of afferent nerves, causes cardiac arrest
or slowing of thc rate of cardiac contracdons. At the same time, certain authors [2, 15, 16, 21] observed reflex
acceleration of the heart rate. Neither inhibition 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 sympathetic ganglicn, the forebrain
and the spinal cord does not abolish these reflex effects [16]. The most pronounced tachycardia and bradycardia

are noted on stimulation of the swimn-bladder and the gills, i.e., organs which send sensory fibers to the medulla
within the branches of the vagus.

Reflex tachycardia described in the works mentioned is usually considered tc 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 influences
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 disappearance of afferent impulses, Lutz.
{16] found in his experiments that acceleration of the rate of flow of fluid thmdgh the gills was accompanied by
increase in the heart rate and reduction fn the rate of flow by slowing of the heart.

On the basis of the possibility discovered by us [4] of actively :cceieraiing the heart rate in fish by simu-
lating the peripheral portions of the cardiac branches of the vagi it was decided 1o trace the way in which this
mechanism was utilized in reflex regulation of the heart rate,

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 presentation of experimental material.

EXPERIMENTAL RESULTS

Both inhibition and stimuladon of the heart rate were observed on stimulation of the central portions of
individual gill branches of the vagus. The two effects were not specific for the different gill nerves. Stimula-
- tion of each of the gill nerves could lead to acceleration or slowing of the heart rate and to complete cardiac
arrest for varying periods of time. The natre of the effect depended in each individual case on the strength
of stimulation of the given nerve. Relatively weak stimulation caused acceleration of the heart rate (Figure la,
2c). Increasing the strength of stimulation led to inhibition of cardiac acuvity (Figure 1,b,¢;2,b); this inhibi~
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tion became even more marked when the stimulation of the same afferent nerves was increased in smength (Fig.
1d, 22). Such consistent results could be obtained on stimuiation of the central portion of any of the four gill
“branches both on the right and on the left sides,

* The results cited do not exclude the hypothesis that weak simulation of the gill nerves brings into play
some special accelerator fibers whose influence is overshadowed on stxonger stimuladon by the acdvity of speci~
fic inhibitory nerve elements, -If this were so it should have been expected that sirmultaneous stimulation of two
afferent nerves, separate stimulation of each of which elicited acceleration of the heart rate, would lead {n all
cases to even greater acceleration of the heart, whereas simultaneous stimulatdon of gill branches, whose separate
stimulation elicited acceleration in the case of one and slowing of the heart rate in the case of the other, would
lead to some degree of levelling off of the effects of thelr separate stimulation,
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Fig. 1. Reflex changes in the rhythm of cardiac contractions
in pike on electric stimulation of the central end of the 3rd
gill branch of the vagus. Records from above down: meche~
anical record of cardiac activity, stimulus marker; figures
denote distance beiween the induction coils,

In order to test these hypotheses simuitaneous stimulation was applied to the central ends of two differemt
gill nerves whose separate stimulation could, as shown above, produce the most varied effects,

m‘\h it 'r {H\

Fig. 2. Reflex changes in the thythm of cardiac conwractons in perch on electric stim-~
ulation of the central end of the 5th gill branch of the vagus. Records as in Figure 1.

Two afferent nerves were placed on simulating electrodes, separate for each gill branch. Each pair of
electrodes was connected with separate induction apparatus. The two stimulating circuits shared the circtit
breaker and the charging source which ensured that, with equal distances between the primary and secondary
colls, the current strength and frequency of breaks were the same. When reproducible results of separate stimula-
~ tion of the gill nerves with a selected strength of current were established two branches were stimulated simul-

* taneously. The results of some of these experiments are summarized in the table on the following page.

The results of the first two examples given in the table can only be comprehended if it is assumed that
during separate stimulation of each branch with subthreshold (but approaching threshold) current swength a cex-
tain number of afferent fibers entering the branch is excited. However, this number of reflex arc elements in-
volved in activity proves to be inadequate to effect reflex changes in the work of the heart. Increase in the pum-~
ber of active afferent fibers by means of siimilar "subthreshold® stimulation of another branch leads to definite
reflex acceleration of the heart rate, i.e., produces the same effect as that observed in response to weak but su~
prathreshold stimulation of each of these nerves separately (Figure 1a: 2c) when the number of excited fibers in
the one nerve trunk is already sufficient to produce this effect. When stimulation of one of the nerve branches
leading to acceleration of the heart rate was joined by "subthreshold” stimulation of another, the resultant effect
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of such simultancous stimulation was expressed not in reinforcement of the positive influence, but in its conver-
sion to the functionally opposite effect — inhibition. The same result was obtained on simultaneous stimulation
of two branches which, stimulated scparately with a certain current strength, elicited acceleration of the heart

" rate (examples 4 and 5). The results of the next three examples cannot be understood in terms of the presence
of specific accelerator or inhibitor nerve fibers {n the glil nerves, It appears that an increase in the number of
nervous elements involved in actvity leads to reflex inhibition of the heart, although fermerly, stimulation of
these elements caused tachycardia. This hypothesis is also vividly brought out by results of Examples 6-8 which
show that simultaneous stimulation of two afferent nerves, which gave opposite effects when stimulated separately,
leads not to the mutal attenuation of thete opposite effects but to enhancement of one of them, viz, inhibidon;
a gualitatively similar result is obtained on combination in time of two stimuli each of which had caused weak
inhibidon of the heart rate (Example 10). Comparison and analysis of ten examples of combined stimulation of

" various gill nerve branches thus permits only one i{nterpretation of the results of this series of experiments: the
nature of the reflex reaction of the heart depends on the number of qualitatively similar afferent conductors in-
volved in activity by meansof one or another stimulus, Excitation of a definite number of such fibers determines
the reflex acceleration of the heart rate; when this number is increased, cardiac inhibiton develops and becomes
progressively more profound as more and more afferent fibers are involved in activity.

Heart beats per minute

No. in without with separate stimulation siimulgae;%mof

order stimulation{ one branch ‘another branch :wfgmnm
1 29 29 (111) 23(1v) 34 (1112 1V)
2 17 17 (1) 17(1V) 29 (It431V)
3 17 R L:I(1)) 17 {11 14 (114-111)
4 19 22(11) 24 (115) 17 (14110
5 19 22(11) 22 (1) RET(IE 1))
6 pL] el 25(Ivy 15(11+1V)
7 24 2041 28(1V) g(li4IV)
8 24 17 (1) 27(1vy 7 (H1V)
9 24 194V 31(11) 2(V411)
10 2% 24 (1Y) 21 (11D - 5(V4IN)

Note: The numbers in brackets refer to the gill nerves,

The results cited (Figures 1 and 2) do not resolve the question as te the particular part of the reflex arc in
which those concrete conditions are laid down and which determine the character of the cardiac reaction to a
given influence. This may occur at the vagal center or in the heart itself. In the first case the effects noted
could be regarded as the result of change in the central tonus of the vagi, or it may be assumed that drawing in
of different numbers of uniform afferent fibers into activity is associated with involvement of different afferent
nierve elements, which exert a specific action on the heart leadmg only to well-defined changes in its activity,

. In order to elucidate these questions a special series of experiments was performed in which the cenual
end of one of the gill nerves was stimulated repeatedly by current of the same suength, causing definite cardiac
inhibition (Figure 3a). In the intervals between stimuli the previcusly prepared cardiac branches of the vagi were
transected successively; these branches carried the cemnfugal pathways of the reflex under consideration. Fol-
lowing transection of one of the four cardiac branches the inhibitory effect of the stimulation of the second gill.
branch with the former curment strength was found to be diminished (Figure 3b). After tzansecnon of another car-
diac branch the same stimulation caused very feeble slowing of the heart rate (Figure 3c). Transection of yet
another (third) efferent branch was associated with acceleration and not slowing of the heart rate when the same
stimulus was applied (Figure 3d). Tachycardia could not be elicited after ransection of the last cardiac branch.
When the order of transection of the cardiac nerves was altered no change occurred in the successive phenomena
demonstrated in Figure 3. This refutes the hypothesis that accelerator fibers were concentrated in some one
branch in the presence of which reflex stimulation led to tachycardia. At the same time these experiments leave
no doubt that vagal tachycardia cannot be the result of interference with the tonus of the vagx but results from
reflex excitation of an artificially Himited number of vagal efferent fibers.
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The material presemed permits representation of the reflex regulation of the heart in fish as follows: stim-
uli differing in intensity involve a definite number of afferent fibers in activity and lead 1o reflex excitation of
a greater or lesser number of efferent elements of the medulla and consequently of a corresponding number of
cenuifugal nerves whose active impulse action on the heart determines the final effect exerted an it by the re~
flex. The centrifugal pathway of functionally opposite reflex influences on the heart is constituted by homo-
geneous elements of the vagi. These elements are not in their constitutional properties either enhancing or in-
hibitory. Whea they are drawn into activity in definite, relatively small numbers they elicit tachycardia, while
excitation of a larger number of the same efferent fibers elicits various degrees of cardiac inhibitdon, 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-
pret the results obt “ned in accordance with concepts de-
veloped by M.G. Udel'nov[6], who showed that the stue-
tural-functional basis of cardiac regulation {s the charac-
teristdcally parasympathetic intramural synaptic apparatus
concerned with dispersion and multiplication of impulses,
leading not only to tachycardia, but also to bradycardia. °
It is characteristic that the heart in fish is that organ in
which the vagal fibers first acquire synaptic discontinuiry,
i.e., features of a parasympathetic nerve,

_ The fact that stimulation of the reflexogenic zone
of the gills can exert 2 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 {7, 8] which is concerned with the
origin of the caretid sinus, aortal and pulmonary reflexo-
genic zones of pulmonates in the gill reflexogenic zone
of the lower vertebrates. This hypothesis has found sound
basis in the investigation of Boyd [8], and Bystrov {1},

V.N. Chernigovskii visualizes the high sensidvity of

Fig. 3. Reflex changes in the rhythm of cardiac the carotid sinus, acrtal and pulmonary reflexogenic
contractions in pike on electric stimulation, zones as the result of all these affurent areas arising from
identical with respect to strength, of the cenwal the biood 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 the
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
ransection of 2 cardiac branches (), after tran- strongest cardiac reflexes arise on simulation of the gill
section of 3 cardiac branches of the vagus (d). reflexogenic zone [21]. The functonal characieristics
Records die same as in Figure 1. of this zone as a source of bilateral regulatory influences

on the heart supplement this analogy and permit the in-~

clusion of the buffer properties of the strongest reflexo-
genic zones of the higher vertebrates = carotid sinus, aortal and pulmonary zones — among the buffer-compensa-
tory reflex influences on cardiac activity; this can be deduced from such properties shown by their homolog, the
gill reflenogenic zone, which exerts 2 bilateral and therefore buffer-compensatory effect on the heart. Taking
into account that the heart is the main organ maintaining the necessary eirculatory levelin fish and that the
vagus-in these animals is the only cenurifugal 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 stimulation of the central endings of different gill nerves in fish cause a re-
flex change of heart .ate. Weak simulation results in increased frequency of the heart rate. Stronger stimula~
tion causes decreased frequency or complete amest of the heart. Simultaneous stimulation of two gill nerves by
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the current which causcd tachycardia when each nerve was stimulated separately,caused cardiac inhibidon, S{-
multaneous stimulation of twe gill nerves, the separate stimulaton of one of which resulted in decrease of the
heart rate and of the other in increase, caused even more pronounced irhibition of the heart. If the stength of
stimulation of one of the gill nerves is kept constant the effect of the reflex action changes deperding on the
number of the intact efferent nerves of the heart. If all the nerves are intact the frequency of the heartbeat is
decreased, while if a number of them are cut tachycardia results. This provides evidence against the qualita-
- tive specificlty of the individual afferent or efferent elements in the reflex arc under Invesdgation. 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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