
 

 

 

University of Southampton Research Repository 

Copyright © and Moral Rights for this thesis and, where applicable, any 

accompanying data are retained by the author and/or other copyright owners. A 

copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. This thesis and the accompanying data cannot be 

reproduced or quoted extensively from without first obtaining permission in 

writing from the copyright holder/s. The content of the thesis and accompanying 

research data (where applicable) must not be changed in any way or sold 

commercially in any format or medium without the formal permission of the 

copyright holder/s.  

When referring to this thesis and any accompanying data, full bibliographic 

details must be given, e.g.  

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton, 

name of the University Faculty or School or Department, PhD Thesis, pagination.  

Data: Author (Year) Title. URI [dataset] 

 



TSB REGDIATION OP BEEATSinG ilQ HEART BEAT

IN FISH

by

RAHBAIL

Zoology Department

A Thesis submitted for the degree of Doctor of Philosophy

of the University of Southampton

July 1963



ACENOVLEUGMENTS

I am deeply indebted to my supervisor, Dr.

G. Shelton, who not only suggested the research topic, 

but also gave me much help and advice during the period 

of this research.

I wish to thank Professor J. E. G. Raymont, for 

allowing me to work within the Department of Zoology, 

and also Mr. D. J. Hobden and many other members of the 

zoological research, academic and technical staff, for 

their assistance in various aspects of this work.

My thanks are also due to the Department of 

Scientific and Industrial Research, who provided a 

maintenance grant.



C0ITTBKT8 

page
SECTION I. General Introduction ......................... 1

SECTION II. General Methods ............................. 9

SECTION III. The effect of MS 222 Sandoz on the heart rate 
and breathing of teleost fish . . 17

A. Introduction . . ....................  . 17

B. The effect of MS 222 on the heart and 
breathing of the intact fish . 18 

(i) Method ..................... 18

(ii) Results . . . . . . . . . . . . . . 18 

(a) The Electrocardiogram   18

(b) The effects of the experimental 
procedure on the fish , . . . . . 19

(c) The effett of MS 222 Sandoz on the 
heart and breathing rates and the 
breathing amplitude of the intact 
fish . . . . . . . . . . . . . * ^1

0. The effect of MS 222 Sandoz on the isolated 
neart . . . . . . . . . * . . . . * . 22

(i) Introduction . . .................. 22

(ii) Method .......... . . . . . . . . . 23

(iii) Results ...........  . . ........ 24

D. The effect of various nervous transections 
on the response of the heart to MS 222 
Sanooz . . . . . . . . . . . . . . . 2^

(i) Introduction ........   25

(ii) Methods , ............  , . . . . . 25

(iii) Results . . . . ..............  * * 26

E« Discussion ............ . ............ 27

SECTION 17. The Relationship between heart beat and 
respiration .. . . ............ 30

(i) Introduction . . . . . ............ 30

(ii) Methods . . . . . ................ 32



8BGTIC

SECTION VI

SECTION VII

SBCTIO:

Results

(iv)

The effect

Discussion

of varying gae tensions
onment on the heart rate
tench

(ii)

(iii)

in the envir'
breathin of the

the

The

Introduction

Methods

Results

dioxide

Discussion

(a) Oxygen

role 01

40

46

46

47

50

50

Carbon dioxide

of the vagus in 
flsn # * k 4 #

duction

(iii) Results

(a) The effects of 
the E.C.G, of the tench

(b) Electrical recordings
brancn oi tne vagus oi

regulation of heart

introduction

lethods

the

teleost fish

of intracellular potentials from
fish heart in situ

(i)

(ii)

Introduction

thods

54

58

60

70

76

76

78

Results

(iTi



SECTION IX. Final Discussion

SECTION X. SuHimary . . . .

Bibliography . .



Section I

amERAL nTRODUOTION

The energy expended by the vast majority of living 

organisms is ultimately dependent on molecular oxygen. Respir­

ation is the process by which oxygen is delivered to the tissues 

and carbon dioxide is removed from the body; also more recently 

it has come to include the series of chemical reactions that take 

place within the cell by whioh the energy of oxidation is made 

available for metabolic processes* The process of respiration is 

therefore vital to the organism, and must be able to supply oxygen 

at varying rates if the animal is to have a wide range of activity 

levels. The regulation of the rate at which oxygen is delivered 

for metabolism must inevitably be complex because of the diffuse 

nature of the respiratory system, but an important site of control 

must be at the site of oxygen and carbon dioxide exchange with 

the environment whioh, in teleost fish, is generally the gills.

Several reviews have been published covering various aspects 

of fish respiratory physiology. Erogh (1941) has reviewed 

respiration from a comparative standpoint, whereas Fty (1957) 

paid particular attention to oxygen consumption in fish, and stressed 

the importance of the effect of the environment in the measurement 
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of metabolic rate. Black (1951) excluded literature on oxygen 

consumption, but in a general reviev of respiration included papers 

on the respiratory functions of the blood. The regulation and 

mechanics of respiration have been extensively reviewed by Sughes 

and Shelton (1962).

The majority of fish extract oxygen from the water as it 

passes over the gills. In teleosts the water enters the mouth, is 

pumped over the gills and then passes out through the gill clefts. 

The branchial pump consists of the buccal cavity, the musculature 

of which acts as a force pump pushing water over the gills, and two 

lateral opercular suction pumps which draw water over the gills. 

The pressure relationships between the force and suction pumps are 

such that there is an almost continuous flow of water over the 

gills (Sughes, I960, 1961; Hughes and Shelton 1B57, 1958, 1962). 

The filaments and lamellae of the gills are arranged to produce a 

fine lattice dividing the buccal and opercular cavities (Bitjel, 

1949),

The blood pumped by the heart passes through the gills, and 

comes into close contact tith the respiratory epithelium, across 

which oxygen diffuses from water to blood, and carbon dioxide passes 

out from the body. The blood of fish has a high affinity for 

oxygen being fully loaded at quite low oxygen tensions, particularly 

in some freshwater forms (Black, 1940). The oxygen capacity of 
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the blood is generally of the order of 5 to 7 volumee percent, but 

the mackerel has an exceptionally high oxygen capacity of 15.77 

Tolumee percent (Root, 1951).

The blood carries oxygen to, and carbon dioxide from the 

tissues. Little is known of the cytochrome system in fish, which 

is perhaps not surprising when it is realised that the regulation 

of respiration at the cellular level, although probably of great 

importance, is only, as yet, partially understood in mammals. 

Richardson et al (1962), however, have shown that although the 

cytochrome content of the mitochondria is slightly less, the 

cytochrome pattern in fish appears similar to that found in mammals.

Respiration in water as opposed to air will be largely 

Influenced by the differing properties of the two media. Water 

is approximately 800 times as dense as air, contains only one 

thirtieth the amount of oxygen and the ratio of the diffusion 

coefficients for oxygen in air and water is 1:5 % 10 (Krogh, 

1941; Pry,1957), and yet fish are able to maintain rates of oxygen 

consumption that are comparable with values for most air breathing 

poikilotherms (cf. Pry and Bart, 1948; Piemister, 1958), This 

must be largely due to the ability of the respiratory apparatus 

of fish to utilise up to 80^ of the oxygen in the water that 

passes over the gills (van Dam, 1958) compared with an utilization 

of the order of 25% in air breathing forms. The high efficiency 

of the respiratory apparatus in removing oxygen from the water. 
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particularly neceaaary iu so danse a medium, is related to four 

important characteristics of fish respiration:

(i) The anatomical arrangement of the gills allows all the 

water to come into close contact with the gill lamellae, reducing 

the necessity for the diffusion of oxygen in the water to a 

minimum.

(ii) The flow of water across the gills is almost continuous, 

allowing more time for gas exchange than if the same volume of 

water was passed over the gills Intermittently (van Dam, 1938). 

(iii) The flows of water and blood at the respiratory surface 

are in opposite directions. This is the counter current 

principle emphasised by van Dam (1938) and Sughes and Shelton 

(1962).

(iv) The high affinity of fish blood for oxygen.

Studies on the respiratory characteristics of different 

species of fish have indicated that certain adaptations of the 

basic respiratory plan enable higher activity levels in some 

species. Comparisons between active fish and more sluggish 

forms have shown that the more active species tend to have more 

haemoglobin (hall and Gray, 1929), a higher blood sugar level 

(Gray and Sall, 1930), a larger gill area (Gray,194?) and a 

higher rate of oxygen consumption of excised brain tissues 

(Vernberg and Gray, 1953), Peiss and Field (1950) have shown 
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that tissue respiration in the arctic cod is adapted to low 

temperatures showing a higher consumption of oxygen in the 

temperature range 0 - lO^C. than tissues from the golden orfe. 

These physiological adaptations have been correlated with high 

rates of oxygen consumption, and apparently enable a higher level 

of maximum activity in the particular species.

The most extensive and detailed work on the control and 

regulation of respiration in fish has been carried out on the 

mechanics and control of the breathing movements. The respiratory 

muscles of teleosts are innervated largely by the oocipito-spinal 

nerves and branches of the 7 and 7II cranial nerves. The res^ 

piratory movements are under the control of a rhythmically active 

respiratory centre situated mainly in the medulla (Shelton, 1959* 

1961). This centre is envisaged as a loosely Integrated group 

of neurones, with no distinct spacial grouping of the neurones 

in relation to phases of the breathing cycle. There is very 

little evidence to suggest that the generation of the rhythmic 

activity in the respiratory centre is dependent on extra-medullary 

stimulation (Hughes and Shelton, 1962). Powers and Clark (1942) 

however, considered that the IZth cranial nerves were of funda­

mental importance in the initiation of the respiratory rhythm. 

They found that bilateral sectioning of the I%th or IZth and Xth 

cranial nerves of the brook trout, rainbow trout and blue gill 

resulted in a cessation of the breathing movements. Breathing 
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however, although of a gasping nature, returned within a minute 

of the nervous section, and the transections themselves, carried 

out in the region of the gills, were always associated with a loss 

Of blood. Shelton (1959) found that when the IZth and %th cranial 

nerves of the tench were cut bilaterally as they emerge from the 

brain, respiration was not arrested, and therefore these nerves 

were not of fundamental importance in the initiation of respiratory 

activity in the tench. These sections however, did result in an 

increase in the amplitude of the respiratory movements, and there­

fore it appears that the IXth and Zth cranial nerves are of 

importance in the modification of rhythmic activity in the respiratory 

centre.

The regulation of respiration in fish to meet changes in 

either the activity level of the animal or in the environment have 

generally been restricted to the measurement of metabolic rate or 

the responses of the breathing apparatus. Activity raises the 

ozygen consumption of the animal and in common with excess carbon 

dioxide or decreased oxygen content in the ventilation stream, 

results in an increase in the volume of water ventilated by the 

breathing apparatus. The nervous pathways and location of the 

receptors involved in these changes in respiration are, as yet, 

unknown, except that it has been shown that there are chemo­

sensitive areas in the medulla of teleosts which are sensitive 

to carbon dioxide, but the exact location of these has yet to be 

determined (Sughes and Shelton, 1962). The results obtained by 
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Shelton (see Hughes and Shelton, 1962) have demonstrated that the 

changes in the breathing movements in response to variations in 

gas tensions in the water passing over the gills are to some eztent 

independent of receptors situated in the gills and innervated by 

the IXth and %th cranial nerves.

The necessity for a relationship between cardiac output and 

ventilation volume, especially in fish where so much energy is 

required to ventilate the gills with water, has been stressed by 

Hughes and Shelton (1962). Some aspects of this relationship 

have already been demonstrated in both elasmobranchs and teleosts. 

In elasmobranchs a simple numerical ratio between heart and 

breathing rates has been recorded by Lyon (1926) and Satehell 

(i960). The relationship in teleosts appears more oomplez, a 

simple numerical ratio appearing rarely and then only under certain 

conditions (Shelton and Randall, 1962). In both elasmobranchs 

and teleosts the relationship between heart rate, cardiac output 

and blood flow through the gills is not clearly understood. The 

nervous control of the heart heat appears to be entirely inhibitory, 

affecting heart rate. Although acceleration of heart rate is 

a common occurrence in teleosts, tachycardial mechanisms are 

unknown. Increased cardiac output is possibly augmented mechani­

cally by Increased venous return, producing an increase in stroke 

volume rather than an increased heart rate (Johansen, 1962). 

Small doses of adrenaline have been shown to cause a rise in blood 
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pressure in the eel (Mott, 1951), constricting the systemic vessels 

(Keys and Bateman, 1932). This pressor effect is very prolonged.

The gills are undoubtedly an important site for the regulation 

of respiration, and the amount of oxygen crossing the respiratory 

epithelium from water to blood will be influenced by the relative 

flows of blood and water and the tensions of oxygen and carbon 

dioxide in the two media. The purpose of the present work was to 

study the regulation of the heart beat and breathing movements of 

teleost fish under varying environmental conditions,in the hope 

that the results would lead to a clearer understanding of the 

control of respiration at the site of oxygen and carbon dioxide 

exchange with the environment.
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Section II

GBITBRAI, MBTSODS

The majority of eiperlments were carried out on the tench, 

2inca tincaj|Lj, but several other species of freshwater fish were 

used, these included dace, Leuciscus vulf^aris; chub, Leuoiscus 

cephalus: roach, 1. rutilus; eel^ Anguilla anguilla; and 

goldfish, Carassius auratus.

Stocks of fish were kept in large slate tanks supplied with 

a continuous flow of aerated, sand filtered tap water. The tanks 

were cleaned and washed with a solution of potassium permanganate 

before the introduction of each new group of fish. Worms, bread 

and boiled salted liver miied with baby food were fed to the fish 

at intervals aooordtag to the season and their particular needs; 

excess and decaying food was siphoned from the bottom of the tank. 

The health of the experimental animal is of primary importance 

(Fry, 1957), and only animals in a good condition were used in the 

experiments. To this end considerable attention was paid to the 

upkeep of the aquaria.

Seasonal as well as individual variations were noted in 

the stocks of fish, for example the heart rate was, on average, 

lower in winter than in summer, but as the experiments were designed 

to measure relative rather than absolute values in each fish, no 
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account of seasonal variation is included in the results. Attempts 

were made to stabilise the thermal history of the fish by performing 

the experiments at the same temperature as the stock tank, which in 

all oases was at tap water temperature.

When preparing for an experiment a fish was selected from the 

stock tank, anaesthetised, and placed in one of a series of clamps 

that were used to restrain the animal end fitted into the experi­

mental tank.

The fish was anaesthetised by placing it in either an 

aqueous solution of 1^ urethane or a 0.01^ solution of RS 222 

Sandoz. In a few experiments injections of nembutal (sodium 

pentobarbital) or a 1:1 mixture of paraldehyde and oleum arachis 

were used. The fish were anaesthetised to stage II plane 2 

anaesthesia, as described by McFarland (1959), in which there is 

a total loss of equilibrium, and a lack of reaction to external 

stimuli, particularly, in this case, that there was no reaction 

to pinching of the pectoral fins with a pair of forceps. For 

light anaesthesia during experiments, stage I anaesthesia (McFarland, 

1959) was used, in which there is a total or partial lack of 

response on the part of the fish to external stimuli, but equili­

brium is undisturbed.

Urethane appears to be the most suitable of the four 

anaesthetics used for it "produces a rapid and profound narcosis 

with little change in circulation or respiration". Soilman, 1957, 

p. 951. Uosage levels for injection with this drug proved 
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difficult to determine, and large doaee of up to 2 ml per 100 grm 

of fiah of a saturated solution of urethane in saline were often 

needed to produce the required level of sedation* Bathing the 

gills or placing the fish in a bath of the anaesthetic was an 

easier method of inducing anaesthesia. In this case an 0*2^ 

aqueous solution was used for light anaesthesia, and a 1^ solution 

for deep anaesthesia. The higher concentration often produced 

a lengthening of the "mouth open" phase of the breathing cycle in 

the tench.

Nembutal, in common with other barbiturates, impairs the 

sensitivity of the respiratory centre of mammals to carbon dioxide 

(Soliman, 1957). On injection into fish, there is a delay of up 

to 50 minutes before the full action of the anaesthetic is seen, 

which can lead to overdosage by underestimating the effect of the 

drug. Once again dosage levels were difficult to determine; 0.5 ml 

of 2 mg/ml of nembutal in saline injected into the dorsal musculature 

had no effect on a 90 grm fish, whereas a 1 ml injection killed a 

74 grm fish within 45 minutes. In general, because of its action 

on the respiratory centre of mammals and the difficulties inherent 

in injection, nembutal was thought to be unsuitable for these 

experiments.

Paraldehyde in a 1:1 mixture with oleum arachis injected 

into the rectum of a tench (0.6 ml per 100 grm of fish),produced 

prolonged anaesthesia in which skin reflexes and equilibrium were 

lost. Unfortunately operative procedures performed under this 
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drug often resulted in ezcessive bleeding.

The effects of MS 222 Sandoz, a meta-amino-benzoic acid 

etbylester in the form of a sbhiBc^alt, as a general anaesthetic 

have been studied in some detail (Gilbert and Wood, 1957; Ball 

and Gowan, 1959; Serfatv et al, 1959; Randall, 1962; Campbell 

and Davies, 196^). The properties of this compound as an 

anaesthetic have led to its widespread use in physiology, and a 

more detailed account of the effects of MS 222 on some aspects of 

physiological function in the tench will be given in a separate 

section.

The fish were anaesthetised either by placing them in water 

containing MS 222, or by forcibly ventilating the gills with an 

aqueous solution of the compound. The concentrations of the 

anaesthetic required to produce a given level of sedation were 

variable, but, in general, bathing a tench in a solution of 20 mg 

per litre made the animal unresponsive to external stimuli, whereas 

a concentration of 100 mg per litre caused rapid loss of equili­

brium, with no movements except those of breathing. Concentra­

tions of 200 mg per litre were lethal if the fish remained in 

the anaesthetic for longer than 30-40 minutes.

The holders used for restraining the fish during experiments 

were of three types. The first two types were similar in design 

but varied in detail, and were used to restrain all the fish used 

except the eel. This fish, because of its shape, required a



Bigure 1. The cl&mps used for holding the fiah during 

the experimenta*
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special type of holder. (Fig. Ic)

The first type of holder consisted of a wooden clamp around 

the trunk, and a brass head clamp that fitted across the supra­

orbital ridges of the fish. The truhk clamp was in two halves, 

each section being shaped on the inner surface to match the body 

of the fish, and the halves were held together by two adjustable 

bolts. The brass head clamp was fixed to one half of the wooden 

truhk clamp, which in turn was attached to a base plate that 

slotted into the bottom of the experimental tank. The head clamp 

was adjustable to fit varying sizes of fish. The free half of 

the trunk clamp was subsequently replaced by an adjustable cloth 

strap. (Fig. la)

The second type of holder was essentially similar to the 

first except that the trunk clamp was circular and enabled 

rotation of the fish around the long axis of the body. (Fig. lb) 

The trunk clamp fitted inside a ring of perspex, again in two 

halves and held together by two adjustable bolts, one half of which 

was permanently fixed to the bottom of a tank. The head clamp 

resembled that described for the first type of holder.

The third type of holder, used to restrain eels, was based 

on different principles from the two already described. The eel 

was first placed inside a length of bicycle inner-tube, which was 

then sealed at the posterior end by a Kohr clip. The tube fitted 

closely over the body but left the head and pectoral fins free. 

The fish and tube were then placed in two wooden clamps shaped 
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to the body of the eel, and fixed to the lid of the experimental 

tank. These damps surrounded the body anteriorly just behind 

the pectoral girdle and posteriorly in the region of the anus. 

The head was held by passing a cotton round the premaxilla and 

tying the upper jaw to a brass plate projecting from the most 

anterior of the two clamps.

The experimental tanks were of between 1^ and 3 litres in 

volume, and were all made of perspex. Some tanks were sealed, 

others were open at the top, depending on the nature of the 

particular experiments. Although the experimental tanks were 

only between 15 to 20 times the volume of the fish, and experiments 

lasted for several hours, depletion of oxygen from the water in the 

tank by the fish was avoided by a continuous flow of water through 

the tank, either directly over the gills from a tube inserted into 

the mouth, or by a tail to head flow through the tank, which 

avoided forced ventilation of the gills. Water was passed through 

the tank at rates of a litre every three or four minutes, and the 

gills were perfused at rates of between 100 and 400 ml/ minute.

The experiments were carried out at tap water temperature, 

the total range for all experiments being between 10 and 18°0, 

the temperature never varying more than l^C during any one experiment*

The heart rate and the rate and amplitude of the breathing 

movements were measured in many of the experiments under a variety 

of conditions. Three methods were used to determine the rate 

and amplitude of the breathing movements, each of which utilised 
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only a amall percentage of the energy expended, in performing the 

breathing movements. In all oases movements of a part of the 

respiratory apparatus (lower jaw or operculum) were taken as 

representative of the rate and amplitude of the breathing move­

ments as a whole* A length of cotton* tied to either the lower 

jaw or an operculum relayed the breathing movements to the recording 

system. Originally the movements were recorded mechanically with 

m straw lever on a smoked drum, out later mechano—electric trans­

ducers were used, the output from these being conveyed either to 

an Bdiswan pen recorder or an Oscilloscope (T^dronii 502 or 

Cossor 1049 Mk IIIl). Two types of transducer were used, firstly 

an RCA 5754 or latterly a glycerine trough transducer (Popple, 

see Donaldson, 1958, p. 48?)* made by D. R. Jones of this 

department.

A perspex extension arm was attached to the anode of the 

ROA 5754 mechano-electrio transducer in order that the movements 

of the lower jaw or operculum could be reduced to a level suitable 

for recording with thia instrument. The response of the second 

transducer was approximately linear for deflections of up to 1 cm 

at the tip of the recording arm. The force required to move the 

arm was small, and again approximately linear for deflections of 

up to 0.6 cms, but above this the force required plotted against 

deflection tended to become asymptotic. Movements of between 

0 and 0.6 cms at the tip of the recording arm were adequate, however, 

even when recording directly from the operculum. The transducer 
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was capable of recording movements at frequencies of up to 400 

cycles per minute.

The heart rate was determined from continuous records of 

the electrocardiogram (B.O.G.). This was recorded using a 

unipolar system. A steel needle electrode insulated, ezcept at 

the tip, with araldite or varnish, pierced the skin of the fish 

mid ventrally in front of the pectoral girdle, being pushed 

forward to come to lie ventral to the heart. An indifferent 

electrode was placed in the water of the tank* The signal 

recorded was amplified by an Ediswan B.P.A. amplifier or with 

a Tektronix preamplifier type 122, and the output connected to 

the second pen on the Bdiswan pen recorder (the first pen 

recording the breathing movements), or alternatively displayed 

on an oscilloscope. To avoid damage to the heart when exposed 

the relatively large steel electrode was not used, but was 

replaced by either a length of .010" gauge silver wire or a 

short length of saline soaked cotton, which could be placed 

on or tear the heart without risk of injury.
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Section III

TEE BPFEOT OF M8222 SANDOZ OE TEE BEAST EATS

AED BSEATSINO OF TELEOST FISS

A, INTEODUCTION

MS 222 Sandoz was need as a general anaesthetic during many 

of the eiperiments. It was found that bathing the fish in an 

aqueous solution of this compound induced anaesthesia quickly and 

efficiently, and that the process was easily reversed, for even 

after respiratory failure the animal could be revived without 

noticeably affecting its health, by perfusing the gills with 

oxygenated water.

The effects of several anaesthetics on fish have been studied 

by McFarland (1959, 1960)^ The changes produced by anaesthetics 

when used in sublethal concentrations during physiological experi­

ments are of considerable importance (Wllber, 1962), but because 

anaesthesia is usually a means to an end in experimental zoology 

very little other information has accumulated on the effects of 

various narcotics on fish. In these experiments it was particu­

larly important to know if MS 222 Sandoz was having any effect 

on respiration and heart rate, and therefore a series of experiments 

was designed to record the effects of various concentrations of 

this anaesthetic on the heart rate and the parameters of the 
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breathing movements in these partioular animals.

B. TEE EFFECT OP MS 222 SANDOZ PIT T2B EEABT RATE AND BEEATSING 

OF TEE INTACT PISS

(i) Method

The eiperimente were carried out on 1^ tench, weighing 

between 34 and 144 grins. A known concentration of an aqueous 

solution of MS 222 Sandoz was passed through a sealed experi­

mental tank of 1750 ml volume for periods of up to 90 minutes. 

The animal breathed the water passing through the tank, and the 

breathing rate and amplitude, recorded on an RCA 5734 transducer, 

and the heart rate were measured at intervals of five minutes 

before, during and after bathing the fish in the anaesthetic, 

Sil concentrations of the anaesthetic were used from 25 to 200 mg 

per litre. The solution of the anaesthetic in the tank was 

completely changed every 3 to 5 minutes, and was aerated before 

entering the tank, so that the oxygen level in the tank remained 

at air saturation values. In high concentrations respiratory 

and cardiac collapse was common within 20 or 30 minutes of the 

introduction of the anaesthetic into the tank, in which case the 

flow of anaesthetic through the tank was stopped, and the gills 

were forcibly perfused with oxygenated tap water to revive the 

fish.

(ii) Results

(a) The Electrocardiogram

The primary object of recording the E.O.S, in these 



Figure : 2.

Variations in the oonfiguration of the E.O.Gh of the tenoh 

with ohahgealn the position of the reoording eleotrode* 

Position of recording electrode.

a) Auricular-ventricular junction

b) Ventral surface of auricle*

o) Ventral surface of ventricle*

d) Between auricle and ventricle*

e) Ventral to sinus venosus*

f) Ventral surface of bulbus.





Figure 5» The effect, of -th,e experimental procedure 
on th-e heart rate of the tench. The fish was 

placed in the experimental tank at zero time 
and then left tindisturbed while the heart rate 

was recorded at intervals of 5 minutes* 
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ezperiments waa to determine heart rate, and not to study the 

B.O.G. itself. Adequate deeoriptiona of the S.G.&. of variety 

of teleoata have been given by Kiaeh (1948)* Oeta (1950), Serfaty 

and Raynaud (1956, 1957). In some of the later ezperinenta, 

however, the tine relationahipa between the P and QR8 waves were 

determined, aa well ae heart rate, from records of the B.O.O.

The time relationahipa between the various component waves 

of the B.G.G. are not affected by the position of the recording 

electrode, but the size and shape of these waves does alter with 

the position of the recording electrode. (Pig. 2)

(b) The effect of the experimental procedure on the fish 

It has been shown (Fry, 195?) that handling, changes in 

temperature, seasonal variations, visual and auditory stimulation 

and the health of the experimental animal can all affect metabolic 

rate, and therefore the whole of respiration. For this reason it 

was necessary to have some knowledge of the effects of the experi­

mental procedure on the fish. The heart and breathing rates and 

the breathing amplitude were always extremely high if recorded 

Immediately after setting up the animal for the experiment. If, 

however, the animal was left undisturbed in the tank, through which 

a constant flow of oxygenated water was passing, the heart rate 

and the parameters of the breathing movements would fall to a low 

and constant value within an hour. Figure 5 shows the changes in 

heart rate that occur during the first 90 minutes after the fish 

has been prepared for an experiment.
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SECONDS

iigxire 5e Ine effect of sudden changes in the flovr rate of water 

over the gills on the heart rate of the tench. G-ills perfused 

with water through a tube inserted into the mouth.

X, mouth forced open by a sudden and large increase in the 

water flow rate.
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If the eiperimeatal conditions remained constant, and the 

fish was left undisturbed, it would remain inaetiTe in the tank 

for long periods of time# Under these oonditions the heart and 

breathing rates and the breathing amplitude were oonstant. The 

term "resting" fish will be used for an animal which is restraihed 

in the experimental tank, but is inactive and has a: low and constant 

heart rate.

Variations in the flow rate of water in a tall to head 

direction through the experimental tank of between 75 and 500 ml 

per minute had no effect on the heart rate of a resting tench. 

(Fig. 4)

Forced ventilation rates of between 100 and 400 ml per 

minute, produced by perfusing the gills with oxygenated water 

through a rubber tube inserted into the mouth of the fish, had no 

effect on heart rate. Sudden changes in the rate of flow of 

water over the gills, or keeping the mouth open for long periods 

of time, however, caused a considerable decrease in heart rate. 

(Fig.5) Therefore, when forcibly ventilating the gills with 

water during the MS 222 Sandoz experiments and all subseguent 

experiments, the flow of water over the gills was maintained at 

a constant rate, within the limits mentioned above, and passed 

into the buccal cavity through a thin rubber tube which fitted 

easily into a small opening between the upper and lower jaws and 

caused a minimum of interference to the breathing movements.
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•—e Breathing rate .
O—O Heart rate.
X—X Breathing amplitude.

Figure 6a. The effect of 113222 Sandoz on the heart rate 

and the breathing movements of the tench.
A and G. Ho Anaesthetic. B., Ii3222 present in concentration 

of 50mg/litre. 2. Period of respiratory failure.



o—o Heart rate.
•—e Breathing rate.

Figiire 6b. The effect of MS 222 Sandoz on the breathing and heart 

rate of the tench. 
Aand G. No anaesthetic. B. MS 222 present in concentration of 

200 mg/litre. E. Period of respiratory failure. D. Momentary 

recovery of breathing.
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(c) The effect of M8 222 Sandoz on the heart and breathing; 

rates and the breathing aanlitude of the intact fiah.

Because of the effect of handling on the heart and breathing 

rates of the fish, records for these and all subsequent experiments 

were not taken until an hour had elapsed after setting up the fish 

for an experiment.

In solutions of 20 mg/iitre of the anaesthetic the responses 

of the fish to external stimuli are reduced or absent, equilibrium 

is usually retained, but is occasionally disturbed. Pish have been 

kept in this concentration of M8 222 for over 24 hours without 

adverse effects, except that the animal appears very susceptible 

to oxygen lack. The heart rate is increased, as is the breathing 

rate and amplitude.

Figure 6a shows the changes in heart rate and the parameters 

of the breathing movements of the tench that take place when a 

concentration of 50 ppm of M8 222 is passed through the experi^ 

mental tank. There is a rapid increase in the heart and breathing 

rates, the heart rate being doubled within two minutes, and a 

more variable increase in breathingamplitude. Increases in 

breathing rate are paralleled by similar increases in heart rate, 

and when the breathing rate falls and eventually stops there is 

a corresponding decrease in heart rate.

In concentrations of 100 mg/litre there is a complete loss 

of equilibrium within 5 to 10 minutes, a sharp rise in heart and 

breathing rates and a more variable increase in breathing amplitude. 
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Thia ia followed by respiratory collapse and an aaaooiated fall in 

heart rate, leading eventually to respiratory and cardiac failure 

within 30-40 minutes. Solutions of 200 mg/litre are lethal if 

the fish remains in this concentration for longer than 30 minutes.

In general the effect of the anaesthetic on the heart and 

breathing rates of the tench was more pronounced in higher concen­

trations of the drug. Sigh concentrations often produced heart 

rates of 90 per minute or more (Fig.6b), representing a 200$& 

increase of the resting rate.

Variations in the amplitude of the breathing movements did 

not usually take place directly on the addition of MS 222 Sandoz 

to the respired water, but were more generally associated with a 

decline in respiratory rate.(Fig. 6a) It therefore seems 

probable that the changes in the amplitude of the breathing 

movements were not directly related to the presence of MS 222 

Sandoz, but were a side effect associated with the conditions 

that lead to respiratory collapse.

C. T2B EFFECT OF MS 222 SAKDOZ OK TSE TROLATBT) HW^T.

(i) Introduction

Bathing a fish in a solution of MS 222 accelerates the 

heart rate of the tench. This could be the result of a direct 

effect of the drug on the heart tissues, or by reflei stimulation 

of heart rate. A series of experiments was therefore carried 

out to determine the direct effect of MS 222 on the fish heart. 
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(ii) Methods

The ezperiaente vere carried out on the perfused isolated 

hearts of the tench, trout, roach and an eel. The hearts vere 

cannulated via the sinus venosus and isolated from the body. They 

were suspended from the glass cannula, and a heart clip was attached 

to the ventricle and the beat recorded on a smoked drum. When the 

hearts were perfused with Toung's teleost saline (Lockwood, 1961), 

the preparations seldom lasted for longer than an hour* Various 

changes were made to this saline, and eventually a saline of the 

following formula was arrived at empirically, which maintained 

isolated hearts in viable condition for up to 32 hours*

Saline: 6.5 grms NaCl 

0.14 grms ECl 

^'^^ ^" ^®^^2 made up in a litre

1 .0 grms gluGOse ^^ distilled whter 

0.125 grms Mg012 

0.2 grms KaBCO?

The saline was kept at room temperature, and continually 

aerated before use.

The saline was used not only for these erperiments but also 

as a washing fluid during all operative procedures, as well as a 

solvent for anaesthetics when injected into the body of the fish 

(ezcept paraldehyde). Other fish Ringers such as those of 

Burnstock (1958), and Labat et al (1961). did not come to my 

notice until after the completion of the experiments. These 

salines were Somewhat similar to that used in these experiments
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Figure 7a. The effect of IvIS 222 Sandoz on the isolated heart of the trout 

Ventricular beat of heart recorded on a smoked drum. 1ml. of various 

concentrations of MS 222 added to saline in heart cannula.

a) 250 m^litre.

b) 125 mg/litre.

c) 62 mg/litre.

d) 30 mg/litre.

7b. Isolated heart of the eel. Ventricular beat recorded. 

e) 1ml. of lOQmg/litre LIS 222 in saline added to cannula. 



24

except for the addition of SPO^" to both salines and. the absence 

ofj^^^^ion from that of Labat et al.

Pish blood clots rapidly, and heparin dissolved in fish 

saline was often nsed to prevent clots appearing in the heart. 

The anticoagulant was either injected into the sinus venosus 

before dissection, or added to the cannula, as required.

1 ml of solutions of MS 222 Sandoz in saline from concen­

trations of 15 to 250 mg/litre were then added to the saline in 

the cannula. The effect of this compound on the rate and ampli­

tude of beat of the isolated heart was recorded on the smoked drum.

(ill) Results

The addition of 1 ml of saline to the cannula had no effect 

on the rate and amplitude of beat of the isolated heart; if, 

however, the saline contained M8 222 Sandoz both the amplitude 

and frequency of the beat decreased. The effect was more marked 

when higher concentrations of the anaesthetic were added to the 

cannula. The beat rate of the isolated heart of the trout 

recorded in figure 7a is 11 per minute; the isolated hearts of 

the tench and roach had beat rates of between 10 and 17 beats per 

minute, and that of the isolated eel heart was 14 per minute. The 

addition of 1 ml of a concentration of 62 mg/litre of MS 222 ih 

saline reduces the beat rate of the trout heart to 4-5 per minute, 

whereas concentrations of 250 mg/litre reduced the rate to 2 per 

minute. (Pig.7a) Similar decreases were observed in the beat 

rate of the isolated hearts of the other species of fish. The 
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effect of the anaesthetic vae moat marked 4 to 6 minutes after 

its addition to the cannula, and the normal beat rate returns 

within 10 to 15 minutes, MS 222 occasionally caused an auricular- 

ventricular block, the auricle beating continuously, the ventricle 

only occasionally in small bursts of 2 or 3 contractions. This 

was particularly obvious in the single experiment performed on 

the eel heart, (fig. 7b)

D. TEE EFFECT OF TARIOUS NERVOUS TRAN8BOTIOK8 OK TBB_^^QN8& 

OF ,T:E ::A::jT6/K3L222:aiKBQ% ; , . ;

(1) Intfoduetien :

The effbot of MS 222 Sahdos oh the heart rate in the intact 

fish is ob^ously not the result of a direct effect of the drug 

on the heart tissues, as the effects of MS 222 on the heart rate 

in the intact fish and the isolated heart are in direct oppositions 

It is possible, therefore, that in the intact animal the aceelera- 

tion of the heart could be mediated via a nervous reflex, acting 

either directly on the heart, or on some part of the blood system 

to produce changes that result in an increased heart rate. The 

most relevant nerves in this respect must be the %th cranial 

nerve, a branch of which innervates the heart, and the 7th and 

Tilth cranial nerves which innervate the respiratory musculature .

(ii) Methods : : . . . . . .

. Operative procedures were carried put .tuicleT.'^S'^^aue,,. 

anaesthesia, after which the animal was allowed to recover in 
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ozyg^batei freshwater. The animal was placed in an open top 

experimental tank and a small hole *ae made in the roof of the 

aknli to eizpoee the roots of the lith and %th, and the 7th and 

Tilth ozanial nenree^ Bilateral eeotions of the iZth and Xth 

or Tth and Tilth cranial nerrea^ or all four nerves together^ 

i^re oarried out, the nerves being out at their roots as they 

emerge from the brain. After recovery the gills were perfused 

with an aqueous eOlutlon of kS 222 Sandos (20 mg/litre), and ti^ 

effect on the heart rate recorded. The ezperimente were carried 

out on ten tench, wel<^t^ hetween 10 and ST gr&B. some of the 

treneeotions were carried out under NS 222 induced sedatloa 

(go mg/litre)ii

(ill) Results

Ezposihe the brain Under urethane or NS 222 anaesthesia 

produced a sli^t increase in heart rate, which Mtuined to the 

original resting value within 30 minutes If the animal #as left 

undisturbed, nnfortunately the effect of MS 222 on the heart rate 

of an ammal whose brain ie exposed, but whose cranial nerves are 

still intact was not determined. There Was, however, only a 

small amount of bleeding during the operation, and the fish 

seemed in a good condition after the operation.

Bilateral vagotomy in the tench resulted in a i5*5C^ 

Increase in heart rate; cutting the Tth and TIth cranial nerves 

also produced an increase in heart rate. In both cases the



Time (min.)
Figure 8. The effect of IS 222 Sandoz on the heart rate of the 

tench before and after bilateral section of the V,VII,IX and 
X cranial nerves.
A and G. No anaesthetic. B. IS 222 present in concentration of 
20 mg/litre. AA. Intact animal. BB. After bilateral section of 
the V,VII,Z[X and X cranial nerves. 
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resulting increase in heart rate persisted for the duration of 

the experiment, lAich often lasted for several hours.

If the IXth and Xth cranial nerves were out when the fish 

was anaesthetised with M8 222 Sandos, and therefore the fish had 

a high heart rate, then a slight deorease in heart rate ensued.

Forcibly ventilating the gills of the tench with an aqueous 

solution of MS 222 Sandoz produces a rise in the heart rate of 

the bilaterally vagotomised animal. This increase, however, is 

less marked than that seen in the intact animal. Bilateral 

section of the 7th and Tilth nerves also reduces the response of 

the heart to MS 222 Sandoz, and sectioning all four pairs of 

cranial nerves has the same effect on the response Of the heart 

to MS 222 as cutting either T and Til or 1% and I alone. (Fig.$)

B, BI8CUS8IOM

The results of the experiments on the effect of MS 222 

on the heart rate of the tench are summarised in figure 9. In 

considering the effect of MS 222 on the heart rate of the intact 

animal, it can be seen that the response is not caused by a 

direct effect of the drug on the heart tissues, for this compound 

decreases the beat rate of the isolated heart.

The bilateral sections, however, indicate that the cranial 

nerves could be having some effect in the response of the heart 

to MS 222 Sandoz* The response of the heart to this compound 

is reduced after bilateral sectioning of the IZth and %th cranial



/\ Sesting fish.
g IIS 222 on heart rate of intact animal.
Q IX and X cranial nerves cut.

D ' I.IS 222 on heart rate of fish v/ith IX and X cut
E IX and X cut during hS 222 anaesthesia.
F Beat rate of isolated heart.
Q ].'IS 222 on isolated heart.

Figure 9. The effect of liS 222 on the heart rate of the tench. 
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nervea, and sectioning of these nerres, which normally results 

in an increase in heart rate, produces the opposite effect if the 

animal is anaesthetised with MS 222 Sandoz. The most obvious 

assumption to make under these conditions is that the cardiac 

branch of the vagus, being the only nerve to innervate the hearts 

of fishes (Young, 1931; Laurent, 1952-3; Nicol, 1950), contains 

acceleratory fibres. This is not impossible for the existence 

of sympathetic fibres in the ramus cardiacus of the vagus of 

poikilotherms has been recognised for some considerable time 

(Caskell, 188?). MdWilliam (1885) and Jullien et al (1950)o^/btc) 

however, have been unable to demonstrate any positive chronotropie 

effects of vagal stimulation, which is in agreement with the 

results of section TI, and indicates that there are no acceleratory 

fibres in the cardiac branch (f the vagus of fish. If this is SO 

then the reduced response to MS 222 Sandoz, shown by the denervated 

heart in situ in the above experiments, is the result of the 

operative procedure rather than a removal of the nervous inner­

vation of the heart*

If acceleration of the heart is not dependent on direct 

stimulation of the heart tissues by MS 222 Sandoz, nor on direct 

stimulation of the heart by acceleratory fibres innervating the 

heart, then the response of the heart in the intact fish could be 

due either to the removal of vagal inhibition of the heart or to 

a release of humoral agents into the blood acting on the heart* 

Bilateral vagotomy or injections of atropine into the pericardial 
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cavity (aee Section VIl), however, only produce a 15-50^ increaae 

in heart rate, and it ia therefore unlikely that the removal of 

vagal inhibition alone would result in heart rates of 90 per 

minute. (Fig.6b) Therefore, although the removal of nervoue

inhibition may produce part of the acceleration of the heart, 

there also appears to be some non-nervous mechanism acting on the 

heart to produce the increaaes in rate when MS 222 Sandoz id. 

present in the water passing over the gills of the fish. Little 

is known of the physiological action of the sympathetic system 

in fish, but it is possible that the liberation of drugs into the 

blood stream may be producing the increases in heart rate; a 

further possibility is that vaso-constriotion or vaso-dilation 

of parts of the circulatory system may also be having some effect, 

but the mechanisms involved, nervous or otherwise, remain obscure. 

The acceleration of the heart of the tench and other teleosts is 

discussed more fully in a later section (VIl), as is the relation­

ship between the increases in heart rate and breathing rate caused 

by MS 222 Sandoz. (Section IT)
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Section IT

TSB EBLAII0K8SIP BimREEN KBART BEAT AM) RBSPIBATIOK

(i) Introdnotion

The previous vork has shovn that the responses of the 

heart and respiration show some degree of oo—ordination. This 

is perhaps not surprising for the effioienoy of ozygen uptake 

will depend largely on a correlation between blood flow through 

the gills and the rate of water flow over the gills. In fish 

one might expect a more pronounced relationship between heart 

output and ventilation volume than in air breathing forms, for 

in these animals the amount of blood flowing through the gills 

will be entirely dependent on cardiac output, and also a mhoh 

larger effort is involved in ventilating the respiratory surface.

Some aspects of this relationship have already been estab­

lished in a few teleosts and elasmobranchs. Lyon (1926) recorded 

synchrony between the heart and breathing rates in the sand shark, 

the heart beating in a 1:1 relationship with breathing, or at a 

slower rate than the breathing rate, but still in a simple 

numeii.cal ratio with respiration* This type of relationship 

has been demonstrated in other elasmobranchs (Luts.ig^O^^bandc) AhtL 

Satchell (i960) suggested that the physiological significance of 

this relationship was that it resulted in coincidence of maximum 
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flows of blood and water at the gills, and was maintained by 

inhibition of the heart beat during certain phases of the respira­

tory cycle.

Occasionally a simple numerical ratio is established between 

heart and breathing rates in teleosts (Sughes, 1961; ghelten and 

Randall, 1962), but such a relationship is uncommon (Serfaty and 

Raynaud, 195^)*

Simultaneous inhibition of heart beat and breathing can be 

induced in a variety of ways (Lutz, 1930(i'0ti8, Cerf and Themas, 

1957; Labat et al, 1962) in both teleosts and elasmobranchs. 

This and other results (Campbell and Davis, 1963; Randall, 1962) 

indicate that there is a close relationship between the medullary 

centres of heart and breathing in both elasmobranchs and teleosts. 

This relationship, however, need not be reflected by a numerical 

ratio between heart and breathing rates. The physiologically 

significant factors are cardiac output and ventilation volume, 

and these may be affected by changes in amplitude as well as 

frequency of movement. Thus the absence of a numerical relation­

ship between heart and breathing rates in teleosts does not 

necessarily mean that there is no correlation between the flows 

of blood and water through the respiratory apparatus; indeed, 

the absence of synchrony may indicate a more precise regulation 

of the two factors.

In order to obtain a clearer picture of thia relationship 

in the tench a study was made of the position of the heart beat 

within the breathing cycle, under a variety of oonditions.
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(ii) Methode

Most of the analyses were carried, out on records obtained 

from the tench, but those from the eel and the goldfish were also 

used* The animals were placed in sealed experimental tanks and 

the breathing movements, recorded with the aid of an RGA 5734 

transducer, and the B.C.G* were either displayed on a pen 

recorder or filmed from an oscilloscope* The study included a 

comparison of the heart rate and the breathing rate recorded under 

a variety of conditions, and an investigation of the relationship 

between heart beat interval and the length of each breathing cycle* 

In order to determine the relative appearance of the E.C.G. in 

different parts of the breathing cycle, the cycle was divided 

into ten parts and the position of the ventricular wave of the 

E*G*G* in each of these parts estimated in over 2000 breathing 

movements*

(iii) Results

The heart rate of a resting unanaesthetised tench is in 

the range of 15-30 beats per minute, but occasionally lower rates 

than these were recorded in mid winter, when the fish were in a 

torpid state* The range in the eel is from 40^50 beats per 

minute, and both fish usually have a higher breathing rate than 

heart rate, being 30-60 respirations per minute in the resting 

tehch, and 40-50 per minute in the eel* The ratio between heart 

and breathing rates is usually about 1:2 in the resting tench, 

whereas the ratio in the eel approaches unity, but in either case



*ee®®6oooo o o o o o

VrAce/

Lower i « » 0 0 0 0 0 0 0 , 0 0 

pfiicc i —'—'—'—‘—^^jX^\J\^\l^\^i\^\4

SECONDS

Figure 10. The relationship of the heart rate to breathing in the eel.

E. 0. Ct. superimposed on a record of the breathing movements.

Top trace; Breathing stops; heart rate falls.

Lower trace; Breathing resumes; heart rate increases.

Circles emphasize the position of the E.G.G.
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Figure 11. Histograms of the occurrence of the heart beat in relation 

to the breathing cycle of 1 2 tench (A-H) and 1 eel (n). 
Successive breathing cycles are divided into ten equal parts and 
the occurrence of heart beats in these parts is plotted on a 

percentage basis in the histograms. For further explanation see 
text.

Breathing cycle: 1 = mouth open.

2 = mouth closing.
3 = mouth closed.

4 = mouth opening.
RR = Breathing rate

HR = Heart rate.
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8 simple numerical relationship hetxean breathing and heart rate 

is rare. The eel is unusual in that, when in oiygenated. oonditions, 

it may ventilate only one side of the branchial chamber (van Dam, 

1938) or may cease breathing altogether. During these periods, 

which may last for 30 seconds or more and be repeated every few 

minutes, the heart rate falls to approximately half the normal 

value. (Fig.io)

There appears to be no simple relationship between the changes 

in heart and breathing rates in response to changes in the external 

environment. Both may be accelerated simultaneously (MS 222 

Sandoz),or the breathing rate may increase while the heart rate 

remains constant (decreased oxygen, see Section 7), or the breathing 

rate may decrease during periods of tachycardia (carbon dioxide, 

see Section 7). The histograms in figure 11, however, drawn from 

simultaneous recordings of the E.O.&. and the breathing movements 

of twelve tench and one eel, illustrate a relationship between 

the heart beat and each breathing cycle. In figure 11, (1) to 

(j) it can be seen that a higher proportion of heart beats appear 

in the mouth closing part of the breathing cycle. Fish (1) to 

(B) are in a typically resting condition; fish (p) is inactive 

but has been disturbed and has a high heart rate. Fish (o^ to 

(j) have undergone recent activity. Fish (M) has been subjected 

to high CO2 concentrations in the environment and the "mouth 

closing" relationship of the heart beat with breathing has 

disappeared. The mouth closing relationship was not apparen^-_
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in fish (g) or (1) even though they vere inaotive and undisturbed 

in the experimental tank. Reoords from the eel seen in histogram 

(N) sho* a similar "mouth closing" tendency for the appearance of 

the heart beat in this fish. Shelton and Randall (1962) have 

shown that when synchrony between heart and breathing rates occur 

in fish anaesthetised with MS 222 Sandoz, the heart beats during 

the mouth closing phase of the respiratory cycle.

During this study it became obvious that the heart did not 

beat very often during a cough, and the interval between heart 

beats was often considerably lengthened by the appearance of a 

respiratory cough. Figure 12 shows the relationship between the 

length of each breathing cycle, and the time interval between 

successive heart beats. The peaks on the breathing trace 

represent a cough, and it can be seen that the heart beat interval 

lengthens during these periods*

(iv) Discussion

From the results it would appear that the relationship 

between heart and breathing rates can be divided into three 

categories as follows:-

(1) The tendency for the heart to avoid beating during 

the mouth opening phase of the respiratory cycle and during a 

respiratory cough.

(2) The synchrony of heart and breathing rates in the resting 

and anaesthetised fish,

(3) The inhibitory effect on heart rate when breathing ceases. 
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The synchrony demonstrated by Shelton (in Shelton and 

Randall, 1962) between respiratory activity in the medulla and 

the 2.0.0^ of a tench paralysed with succinyl choline suggests 

that co-ordination of the heart with the breathing movements is 

under nervous control of central rather than peripheral origin, 

and that the relationship is independent of either mechanical or 

proprioceptive stimulation of the heart by the respiratory musGU- 

lature. If co-ordination is dependent on nervous control, then 

in the absence of aoceleratory fibres in the cardiac branch of the 

vagus, the relationship between heart beat and breathing must be 

explained in terms of purely inhibitory nervous effects on the 

heart. For this one must assume two forms of inhibition, one 

cyclic positioning the heart beat within the breathing cycle, 

perhaps similar to that described by Satohell (1961) in elasmo­

branchs, and another which depresses heart rate and is itself 

inhibited by respiration. Combinations of these two types of 

inhibitory control could then produce the three categories of 

the heart breathing relationship listed above. First, vagal 

inhibition during the mouth opening phase of the respiratory 

cycle and during a respiratory cough would tend to place the 

B.C.G. in the mouth closing phase of the breathing cycle, and 

lengthen the interval between successive heart beats during a 

respiratory cough. Secondly, when respiration stops the inhibi­

tory effect on heart rate would increase and so slew the heart. 

This inhibition during a respiratory pause may be due to the 
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cessation of the respiratory movements, the effect of the associated 

stoppage of water flow over the gills and the subsequent depletion 

of oxygen, or a central effect in the respiratory centre, Finally, 

it is noticeable that the mouth closing relationship and synchrony 

between heart beat and respiration in teleost fish usually occur 

together and are most evident in the resting or anaesthetised 

animal. In both cases there is a lack of peripheral stimulation, 

and during these periods it would seemsthat cyclic inhibition of 

the heart is most dominant. If under these conditions the heart 

rate approximates to the breathing rate, or is half the breathing 

rate as occasionally happens, then cyclic inhibition of the heart 

by respiration would tend to produce a rather striking synchrony 

between heart and breathing rates. This has been recorded 

occasionally, In figure 11 (M) it can be seen that carbon 

dioxide destroys the *mouth closing" relationship between heart 

beat and breathing, as do increases in activity.

The main difficulty in this hypothesis of double inhibitory 

control of the heart is that it does not sufficiently explain 

acceleration of the heart. Bates of 90 per minute have been 

recorded in the tench, and as bilateral vagotomy or injections of 

atropine (see Section VIl) have never resulted in more than a 50^ 

increase in heart rate in the resting animal, it seems unlikely 

that such rates can be achieved by the removal of vagal inhibition 

alone, and it is therefore probable that other factors are 

important in the regulation of the heart rate in these fish.
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Section 7

TEE EFFECT OF TARTIEC CAS TENSIONS IE TSE EE7IS0EMBNT

OS TSE BEAST SATE AND BSEATSIEC

(^) Introduction

The amount of oiygen taken up from the environment at the 

respiratory surface will be proportional to the activity of the 

animal. The eiact relationship between oxygen uptake and meta­

bolic rate during any period of time will depend on the propor­

tions of protein, fat and carbohydrate utilised in metabolism, 

and the extent of any oxygen debt that may have been incurred 

(Srett, 1962). The respiratory apparatus must be able, especially 

in freshwater fish, to extract oxygen from an environment in which 

the oxygen and carbon dioxide tension may vary considerably, and 

supply oxygen at rates that may be 15 times the quantity required 

for basal metabolism.

The amount of oxygen crossing the respiratory surface 

from the water into the blood in fish will be governed by the 

tensions of oxygen and carbon dioxide in the blood and water, and 

the flow rates of blood and water through the respiratory surface. 

Many freshwater fish live in water in which there are large 

variations in carbon dioxide and oxygen tension. Under these 

conditions one might expect changes in the relationship between 
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respiratory volume and cardiac output to counteract any changes 

in gas tension in the respired water, and so maintain the level 

of oiygen consumption*

In studies on the effect of oxygen lack and carbon dioxide 

excess in the respired water on the branchial pump alone, it has 

been shown that both lead to an increase in the amount of water 

pumped over the gills, although there is some variation in the 

exact way in which the parameters of the breathing movements 

interact to produce these changes (Eughes and Shelton, 1962; 

van Dam, 1938; Saunders, 1962). The increased ventilation as 

the oxygen concentration in the water falls will maintain the 

amount of oxygen available at the respiratory surface, and providing 

the oxygen tension in the water is adequate to saturate the blood, 

equilibrium will be maintained. The volume of water ventilated 

by the gills, however, will not be directly related to the oxygen 

concentration in the respired water. This is because the amount 

of oxygen extracted from the water is not directly proportional to 

the ventilation volume, and the oxygen requirements of the animal 

do not remain constant, but are increased by the extra work 

performed by the branchial pump. The increased ventilation in 

response to carbon dioxide is not so obviously adaptive (Randall 

and Shelton, 1963), for although there is an increase in the 

oxygen requirements of the resting animal in high concentrations 

of carbon dioxide (Basu, 1939; Saunders, 1962), the large increases 

in ventilation volume are hardly justifiable in this respect. 
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It also seems unlikely that the increase in water flow will result 

in the removal of more carbon diozide from the body, for Carbon 

diozide is very soluble in water, and therefore any increases in 

ventilation volume will have a negligible effect.

The relationship between gas exchange and the relative flows 

of blood and water are complicated. Sughes and Shelton (1962) 

have pointed out the importance of the ratio between the oapacity 

rates (volume flow per unit time multiplied by the solubility of 

the gas in the fluid) of water passing over the gills and blood 

pumped through the gills in the effectiveness of gas ezchange, 

and have discussed the relationship between ventilation volume, 

utilisation of ozygen and the efficiency of respiration. The 

effectiveness of gas ezchange has been shown to be greater if the 

capacity rate of water is much smaller than that of blood (Bughes 

and Shelton, 1962). This is achieved in part by the high ozygen 

carrying capacity of blood compared with that of water, and would 

be further facilitated by a much higher rate of flow of blood than 

water through the gills. The function of respiration, however, 

is to supply the ozygen requirements of the animal as economically 

as possible, and therefore the relationship between the flow of 

blood through the gills and the flow of water over the gills must 

ultimately be a compromise between effectiveness of gas ezchange 

and the efficiency of respiration in terms of economy of effort. 

Ideally measurement of blood flow through the gills and water flow 

over the gills, associated with the measurement of the ozygen and 
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carbon diozide tenaiona of the blood and water on entering and 

leaving the gills, would greatly increase the understanding of 

these problems. Unfortunately some of these factors are not 

only difficult to measure but were also beyond the limits of the 

available apparatus. However, some idea of the changes in the 

cardiac output-ventilation volume relationship under varying 

oxygen and carbon dioxide tensions in the respired water can be 

gained by passing known concentrations of carbon dioxide and 

oxygen in water over the gills and measuring changes in the heart 

rate and breathing movements. The limitations of such an 

experiment lie in accepting changes in the rate and amplitude of 

the breathing movements as representative of changes in water flow 

over the gills, and heart rate as a measure of cardiac output. 

Obviously stroke volume could be as important as heart rate in 

increasing cardiac output, and the relationship between changes 

in the parameters of the breathing movements and changes in water 

flow rate are not known. The measurements are sufficient to 

allow a preliminary examination of the relationship between the 

flow of water and blood in the gills during variations in the 

gas tensions in the environment.

(ii) Methods

The effects of changes in the gas concentrations in the 

environment on the breathing rate, amplitude and heart rate Were 

studied by placing the animal in a sealed tank of 1860 ml^^ 

capacity (Pig.l)), identical with that used for the original
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Figure 13« Apparatus for the

experiments on the effect of

reduced oxygen content in the 
ventilation streeim on the heart rate 
and breathing movements of the tench.
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ezperlmenta on the effect of MS 222. The heart rate, breathing 

amplitude and breathing rate vere recorded ae described in Section 

III B, except that in a few of the experiments the parameters of 

the breathing movements were recorded on a smoked drum. Vater of 

varying 0^ and COg tensions was passed through the tank at a rate 

of 1 litre per minute, completely replenishing the tank every 3-^4 

minutes. The Og and OOg concentrations in the water in the tank 

were measured by sampling at the inlet and outlet.

The Og concentration was varied between air saturation 

(approx. IQ mg/litre) and 0.5 mg/litre. This was achieved by 

cascading tap water down a glass column against an ascending stream 

of nitrogen, (fry, 1951). The nitrogen progressively displaces 

the oxygen in the water and by drawing off the water at various 

levels down the column a range of oxygen concentrations was 

obtained which could then be passed through the experimental tank* 

By maintaining a constant flow of water and nitrogen it was found 

that the Og content of the water tapped off at any level would 

remain constant for the duration of the experiment* The water 

from the tap was aerated and its flow through the column stabil­

ised by using a constant head apparatus* The nitrogen flow 

was controlled by a reducer valve on the cylinder of compressed 

nitpogen. The glass column consisted of five vertically mounted 

1 litre flasks, each flask being able to supply water of a low 

and constant Og content at a rate of up to 1 litre/ minute.

The oxygen concentration in the first flask was also controlled 
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by the number of marbles in the glass tubing mounted above the 

flasks. The more marbles present the lower the range of 0. 

concentrations available from the five flasks. (Fig.l?) 

My thanks are due to Mr. B.E.Borley who constructed this apparatus.

The Og content of the water was determined by Winkler's 

method as described by Ohle (1953)* The samples were collected 

in 250 ml reagent bottles which were filled via a rubber tube 

leading to the bottom of the flask, and allowed to overflow 2 

or 5 times. 0*5 ml of a 50/ solution of MnSO., prepared by 

adding 100 grms of MnSO. to 200 ml of boiled and filtered 

distilled water, and 0.5 ml;, of a potassium iodide sodium 

hydroxide solution, again prepared by adding 100 grms MaOS to 

200 ml of boiled distilled water and a subsequent addition of 

50 grms EI, were added to the water sample to be analysed by 

the introduction of a 1 ml pipette below the surface of the 

water. The flask was sealed and shaken and after 10 minutes 

the precipitate was fixed by the addition of 3 ml of ortho- 

phosphoric acid. Two 100 ml portions of this sample were then 

titrated against M/40 (approx.) sodium thiosulphate, standardised 

against N/10 potassium dichromate. The oxygen ooncentration of 

the sample was then estimated in mg/lltre, 1 ml of normal 

thiosulphate solution being equivalent to 8 mg of oxygen, A 

correction was made for the addition of the reagents (Ohle^ 1953).

An analysis of the tap water, used in all experiments, 

was obtained from the Southampton Water Works Department, which 
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iadiqated that the water eoatained no oxidising agents in 

snffioient quantity to affect the chemistry of the Winkler 

reaction*

The carbon dioxide concentration remained at the normal 

tap water level of 2 mg/litre during all the experiments on the 

effect of reduced oxygen content in the respired water on the 

breathing and heart rate.

Varying carbon dioxide concentrations were obtained by 

mixing water from two reservoirs, one containing aerated tap 

water, the other tap water through which carbon dioxide was 

bubbled continuously. The concentration of carbon dioxide In 

the experimental tank was varied by altering the relative amounts 

of water flowing from each reservoir. Samples of water were 

collected from the inlet and outlet in 250 ml reagent bottles, 

using methods similar to those employed in the oxygen estimations. 

The free carbon dioxide content of the water was estimated using 

two methods, one direct, the other indirect. The direct method 

was a titration of the sample against w/100 sodium carbonate with 

phenolpthalein as indicator. Indirect estimations were made from 

calculations based on the graphs of Moore (1939), which in turn 

were based on pS and carbonate equilibria in the water and were 

constructed from determinations using the equations of De Martini 

(1938). The alkalinity of the tap water was estimated by 

titrating 100 ml samples against W/gO sulphuric acid, with methyl 

orange and phenolpthalein as indicators (Welch, 1948). Only 
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methyl orange alkalinity was present, and to improve the aeonracy 

of the titration this indicator was dispensed with, and instead 

the samples were titrated to pa4 nsing a Direct Reading Electronic 

Instrument pS meter. The addition of carbon dioxide to the water 

did not affect the alkalinity, and because such large volumes of 

water were used the effects of micturition were not measurable. 

The p2 of the water was measured after the addition of carbon 

dioxide, on the pS meter, and as at a given alkalinity, the carbon 

dioxide concentration is proportional to the pE, the carbon dioxide 

content of the water passing through the tank could be calculated.

Koore's method of determining free carbon dioxide has been 

criticized by Milburn and Beadle (i960), the main sources of 

error lying in the degree of accuracy required in the measurement 

of pE, and the diffusion of carbon dioxide from the sample to the 

atmosphere. These drawbacks to the method were rOduoad by keeping 

the surface area of the sample to a minimum, and measuring the 

pE as quickly as possible on a meter accurate to 0.01 pS, Two 

samples were taken for each pB measurement.

Generally the fish were Subjected to carbon dioxide concen­

trations between 2 and 100 mg/litre, but occasionally concentra­

tions as high as 200 mg/litre were used. Enriching the water 

with carbon dioxide had very little effect on the oxygen content, 

reducing it at the highest levels by a calculated ^.

The following routine was adopted in each experiment except 

for a few of the earlier experiments on the effects of carbon 
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dioxide in the respired water. At least an hour was allowed to 

elapse after setting up the fish in the apparatus before oomaenoing 

the experiment proper^ Water of lowered oxygen content was then 

passed through the tank for fifteen minutes before the heart 

rate, breathing rate and breathing amplitude were recorded, so 

that the water in the tank and the fish could reach equilibrium 

at the new concentration. It was found that the introduction 

of carbon dioxide into the tank had an excitatory effect on the 

animal, but fortunately the animal had usually returned to the 

resting state within 30 minutes, when the responses of the fish 

were recorded. Between oiygen and carbon dioxide eonoentra-' 

tions the tank was flushed with normally aerated water for 30 

minutes. The fish were never exposed to low oxygen concen­

trations for longer than 30 minutes and to high carbon dioxide 

for longer than an hour, so the long term effects of these 

variations in environmental gas tensions were not measured.

The experiments were carried out on 51 tench, weighing 

between 34 and 135 grms, the majority being close to 70 grms 

weight, and at temperatures between 12 and 17^0, with varia­

tions of ± 0.5^0 during a single experiment. The fish Were 

anaesthetised before being placed in the tank, but were then 

allowed to recover in oxygenated freshwater. Secords were 

taken from the unanaesthetised animal, breaSUng normally but 

restrained in the experimental tank.
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(iii) Seeulte

(a) Oiygen

The effects of lowering the ozygen content of the respired 

water on the breathing movements and heart rate in the tench 

are presented in graphical form in figure 14. The onrves Vere 

plotted from the results obtained from a single fish, and 

although individual variations exist, they are typioal of the 

responses shown by all the tench exposed to decreased oxygen 

concentrations in the environment.

Both amplitude and frequency of the breathing movements 

are increased when the oxygen concentration is lowered, the 

increase being more marked when the concentration falls below 

5 ig^ The branchial pump appears fully extended in 

concentrations of 1-2 ;mg/litre, and below this level the move­

ments become irregular and eventually stop. In this case 

survival of the fish is obviously impossible, but in concen­

trations of 1 to 2 r^g/litre the responses of the fish were well 

co-ordinated and the impression was that the animal was in 

equilibrium with the environment. The responses of the 

branchial pump and heart of the tench to very low oxygen 

concentrations can be seen in figure 15, again plotted from 

the results taken from a single fish but typical of all the 

tench examined.

The heart rate is not affected as long as the oxygen 

concentration in the water remains above 3 mg/litre, but below
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Figure 15. The effect of-very low oxygen concentrations on the heart rate 
of the tench. The depth and frequency of breathing are also shown. 
Tenp. 14°C.
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this level the beat frequency falls progressively with the 

oxygen concentration. The slowing of the heart is at first 

regular, but in concentrations of 1 mg or less it becomes 

irregular and successive heart beats may be separated by 10 

seconds or more. This inhibition of the heart is very probably 

part of the same response described by Shelton (in Shelton and 

Randall, I962) where perfusion of the gills with deoxygenated 

water resulted in reflex inhibition of the heart, via the vagus 

nerve. It is therefore interesting to note that respiration 

is not inhibited by the low levels of oxygen that affect the 

heart.

The reactions to changes in oxygen concentration occurred 

quickly but, because several minutes were needed to establish 

a new oxygen concentration in the tank, the exact time delay 

could not be measured.

(b) Carbon dioxide

The effects of carbon dioxide on the tench are complex, 

for not only are there changes in heart rate and breathing, 

but also more general effects on the activity of the animal. 

The bursts of activity associated with the introduction of 

carbon dioxide into the water of the experimental tank usually 

persisted for only 15 to 20 minutes, and it can be seen in 

figure 16 that the changes in heart rate and breathing that occur 

after the introduction of water of high carbon dioxide content, 

although irregular at first, have settled at new and fairly
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constant values within 30 minutes. Consequently steady values 

for heart rate, breathing rate and breathing amplitude could 

not be obtained as soon as the carbon dioxide changes were made, 

and records were only taken after the activity had ceased and 

the heart rate and breathing had become regular, which was usually 

30 minutes after a change in the carbon dioxide content of the 

water flowing through the tank.

Increasing the carbon dioxide concentration causes a rise 

in heart rate and breathing amplitude, but a decrease in breathing 

rate. Figure 17 shows the effect of carbon dioxide on these 

factors in the tench. The combined results of all experiments 

presented in graphical form in figure 18 show that the ampli­

tude of the breathing movements become maximal in concentrations 

of 20-30 mg/litre, and the heart rate in concentrations of 

60-100 mg/litre. In higher concentrations both these factors 

slowly decline, but, even in concentration^ of 200 %g/litre, 

remain at a rate that is higher than that recorded in normally 

aerated water. The breathing rate declines fairly rapidly at 

first (0-30 mg/litre) but with further increases in carbon 

dioxide concentration the fall is less marked.

The slow decline of all factors in high carbon dioxide 

concentrations is probably a reflection of an anaesthetic effect 

of carbon dioxide on the fish. The response of the branchial 

pump is strange in that Increases in amplitude are opposed by 

decreases in frequency. This response is obviously quite 
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separate from the reaction to low oxygen concentrations, which 

produce increases in both frequency and amplitude of the 

breathing movements. The increased amplitude, however, more 

than offsets the decrease in frequency in the response of the 

branchial pump to carbon dioxide, and in the tench, as in other 

teleosts, there is an increase in the volume of water ventilated 

by the respiratory apparatus (Shelton in Randall and Shelton, 

1963).

The above experiments were carried out on the unanaes­

thetised fish, and because of the effect of carbon dioxide 

on the activity of the fish, it was thought necessary to repeat 

the work using an anaesthetic in an attempt to eliminate the 

burst of activity in the responses of the tench to carbon dioxide. 

Urethane and nembutal anaesthesia was used, and because a 

continuous flow of water of varying carbon dioxide concentrations 

was to be maintained through the experimental tank, injection 

of the anaesthetic was preferable to bathing the fish in a 

solution of the drug. In long experiments re-injection was 

necessary (in the case of urethane) every 2 to 3 hours, for 

recovery from the light level of anaesthesia became apparent 

after this period. high carbon dioxide concentrations in the 

respired water produced a decrease in heart and breathing rates 

and breathing amplitude in fish anaesthetised with nembutal, 

a response which can be associated with the effects of this 

compound on the respiratory centre. Urethane anaesthesia. 
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however, did remove the effect of carbon dioxide on the activity 

of the animal, and the changes in heart rate and breathing 

movement aeen in the unanaeathetieed animal persisted. It can 

therefore be assumed that the responses shown in figure 17 are 

related to the carbon dioxide concentration, and are not a side 

effect of increased activity in the unanaesthetised animal, 

(iv) discussion

(a) Oxygen

The significance of the responses of the fish to lowered 

oxygen concentrations in the environment can be explained if 

one assumes that the regulating factor is the maintenance of 

an adequate oxygen supply to meet the metabolic requirements 

of the fish. The results indicate that in the tench, as in 

many other teleosts, the volume of water ventilated by the 

branchial pump is increased when the oxygen concentration in 

the water falls. This increase in water flow offsets the 

decrease in oxygen concentration, and maintains the quantity 

of oxygen available at the respiratory surface.

It appears that the respiratory apparatus is able to 

supply the oxygen requirements of the resting animal even in 

relatively low concentrations of oxygen, for by comparing Fry and 

Bart's (1948) value of the standard rate of oxygen consumption 

for the goldfish at 20°0 with Basu's (1959) values of the active 

oxygen consumption for the goldfish at the same temperature but 

under varying partial pressures of oxygen, it would appear that 
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respiration can supply oxygen at the standard rate of 90 ml/kg/hr 

in environmental oxygen tensions of 22 mm Eg pressure, which in 

freshwater represents an oxygen concentration of just over 1 pg/ 

litre. This comparison, however, is open to the same criticism 

as Pry's (194?) concept of the level of no excess activity, for 

neither take into account the rise in oxygen consumption of the 

resting fish in low oxygen concentrations produced by the extra 

work performed by the branchial pump.

The independence of fish in low oxygen concentrations 

must be largely due to the high affinity of the blood for oxygen 

(Root, 1951), The blood characteristics of the tench have not 

yet been determined, but in the closely related carp (Black, 1940) 

the blood is 95% saturated in oxygen tensions of 17 mm Eg and 

50% saturated at tensions of 5 mm Eg. A tension of 17 mm Eg 

is the same as a concentration of 1 mg/iitre of oxygen in the 

water used in my experiments. The amount of oxygen entering 

the blood across the gills, however, will depend on the oxygen 

gradient between water and blood, and it is possible to calculate 

the pressure gradient necessary to supply the oxygen needs of a 

hypothetical animal whose respiratory characteristics have been 

compiled from the results of investigations of a number of fish. 

If this fish, of 100 grms weight, has a respiratory area of 200 

sq_ cms (100 grm Carp, Saunders, 1962), an oxygen consumption of 

100 ml/kg/hr, and the water and blood are separated by connective 
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tissue of 5^ thickness (pike, Sohaperolaus, 19j^^, which has a 

diffusion constant for oxygen of 0.115 ml (Krogh, 1919) then a 

pressure difference of 27 mm Bg is necessary to enable sufficient 

oxygen to enter the blood to meet the requirements of the fish. 

If the blood is 95^ saturated in tensions of 17 mm Sg (carp, 

Black, 1940) and is leaving the gills with its fullload of 

oxygen, then tensions of 44 mm Bg are necessary in the respired 

water, or concentrations of 2.75 mg of oxygen/litre in the 

water used in these experiments. Although this value is derived 

from a hypothetical animal, it is nevertheless interesting to 

note the correlation between the above value, and the concen­

tration at which the heart is first inhibited. The heart rate 

of the tench remains constant in concentrations of between 5 and 

10 ^g/litre because the tension of oxygen is sufficient to 

saturate the blood and changes in ventilation volume compensate 

for any decreases in oxygen concentration. If the oxygen 

tension of the blood falls, the heart can respond in either of 

two ways; it can speed up blood flow through the gills and so 

increase the water:blood gradient, or it can make no attempt to 

maintain the normal supply of oxygen to the body and simply cut 

down the heart output so that blood leaving the gills is carrying 

close to its maximum load of oxygen. The latter appears to be 

the case in the tench, but this is based on the assumption that 

heart rate is proportional to heart output. Johansen (1962) 
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has shown that in the cod the heart output can be doubled by 

changes in stroke volume augmented by increased venous return, 

without affecting the heart rate. It seems unlikely, however, 

that the decrease in heart rate evident in very low oxygen 

concentrations in the respired water would be cancelled out by 

increases in stroke volume to produce an increase in cardiac 

output.

If the heart output falls, as seems the case in the tench, 

then one must assume that either there is a decrease in the 

oxygen requirements of the fish, or that an oxygen debt is 

gradually Incurred, If a debt is developed, then a build up 

of lactic acid in the blood could cause the bradycardia (Drummond 

and Black, I960), This seems unlikely, firstly due to the 

rapidity of the response (within minutes of reducing the concen­

tration from air saturation values), secondly on account of the 

similarity of this response to that described by Shelton (in 

Shelton and Randall, 1962) where nervous inhibition of the 

heart was produced by a flow of de-oxygenated water over the 

gills, and finally because leivestad et al (195?) have shown 

that during periods of bradycardia in the cod, produced by 

removing the fish from water, the lactic acid in the muscles 

rises, but the level in the blood remains constant, and when 

the animal is put back into the water the lactic acid floods 

back into the blood stream. It is interesting to note that there 

is a concomitant rise in heart rate with the increased level of 
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lactic acid in the blood.

Bradycardia under aaphyzial conditions is not only found 

in fish, but appears typical of many other groups of verte­

brates (Soholander et al, 1962). This response has been more 

widely studied in diving mammals, and it has been found that 

circulatory changes take place to counteract the effects of 

bradycardia on the blood pressure, which remains fairly constant 

as the heart slows. These animals do develop an oxygen debt, 

but it appears that the reduced blood supply to the muscles 

prevents the lactic acid formed from entering the blood until 

the asphyxial conditions have passed.

(b) Carbon dioxide

If one assumes full saturation of the blood leaving the 

gills in the resting fish in oxygenated water, then during 

activity the only way in which the blood can deliver more oxygen 

to the tissues is by increasing blood flow rate; similarly, 

if the oxygen carrying capacity of the blood is altered, then 

changes in flow rate of the blood must take place if the oxygen 

consumption of the fish is to remain at a constant level.

The addition of carbon dioxide to the respired water 

increases the oxygen consumption of the resting fish (Basu, 1959) 

which must be a reflection of the increased energy expehded in 

respiration. Carbon dioxide also affects the affinity of the 

blood for oxygen, reducing the oxygen carrying capacity of the 

blood* This can be counteracted in the fish by an increase in 
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blood flow rate, and it ia therefore not surprising that a rise 

in the carbon dioxide content of the water accelerates the heart 

rate^thus, it is assumed, producing an increase in blood flow 

rate. A small increase in the quantity of oxygen being 

brought to the gills by the branchial pump is necessary to deal 

with the increased oxygen consumption. It seems unlikely, 

however, that the large increase in ventilation volume (Saunders, 

1962) produced by the addition of carbon dioxide to the water 

is required to deal with the rise in oxygen consumption, which 

in the resting animal, must be related to the respiratory and 

circulatory changes. The percentage utilisation of oxygen 

from the water is far less than that of an active fish ventilating 

at the same rate but in the absence of carbon dioxide* Saunders 

(1962) and van Dam (1958) attribute this difference to a reduced 

affinity of the blood for oxygen caused by increased carbon 

dioxide levels. Although this is an important factor, it is 

significant that the oxygen consumption has risen, and therefore 

unless the fish is building up an oxygen debt, the effects of 

carbon dioxide must have been largely moderated by increases in 

blood flow. The decreased utilization is more probably a 

reflection of a superfluous quantity of oxygen in the water 

passing over the gills. The 'carbon dioxide' resting fish is 

ventilating its gills at a rate comparable with that of a very 

active fish, but only requires oxygen at the rate of a moderately 

active fish.
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The only explanation posgible at the moment of the 

response of the branchial pump to carbon dioxide is that the 

increases in ventilation volume are related to carbon dioxide 

tensions in the tissues, normally associated with increased 

metabolism and oxygen lack, rather than to carbon dioxide levels 

in the water. If this is so then there can be no receptors to 

carbon dioxide exposed to the medium, for the animal seems unable 

to determine the amount of carbon dioxide in the environment.

The responses of the branchial pump and heart could be the 

result of a change in pE produced by increased carbon dioxide 

content, rather than a response to carbon dioxide. Sail (1951)* 

however, showed that the responses of the puffer fish to acid 

pH levels produced by the addition of strong acid (SCl) to the 

water were quite different from those produced by changes in pH 

as a result of the addition of carbon dioxide to the water. 

Carbon dioxide produced a large increase in ventilation volume 

and a decrease in respiration rate, whereas hydrochloric acid 

produced a decrease in the volume of water pumped over the gills, 

but a slight increase in the respiratory rate. Thus it appears 

that the responses of the tench are to changes in the carbon 

dioxide concentration rather than to changes in pH produced by 

the increased concentrations of carbon dioxide.

Finally the responses of the branchial pump to high carbon 

dioxide and low oxygen concentrations in the environment are quite 

separate, and therefore different mechanisms must be involved in
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the reaponaes of the branchial pump and heart to changea in 

carbon dioxide and oxygen tensions in the environment. Local 

injections of cyanide and carbonate into the medulla would 

produce conditions of de-oxygenation and carbon dioxide exoeaa 

within the central nervous system respectively. It would 

therefore be of interest of see if these injections showed a 

similar diversity of response in the fish, as oxygen lack and 

carbon dioxide exoeaa in the environment.
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Section TI

TUB SOLE OF TSE CARDIAC BRANGS OF TSE TACSS

IN TSE REGULATION OF TSE SBART OF FI8S

(i) Introduction

Because of the considerable attention focused on the 

nervous control of the heart by the results of the previous 

sections, a series of experiments was designed to determine the 

importance of the cardiac branch of the vagus in the regulation 

of the heart.

Some functions of this nerve have already been established 

in fish (Mott, 1957). Sectioning the vagi in fish causes an 

increase in heart rate, and stimulation of the out ends of the 

vagus inhibits the heart (McWilliam, 1885; Lutz, 1950^^y^ This 

effect of vagal stimulation on the heart is abolished by atropine, 

Jullien and Ripplinger have made extensive studies of the role 

of the cardiac vagus in the regulation of the heart rate in both 

freshwater and marine teleosts (Jullien and Ripplinger, 1950, a, b 

and o; Ripplinger, 1950, a and b). They report five effects 

of vagal stimulation on the heart, the most pronounced being a 

negative chronotropic effect mediated via cholinergic fibres.

Ripplinger (1950) suggested that the pacemaker in the 

hearts of freshwater fish was situated at the base of the sino­
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auricular junction and was richly innervated by the vagus. 

McWilliam (1885) found that the sinus initiated the heart beat 

in the eel, and that parts of the auricle and ventricle were 

also capable of beating when isolated from the heart, but 

usually at a much slower rate than the isolated sinus venosus.

Se reported that during a strong vagal inhibition the sinus and 

auricle were inezcitable, whereas the ezoitability of the ventricle 

was unaltered. Kiach (1948) found that there were several auto­

matic centres in the fish heart, including one situated in the 

bulbus arteriosus, and that the normal and retrograde speeds of 

conduction were fairly equal.

Information on the effects of drugs on the teleost heart 

in situ is scanty (Mott, 1957). Acetylcholine slows the hearts 

of fishes (Eisch, 1948) and large doses of darstine, an atropine- 

like drug, bring about a prolongation of the conduction time of 

the heart beat (Wilber, 1961). The effects of adrenaline on 

the heart in situ are unknown, but Keys and Bateman (1952), lutz 

and Wyman (1952), Mott (1951) and Burger and Bradley (1951) 

have studied the effects of adrenaline on the circulation of both 

teleosts and elasmobranchs. Injections of adrenaline cause a 

rise in blood pressure in elasmobranchs and teleosts. Keys and 

Bateman (1952) found that adrenaline constricts perfused vessels 

of the eel's tail, but dilates the branchial vessels of this 

species.
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In order to clarify the role of the vagus in cardiac 

control it was decided to repeat some of the vagal stimulation 

experiments on the tench, and also record activity from this 

nejTve during normal functioning of the heart and re3piration$

In order to obtain a suitable preparation for the vagal 

recording and stimulating experiments, the first stage of this 

work was a study of the gross anatomy of the vagus in the tench.

(ii) Methods

The vagal innervation of the heart of the tench has 

already been described by Laurent (1952-3) and by Ripplinger 

(igSolAwho also described the heart and associated blood vessels.

The vagi of 8 tench were traced by dissection, particular 

attention being paid to the branches leading to the gills and 

heart. As might be expected there were no major differences 

in the nervous anatomy of the tench used, but minor variations 

in the positions of the branches were observed. Figure 19 is 

a composite diagram constructed from the drawings of the 

dissection of the right vagus in several fish.

The root of the Zth cranial nerve emerges from the 

lateral surface of the medulla, and after passing through the 

vagus foramen in the cranium, separates into two main branches. 

One component lies in a ventro-lateral position and innervates 

the viscera and heart, the other passes ventrally to innervate 

the branchial arches. The branch to the gills immediately
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aeparatea into three ganglionic maaaee, the moat anterior of 

which ia oblong and shaped rather like a solid figure 8, Branches 

from these ganglia innervate the four arches with rami of the 

glossopharyngaal nerves which pass to the anterior border of the 

first gill arch, The main vagal trunk paaaes down the side of 

the body behind the cleithrum, branching to pharyngeal musolea 

en route. At the level of the pectoral fins the nerve turns 

posteriorly and passes back to the viscera, but before doing so 

branches separate from the main trunk and pass to the oesophageal 

musculature* Several of these oesophageal rami innervate 

musculature that forms the dorsal surface of the pericardial 

cavity, A cardiac branch of the vagus separates from one of 

these rami and crosses the dorsal surface of the pericardium, 

passing ventrally over the junction between the inferiorjugular 

vein and the CuVerian duct and along the anterior border of 

the sinus venosus to the heart; here it divides into two branches 

at the sino-auricular junction, one branch passing forwards to 

the auricular-ventricular junction, the other passing dorsad 

to innervate the auricle and sinus.

When recording from or stimulating the vagus, the elec­

trodes were placed on the ramus cardiacus of the right vagus 

before it crossed the junction between the inferior jugular 

vein and the Ouverian duct* (Fig,20)

The eiperiments were carried out in an open top perspex 

tank of 2 litres capacity. The fish was held in a clamp that 
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allowed rotation of the fish around the long axis of the body, 

and was placed in the tank, ventral surface uppermost. The 

water level was adjusted to leave the ventral surface of the 

animal exposed. The gills were perfused with aerated tap water 

by inserting a rubber tube into the mouth of the fish. Hrethane 

and paraldehyde anaesthesia were used, and when the fish was 

deeply anaesthetised the skin covering the sternohyoideus 

muscles was removed. These two muscles were then separated by 

a longitudinal cut through the connective tissue binding the 

muscles together. The out was continued anteriorly to divide 

the cleithra mid-ventrally at their point of fusion, and the 

sternohyoideus muscles could then be eased apart to expose 

the heart and pericardium. After removing the pericardium 

the right sternohyoideus muscle was cut transversely at a 

point level with the posterior margin of the pericardial cavity. 

The cut was extended dorsally up the side of the body^ behind 

the pectoral fin, to a point level with the entrance of the 

Ouverlan duct into the pericardial cavity. The portion of 

body wall forming the lateral wall of the pericardial cavity 

could then be held back to expose the dorsal surface of the 

right half of the pericardial cavity. This section of body 

wall was held in position by a series of hooks. These were 

tied to lengths of cotton attached to screws fixed into the 

walls of the perspex tank. The tension on the cotton could be 

adjusted by turning the screws. Connective tissue, covering 
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the oesophageal muscles which form the dorsal surface of the 

pericardial cavity, was removed to expose the cardiac branch 

of the vagus. The operation was carried out under a binocular 

microscope, and the field was illuminated with a 6v lamp with 

two 0 N 222 glass heat filters to absorb the heat generated.by 

the lamp. The pericardial cavity was often filled with liquid 

paraffin to prevent dessioation of the nerve.

Two three inch lengths of pointed .01" diameter silver 

wire;shielded for two-thirds of their length, were used as 

electrical stimulating and recording electrodes. When recording 

from the vagus the signals were amplified by a Tektronix type 

122 low level preamplifier and displayed on the upper beam of 

a Tektronix 502 oscilloscope. Permanent records were either 

photographed directly from the oscilloscope using a Cossor 

Oscillograph Camera, or the whole experiment was taped on a 

Ferrograph tape recorder, and then played back into the 

oscilloscope and photographed. Simultaneous records of either 

the B.0.0. or the opercular movements were taken while recording 

from the vagus and displayed on the lower beam of the oscillograph. 

The glycerine trough transducer was used to record the movements 

of the operculum, a cotton being tied to the edge of the oper­

culum and looped over the lever arm;, of the transducer.

The experiments were carried out on 18 tench weighing 

between 225 and 315 grms. Attempts at recording from the ramus 

carddaeus of three goldfish were unsuccessful.
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Figure 21. The effect of vagal stimulation on heart rate in the tench.

Upper trace; E.C.G.

Lower trace; Double line marks period of nervous stimulation.

Stimulate; a) Intensity 0.5v, Frequency 10/sec. for 20 secs.

b) 0.5v, 10/sec. 10 secs.

c) I.Ov, 10/sec. 10 secs.

d) I.Ov, 5/sec. 10 secs



tench.

a) i & ii ; Normal heart. cO"c\k'tf\uocs fiOCcrA

b) Effect on heart after an injection of 0.3 ml. of 10 '^

atropine into the Guverian vein.
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During eiperlments in which the activity in the vagua 

was recorded, the flow of water over the gills was stopped, or 

the gills were perfused with either de-o%ygenated water or with 

water of high carbon dioxide content, to determine the effects of 

these on the activity in the vagus.

In the vagal stimulation experiments, the cardiac branch 

of the vagus was stimulated electrically with square wave dis­

charges produced by a physiological stimulator capable of giving 

shocks of up to 25 volts intensity, either singly or at rates of 

3 to 100 per second. The nerve was stimulated before and after 

injections of atropine in saline into the Ouverian duct, and 

the results compared,

(ill) Results

(a) The effects of vaeal stimulation on the B.G.O. of the 

tench

Electrical stimulation of the cardiac branch of the vagus 

results in a decrease in rate or a total inhibition of the heart 

beat of the tench. (Fig, 2) (al)) During and after stimulation 

the configuration of the B.0.0. was unaltered except that a 

decrease in the size of the ventricular wave was sometimes 

recorded. The spatial relationships of the P, QR8 and T waves 

remained constant before, during and after vagal stimulation in 

all cases. (Fig.21) Do evidence was found to support the 

negative dromotroplo effect recorded by Jullien and Ripplinger 

(195G)b), Repetitive stimulation of the vagus at intensities just
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Trequency of stimulation, no./sec.

Figure 25. The effect of vagal stimulation on the heart of the 

tench. Time between start of nervous stimulation and the 
appearance of the first E.C.G-. during stimulation plotted 
against frequency of stimulation. 
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above the threshold level seldom inhibited the heart for longer 

than. 20 seconds, after which the heart would beat at irregular 

intervals of between 3 end 8 seconuo. \ '. The degree 

of inhibition was augmented at higher intensities and at certain 

frequencies. Rates of stimulation of between 10 and 50 per 

second appeared optimal for inhibition of the heart. (Fig.25)

When vagal stimulation ceased the E.0.0. returned end 

within three or four beats the pre-stimulation heart rate was 

re-established; the heart rate did not accelerate beyond the 

pre-stimulation level on cessation of stimulation,

Stimulation of the vagus between the P and QR8 waves 

did not inhibit the ventricular contraction; vagal inhibition 

had to precede the auricular beat before the B.C.O, was inhibited* 

This is in agreement with the results of McWilliam (1885) who 

found that the eioitability of the ventricle of the eel was 

not affected by vagal stimulation.

An injection of 0,2 ml of 10 atropine in fish saline 

into the Ouverian duct causes an increase of up to 15^ in heart 

rate in the tench, but similar injections into the pericardial 

cavity of three goldfish had no effect on heart rate. It would 

appear, therefore, that there are interspecific variations in 

the resting level of vagal activity in the fish.

Vagal stimulation at frequencies of between 5 and 100 

stimulations per second, and at intensities of up^o 50 times the 

threshold level for the inhibition of the heart before the atropine 
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injection, had no effect on the rate and appearance of the B.O.G, 

of the atropiniaed heart of the tench. (Fig*22 (tl))

(l)) Electrical SecordinAC from the cardiap branch of the 

vague of the tench.

Records of the activity in the cardiac branch of the vague 

in the tench were taken from a very short length of nerve, of 

the order of a fewwitltlmetree, one end of which was attached to 

the heart, the other running between the mueclee closely associated 

with respiration. (Fig.2O) In the earlier experiments the 

recordings were taken from the intact nerve, and under these 

conditions activity could be recorded which was synchronous with 

either the breathing or heart movements. Visual observations 

suggested that this was caused by movements of the nerve across 

the recording electrodes, produced by the heart and breathing 

movements. In the case of the heart beat there were marked 

peaks of activity relating to successive heart beats, each peak 

consisting of a double burst of activity, the first synchronous 

with the contraction of the auricle, and the second with the 

contraction of the ventricle, the result being that one could 

hear the beat of the heart on a loud-speaker connected to the 

oscilloscope beam on which vagal activity was being recorded. 

This type of activity was not seen if the nerve was cut at its 

entry into the pericardial cavity, and a slack length of nerve 

left between the heart and recording electrodes. Indeed, no 

activity of any sort was observed from the nerve under these 
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conditions. Similarly,the activity related to the movements of 

the nerve over the immobile recording electrodes produced by 

the breathing movements were removed if the vagus was cut close 

to the heart and a slack length of nerve was left between the 

electrodes and the main vagal trunk. It would therefore appear 

that these particular recordings are artifacts relating to the 

movements of the nerve over the immobile recording electrode.

As stated above, no activity was recorded from the portion 

of the ramus cardiaous of the vagus still attached to the heart 

after transection; efferent bursts of action.potentials, however, 

could be recorded from the cardiac branch of the vagus attached 

to the main vagal trunk, which were associated with the oper­

culum abducted or mouth opening phase of the respiratory cycle. 

(Pig.24a) This activity did not occur regularly with each 

breathing cycle, for sometimes, in oxygenated conditions, there 

was no activity at all in this nerve. In a single experiment 

a continuous discharge was recorded under oxygenated conditions 

from the intact nerve, consisting of a single action potential 

passing down the nerve at intervals of 0.1 to 0.3 of a second. 

Unfortunately, because these records were taken while the nerve 

was still attached to the heart, the record is marred by the 

superimposed activity related to the movements of the heart. 

(Fig.24h)

It was noticeable that the heart did not beat during these 

periods of cyclic activity in the vagus related to the mouth 

opening phase of the breathing cycle, suggesting that similar 
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activity was present in the left cardiac vagus still attached to 

the heart, and that it was of an inhibitory nature. This 

relationship between the mouth opening phase of the breathing 

cycle, vagal activity and the position of the heart beat in 

relation to the breathing cycle, is interesting when a comparison 

is made between the results of this section end the histograms 

in figure 11, showing a tendency for the heart to beat during 

the mouth closing phase of the breathing cycle. Similarly, 

during these experiments large bursts of activity were recorded 

from the vagus during a respiratory cough, and again it can be 

seen in figure 12 that the heart tends to be inhibited during a 

cough, which indicates the inhibitory nature of the vagal activity 

recorded.

Passing de-oiygenated water over the gills, or stopping the 

flow of water over the gills increases the amount of activity 

recorded from the vagus; the hursts of activity although still 

centred around the mouth opening phase of the breathing cycle, 

contain more action potentials and are of longer duration than 

those recorded under oxygenated conditions. (Fig.24 (^ In some 

cases de-oxygenation of the water produced a slightly rhythmical 

but almost continuous discharge of efferent action potentials 

in the ramus cardiacus of the right vagus.

The effects of high carbon dioxide concentrations in the 

water perfusing the gills on the vagal activity in the fish have 

not yet been thoroughly investigated, and only a single permanent 

record has been obtained from a total of three experiments on this 
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problem. (Pig.25) However, from this single reoorH, and frow 

visual observations in the other two experiments, it would appear 

that perfusing the gills with water of high carbon dioxide content 

has a very different immediate effect on vagal activity than 

de-oxygen6tea water, for all signs of activity in the nerve 

disappear. This can be correlated with the effect of carbon 

dioxide in the ventilation stream on the heart rate of the intact 

animal (Section 7), and the breakdown of the "mouth closing" 

relationship of heart beat and breathing in high carbon dioxide 

concentrations. (Pig.ll) If the gills are perfused with carbon 

dioxide for a long period of time, however, the activity returns, 

usually within 20 minutes of the flow of water of high carbon 

dioxide content over the gills, but not in the original rhythmical 

form. The activity recorded is a continuous discharge of efferent 

action potentials, which when the flow of carbon dioxide water is 

terminated and is replaced with a flow of oxygenated water over 

the gills, becomes rhythmical. These records closely resemble 

those seen when perfusing the gills with de-oxygenated water, and 

indeed, this long term effect of carbon dioxide under these 

conditions may be the effect of anoxia. In these experiments 

the gills were perfused at a constant rate; the fish was 

therefore quite unable to regulate the amount of water ventilating 

the gills. As high carbon dioxide content in the respired water 

normally increases the oxygen consumption of the fish (Saunders, 

1962), it is possible that under these conditions, the consuant 
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volume of water ventilating the gills is insufficient to meet the 

oxygen requirements of the animal. Thus the resulting anoxia causes 

the increased activity in the vagus, rather than it being a direct 

effect of the high carbon dioxide content of the respired water.

(iv) Discussion

The cardiac branch of the vagus probably contains cholinergic 

fibres. This is indicated by the fact that vagal stimulation has 

a negative chronotropic effect on heart rate, which is abolished 

by injections of atropine. The inhibitory effect on the heart 

rate gradually disappears on continual stimulation, and total 

inhibition of the heart in the tench seldom lasts for longer than 

20 seconds. The 2.0.0. reappears more quickly when the nerve is 

stimulated at frequencies outside the range of 10 to 50 shocks per 

atn^ih<L This effect can be explained if one assumes that successive 

vagal impulses release diminishing amounts of acetylcholine, which 

is then being broken down within the heart muscle, and that the 

heart beats directly the acetylcholine falls below a certain level. 

The optimal frequency of stimulation with regard to cardiac 

inhibition, therefore, would depend on the rate of decrease in 

the amount of acetylcholine released by successive impulses, and 

the rates of breakdown of this compound within the heart. These 

factors seem to vary in different species for McWilliam (1885) 

was able to inhibit the heart of the eel for periods of 15 minutes 
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or more, whereas in the tenoh, inhibitory peribde of 20 seconds 

were all that could be produced by continual vagal stimulation. 

Although one must expect variations in physiological as well as 

anatomical characteristics between species, the eel is probably 

atypical of fish in general. This is, in fact, indicated by 

morphological, ecological and physiological characteristics. 

The known physiological 'specialities* of this species include 

intermittent respiration when in well oxygenated water, the 

ability to respire through only one side of the branchial pump 

(van Dam, 1938) and the associated variations in heart rate, 

and, most probably, circulation. These respiratory peculiarities 

may all be related to the ability of the eel to respire through 

the general body surface (Krogh, 1904).

The level of tonic activity in the vagi of different 

species of fish also appears to vary. The heart rate of the 

goldfish is unaffected by injections of atropine into the 

pericardial cavity, whereas in the tench, bilateral vagotomy 

or atropine injections result in an increased heart rate, and in 

the eel there are large increases in heart rate when the vagi 

are cut (Me William, 1885).

Tagal stimulation does not affect the rate oi conduction 

of the wave of contraction over the heart, for the spatial 

relationships between the P and QK8 waves remained constant 

before, during and after vagal stimulation. The time relation­

ships between these factors, however, does alter normally, but 



72

the mechanisms involveh, although apparently independent of 

vagal stimulation, are not known.

These experiments did not permit an investigation of 

the effects of vagal stimulation on the tone of the heart muscle, 

nor was it possible to determine changes in the amplitude end 

strength of each contraction of the heart from the records of 

the E.C.G. Prom visual observations, however, it is thought 

that the negative tonotroplo and^inotropic effects recorded by 

Jullien and Rippllnger (igSG&^from the heart of marine teleosts, 

could equally be the effect of blood collecting in the sinus and 

auricle, than a direct effect of vagal stimulation, McWilliam 

(1885) found that when the heart of the eel was arrested by 

vagal stimulation the heart remained in diastole, and the jugular 

veins, sinus and auricle became filled with blood. Similar 

effects were observed in the tench in these experiments, and 

the result was that as the sinus and auricle became distended 

the ventricle was forced towards the ventral surface of the body. 

Therefore it is thought that such movements may have produced 

the effects recorded by Jullien and Rlpplinger (195QD

The records of the activity in the cardiac branch of the 

vagus suggest that this nerve has an important role in estab­

lishing the relationship between heart beat and respiration 

(see Section I?). Inhibitory impulses in the vagus prevent 

the heart from beating during a respiratory cough, and during 

the mouth opening phase of each breathing cycle. The physio­
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logical algnifioance of this relationship, however, cannot be 

determined without some knowledge of the blood flow oharaoter- 

ietice through the gills, which are at present unknown, Even 

so it would seem probable that the basis of such a relationship 

is to enable a high degree of efficiency in the rate of gas 

ezchange at the respiratory surface. The origin of the vagal 

activity associated with the inhibition of the heart is also 

unknown. If it is peripheral origin then one would imagine 

that afferent fibres connected with this response would originate 

either from receptors in the gills, or from proprioceptors in 

the respiratory muscles. If, however, the activity is of 

central origin then one would expect a nervous connection 

between the respiratory and cardiac centres in the medulla. 

This is in fact indicated by other work in which simultaneous 

inhibition of the heart and respiration has been produced by 

strong visual stimulation (Otis, Cerf and Thomas, 1957). If 

the cyclic activity in the vagus originates from a connection 

between vagal and respiratory centres in the medulla, then the 

connection could be either one of two types. The activity in 

the vagus during the mouth opening phase of the respiratory 

cycle could result from either an overspill of activity into 

the vagus from the respiratory neurones related to this part 

of the cycle, or from the inhibition of a continually active 

vagal centre during the mouth closing phase of the breathing 

cycle. Tan Sblst (1934 a and b) has suggested that the spread 

of activity from automatic cells in the CN8 is responsible for 
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the synohrony of breathing, trunk and pectoral fin movements 

seen, in the abeence of peripheral stimulation, in the goldfish. 

It is therefore of interest to note that, by comparison with 

the histograms in figure 11, the cyclic activity in the va^s 

appears most pronounced in the resting or anaesthetised fish, 

and that such a system is responsible for the normal regulation 

of the heart. The rhythmic neurones in this case would be the 

respiratory neurones in the medulla of the tench connected with 

the mouth opening phase of the breathing cycle.

In conclusion the results show that the cardiac branch 

of the vagus contains cholinergic fibres whic^when stimulated, 

inhibit the heart. No tonotropic, inotropic or dromotropic 

effects could be produced by vagal stimulation, nor could the 

heart be accelerated. It would therefore appear that the 

nervous innervation of the heart consists of purely inhibitory 

fibres affecting heart rate. Activity normally present in this 

nerve is of cyclic nature, and tends to inhibit the heart beat 

during the mouth opening phase of the respiratory cycle. This 

is particularly evident in the resting animal. Eigh carbon 

dioxide concentrations in the respired water possibly inhibits 

this vagal activity, which may cause the increased heart rate 

recorded when the fish is breathing water of high carbon dioxide 

content. De-oxygenation of the water passing over the gills 

results in an Increase in the amount of activity recorded from 

the cardiac branch of the vagus, which can be related to the 

concomitant decrease in heart rate. neilex inhibition oi the
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heart when de-ozygenated water is passed over the gills has 

already been described by Shelton (in Shelton and Randall, 1962). 

The results of this section add further proof of the existence of 

this vagal reflex, but add nothing to the other pathways and 

receptors involved in the mediation of this response.
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Section Til

TSE EEGDUTIOX 0? EZABI RATE IK TEIJ508I FISB

(i) Introduction

It has been ehown that tachycardia is a common ocGurrenoe 

in the fish used in these experiments. Handling and perfusing 

the gills vith an aqueous solution of M8 222 Sandoz has been 

shown to accelerate the heart rate. This can result in heart 

rates of 90 per minute as opposed to a normal resting value of 

about 25 pAr minute in the resting tench. If the nervous 

innervation of the heart of the tench consists of purely 

inhibitory fibres affecting heart rate, as is suggested in the 

previous section, and also if the heart rate is determined by 

nervous regulation alone, then heart rates of 90 per minute must 

be produced by the removal of vagal restraint on the heart. If 

these fibres are cholinergic, then similar increases in rate 

ought to result from injections of atropine into the pericardial 

cavity.

(ii) Methods

A fish was restrained in the tank, ventral surface upper­

most, and the 2.0.0. was recorded. The effects of

(1) atropine injections into the pericardial cavity of the fish, 

(2) increased activity of the animal, and

(^) injections of adrenaline into the ventral aorta of a single 

tench,
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on heart rate were then recorded. A 1 ml gyringe and a No.20 

hypodermic needle were used for the injections. In the single 

experiment on the effects of injections of adrenaline into the 

ventral aorta, the heart and ventral aorta were exposed by 

dissection as described in Section VI. The experiments were 

carried out on 11 tench (10-2?2 grms weight, average 73 grms), 

and 5 goldfish (68-74 grms weight). during the experiments 

the gills of the fish were forcibly perfused with oxygenated 

tap water.

(iii) Results

Activity results in a sharp rise in heart rate. In the 

particular experiment recorded in figure 26a the tail of the 

goldfish was pinched with a pair of forceps, which resulted in 

three lateral movements of the tail and a 73^ increase in heart 

rate. The response of the heart was extremely rapid, the 

highest rate being recorded 2 minutes after disturbing the animal 

Injections of 0.5 ml of atropine into the pericardial 

cavity produces a slight increase in heart rate in the goldfish 

(Fig.27), and a 15-20^ increase in heart rate in the tench. 

The flow of water passing over the gills was stopped 10 minutes 

before and after the atropine injections. (Fig.27) This was 

done to ensure that the injections were blocking the effects of 

vagal inhibition, and it can be seen that the injections of 

atropine remove the inhibitory effect of the vagus on the heart 

(Fig.27) produced by stopping the flow of water over the gills.



Q 0.5, ml. of a tropine/saline (1O ^) injected 
into pericardial cavity.

* ViTater flow over gills stopped.
jj 'ffater flow over gills started.

Figure 27. The effect of injections of atropine into the pericardial

cavity of the goldfish, on the heart rate and on the response of 
the heart to a stoppage of water flow over the gills.
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Injections of saline into the ezposed but intact ventral 

aorta of the tench produces a decrease in heart rate, probably 

due to the rise in blood pressure that must be produced by such 

an injection. If, however, the saline contains adrenaline, 

after a primary slowing there is a rapid increase in heart rate, 

an effect that lasts for several hours. (Fig.26b)

(iv) discussion

From the results it seems improbable that acceleration of 

the heart is achieved by the removal of vagal inhibition alone. 

Bilateral vagotomy (see Section III) end injections of atropine 

into the pericardial cavity, although removing the effects of 

vagal inhibition and causing some increase in the heart rate, 

do not produce such large increases in heart rate as recorded 

in the intact animal when the gills are perfused with MS 222 

Sandoz, or when the activity level of the animal is raised.

If the heart rate is only partially regulated by the 

nerves that innervate the heart, then it must also be responding 

to either mechanical or humoral changes in the blood or tissues 

in or near the heart.

The effects of increased venous return on cardiac output 

(Johansen, 1962) and heart rate (habat et al, 1961) have produced 

variable results. Johansen found that increased stroke volume 

in the cod was augmented by increased venous return, but that 

this had very little effect on heart rate. Labat et al pro- 

duced a marked tachycardia in the catfish by injecting 1 ml of 
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saline into the hepatic vein. This effect, however, was removed 

by prior injections of atropine, or by bilaterhk vagotomy. 

Johansen has suggested that increased venous return is facilitated 

by muscular movements during activity, but found that in free 

swimming teleosts eiercise was not accompanied by cardiac 

acceleration. In the goldfish, however, there is an increase 

in heart rate associated with muscular movements of the tail, 

and it is possible that under these conditions, increased venous 

return is important in raising the heart rate, as demonstrated by 

labat et al in the catfish. It is, however, difficult to 

envisage the significance of increased venous return when the 

heart is accelerated by MS 222 Sandoz. Indeed, it is difficult 

to understand how passing a solution of this compound over the 

gills could produce an increase in venous return, unless it was 

preceded by an Increase in cardiac output. Mott (1951) has 

demonstrated that a rise in blood pressure in the branchial 

vessels of the eel results in reflex slowing of the heart. Keys 

and Bateman (1952) have shown that perfusion of the branchial 

vessels of this fish with a saline containing adrenaline results 

in a decrease in the resistance of the gill vessels to the flow 

of saline. The increased heart rate that followed the injection 

of adrenaline into the ventral aorta of the tench therefore is 

probably a reflection of the branchial vasodilatory effects of 

this drug implicit in the work of Keys and Bateman. The vaso­

dilation would reduce the blood pressure and therefore the level 
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of vagal Inhibition on the heart rate, so producing cardiac 

acceleration. The injection, however, resulted in an 8%% increase 

in heart rate, which was much larger than any increase resulting 

from bilateral vagotomy or injections of atropine. It is there­

fore possible that a reduction in ventral aortic pressure may 

produce an increase in heart rate directly, and that a similar 

mechanism is in operation when the heart rate is increased in 

response to MS 222 Sandoz in the ventilation stream. Another 

possibility is that humoral agents are being released into the 

blood, or that adrenaline is being carried back to the heart via 

the coronary circulation, but little is known of the effects of 

sympathetic drugs on the heart of fish (Mott, 1957).

The hypothesis that reduced ventral aortic blood pressure, 

or that the release of humoral agents into the blood may produce 

an increase in heart rate is based on circumstantial evidence, 

recorded from experiments, many of which have no relationship to 

physiological conditions in the intact animal. The conclusions 

drawn from such experiments therefore, must be of doubtful signi­

ficance, but the results may give some indication as to possible 

mechanisms involved in the regulation of the heart in tne Intact 

animal.
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Section VIII

TES MBASDEEMENT 0? INTRAOELIjULAR POTENTIALS

EPOK TSE PISS SEART IS SITS

(i) Introduction

The E.0.0. is a record of the potential changes that take 

place in the electrical field generated by the heart during a 

contraction. These changes are directly related to the changes 

in membrane potential that occur in fibres of the heart muscle 

when they contract during a heart beat.

Intracellular potentials have been recorded from the 

hearts of various vertebrates, both in situ (Woodbury et al, 

I95I; Woodbury and Brady, 1956; Soffman and Suckling, 1952, 

1955), and isolated from the body (Weidmann, 1951; Brapwand 

Weidmann, 1951; Sutter and Trautwein, 1955, 1956; Burgen and 

Terrour, 1955; Craq^ield and Soffman, 1958) using glass micros 

electrodes (Graham and Gerard, 1946; Ling and Gerard, 1949).

The membrane potential of the heart muscle fibres during 

diastole appears to be between 50mV and lOOmV, the higher potentials 

generally being recorded from mammalian hearts. It is not known 

whether the variations in membrane potential represent species 

variation, or are the result of differences in micro-electrode 

characteristics, but Woodbury et al (1951) have related small tip 

diameter of the micro-electrode to high membrane potentials. 
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The highest membrane potentials during diastole have generally 

been recorded from fibres outside the region of the pacemaker 

fibres.

Intracellular potentials recorded from pacemaker fibres 

differ from those recorded in other fibres of the heart in that 

the membrane potential during diastole is not constant, but on 

reaching a mazimum directly after systole, slowly depolarises 

before changing into a much more rapid action potential associated 

with the next systole. The effects of vagal stimulation on the 

pacemaker potential have been investigated in the frog and tor­

toise (del Castillo and Katz, 1955; Sutter and Trautwein, 1955, 

1956), During vagal stimulation the diastolic membrane potential 

of the pacemaker cells is raised to a level above the mazimum 

recorded between previous beats of the heart. This inhibits the 

formation of the action potential associated with systole, and 

so prevents the heart beating. The repolarisation of the action 

potential, however, is greatly facilitated. Potentials recorded 

from the auricular fibres are unaffected by vagal stimulation. 

Sympathetic stimulation of the frog heart accelerates the rate 

of rise of the pacemaker potential, increasing the heart rate, 

and augments the size of the action potential*

The main problems associated with intracellular recording 

from muscle tissues arise from the mechanical movements associa­

ted with the action potentials in the fibres. These can be 

overcome either by immobilising the tissue with reference to



Electrode tip

a) The micro-electrode.

b) Electrode-cathode follower assembly.

Figure 28. Intracellular recordings from the hearts of fishu Apparatus.



Figure 28.
c) Cathode follower; circuit.
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a rigid recording system or by using a floating electrode which 

parallels the movements produced by muscular contractions. It 

is obviously impossible to immobilise the heart in situ and record 

Intracellular potentials during a normal heart beat; therefore in 

these experiments a floating electrode similar to that described 

by Woodbury and Brady (1956) was used to record intracellular 

potentials from fish hearts in situ, 

(11) Methods

Glass microeleetrodes were drawn on a Palmer Mloro-Blectrode 

Puller (B 101) supplied with a Power Control Unit (p 104) from glass 

tubing of 1 to 1,25 mm bore and 2 mm outside diameter. The electrodes 

were filled with distilled water by boiling under reduced pressure, 

and were then transferred to a 3M ECl solution for a period of 24 hours, 

A 1" length of 0,001" gauge tungsten wire was then inserted into the 

tip of the mioroelectrode until it jammed. The distal centimetre of 

the electrode was then broken off, and the shank of the electrode was 

removed, leaving the tip of the mioroelectrode, filled with 3M EOl, 

fixed to the end of a 1" length of tungsten wire, (Pig.28a), This was 

then soldered directly to the grid of a Brimar 6 BS 7 valve, the basis 

of the cathode follower.

The cathode follower with microelectrode attached, was mounted 

above the heart on a micromanipulator, an arrangement that enabled the 

cathode follower and electrode to be moved as a single unit. By 

lowering the cathode follower the electrode could be pushed into the 

heart, the tungsten wire acting as a buffer between the mobile heart 

and electrode and the rigid but moveable cathode follower, (Pig,28b)
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The mioroeleotrodes were stored in 3M KCl before use, but were never 

kept for longer than five days. The surface of the electrode was 

washed in distilled water before use. The output of the cathode 

follower was connected to the input of a Tektronii 502 oscilloscope 

and permanent records were photographed with a Cossor Oscilloscope 

Camera.

The resistance of the microelectrode was determined by passing 

a square wave calibration signal through the microelectrode which was 

connected to the input of the oscilloscope. The voltage deflection 

was measured, and then various resistances were placed in series with 

the microelectrode until the voltage deflection on the oscilloscope 

was halved. The resistance of the microelectrode was then equal to 

the known resistance introduced into the circuit.

The cathode follower, built to a design originating in the 

Electronics department of this University (Fig. 28c), had a grid 

—12 
current of 2.5 % 10 Amps when the input impedance was 20 meg^fu.

The procedure for restraining the fish and exposing the heart 

was similar to that described in Section 71.

The experiments were carried out on six dace (144-170 grms 

weight), two tench (149-297 grms weight), three chub (107-131 grms 

weight) and one roach of 82 grms weight, attemperatures between 11 

and 14°C.

These experiments are still incomplete, but the results 

obtained so far are of interest.
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Diastolic membrane potential= -pOmV
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Figure 29. A. Intracellular potentials recorded from a 
ventricular fibre of the roach heart.

B Diagrammatic representation of intracellular 
*■ potentials, illustrating nomenclature used 

in text.
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(iii) Results

The main problem associated with the methods used to 

measure intracellular potentials in these experiments was in 

determining the most suitable length of tungsten wire on which 

to mount the mlcroeleotrodes. If too long a length of wire was 

used the mioroelectrode did not penetrate the heart tissue; if 

the length of wire was too short there was a loss in the mobility 

of the electrode, and movements of the heart tended to pull the 

electrode out of the cell. Eventually it was found that lengths 

of about 1" were most suitable; penetration was relatively easy, 

and the electrode would remain fixed in the cell. 8o far intra­

cellular potentials have only been recorded from cells' in the 

ventral wall of the ventricle. The magnitude of the potential 

changes relating to heart systole and diastole, recorded from 

these fibres remained constant for the first 5 to 10 minutes 

after the electrode had penetrated the cell, but after this period 

the size of the potential ohanges gradually diminished. This is 

almost undoubtedly associated with the presence of the mioroelec­

trode within the cell.

Figure 29a is a typical record of the potential ohanges 

measured from a ventrioular fibre during normal ventricular 

systole. The very rapid depolarisations of the cell membrane 

are associated with the contractions of the ventricle. Intra­

cellular potentials were recorded from cells in the ventral wall 

of the ventricle of 12 fish, and up^to 10 fibres in each ventricle,
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figure 30a. Intracellular recordings from a ventricular fibre

of the heart of a tench,

Normal heart beat

b) flovz of water over the gills stopped; heart rate inhibited, 



Diagrami'iatic intracellular potential from heart muscle fibre.
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Q Heart beat interval.
b Duration of systolic action potential.
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of the systolic action potential recorded from ventricular muscle 
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and in all oases they resembled those recorded from the pace­

maker region of the hearts of other animals (of. Butter and 

Trautwein, 1955)« The diastolic membrane potential (see Fig. 

29b) was in the range of 40 to 60m7, and the overshoot potential 

was usually between 5 to 20mT. The values for the diastolic 

membrane potential appear to be lower than those recorded from 

other vertebrates. It is not known if this is a reflection of 

imperfections in the recording technique, or whether these 

measurements approximate to the actual membrane potential of 

these cells. It is hoped that further recordings will clarify 

this matter. The maximum pacemaker potential was normally, in 

the range of 5 to 15m7, but during inhibition of the heart 

beat this was sometimes raised up to 50m7. Reflex inhibition 

of the heart was produced by stopping the flow of water over 

the gills. This inhibition, as well as lengthening the heart 

beat interval, raised the level of the maximum pacemaker 

potential (Fig,30) and lengthened the duration of the systolic 

action potential.

(iv) Discussion

Eisch (1948) has shown that there are automatic centres 

in the Ouverian veins, sinus, auricle, auricular—ventricular 

connective tissue, ventricle and bulbus cordis of the fish heart; 

also McWilllam (1885) found that many parts of the heart of the 

eel would beat when isolated from the body. This, and the 

fact that all the potential changes recorded from the ventricu­
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lar fibres of the fish heart resembled potential changes recorded 

from the pacemaker region of the hearts of other vertebrates, 

suggests that automatically contracting fibres have a much more 

widespread distribution in the hearts of fish than in some other 

vertebrate groups. It would seem that in warm blooded animals 

pacemaker activity is normally confined to the 3-A and the A-7 

nodes. In fish, however, potentials have only been recorded 

from cardiac ventricular cells. Although there is obviously a 

fairly wide distribution of pacemaker cells in this region of the 

heart, these results do not exclude the possibility of other types 

of cells in the heart, or even in the ventricle. In moat verte­

brates it appears that the group of autogenic fibres which has 

the highest intrinsic rhythm dominates the heart rate. MoWilliam 

(1885) suggested that the heart rate of the eel was generally 

controlled by the sinus tissue close to the auricular-ventricular 

junction, because this tissue had the highest beat rate when 

isolated from the body.

The ventricular fibres of the fish heart appear similar 

to the pacemaker cells of the frog and tortoise hearts (Sutter 

and Trautwein, 1955) in that during periods of vagal inhibition, 

the pacemaker potential is raised above the normal diastolic 

level. The cardiac fibres of the two groups differ, however, 

in that vagal stimulation of the pacemaker cells of the tortoise 

heart results in a more rapid repolarisation of the membrane after 

a systolic action potential, whereas in the fish ventricular
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fibres, the duration of the action potential is prolonged 

during inhibition of the heart. In this respect the ventri­

cular fibres of the fish resemble tetrapod ventricular cells, 

for Johansen (1959) has shown that during cardiac inhibition in 

the snake the T wave of the E.C.Q., which is associated with the 

period of repolarisation of the cardiac ventricular cells, is 

lengthened. The significance of these differences is not known, 

but it is possible that the fish ventricular fibres represent 

an intermediate stage between the tetrapod pacemaker cell and 

those tetrapod ventricular fibres which do not have the power 

of contracting rhythmically and automatically.



89

Section IX

FINAL DISCUSSION

The results of this thesis show that there is a relation­

ship between the heart and breathing rates in teleost fish. 

The significance of such a relationship is probably to be found 

in terms of the efficiency of gas exchange at the respiratory 

surface. The important factors in this respect however are not 

heart and breathing rates, but blood flow through, and water flow 

over, the gills. The results only indicate a qualitative 

relationship between blood and water flows, and quantitative 

measurements of these factors in the intact animal are necessary 

if the understanding of the relationship between blood and water 

flows and the efficiency of gas exchange at the respiratory 

surface is to be increased.

Changes in the blood-water flow relationship at the gills 

might be expected if the oxygen consumption of the fish varies 

or if the environmental gas tensions alter. This again is 

indicated in qualitative terms in the results.

A comparison between air breathing vertebrates and fish 

shows that in both oases Increased carbon dioxide or decreased 

oxygen content in the respired medium causes an increase in 

ventilation volume. In both oases carbon dioxide receptors, 
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oloaely associated with the respiratory centre, have been located 

in the medulla. Decreased oxygen content in the ventilation 

stream increases the nervous activity recorded from the branch 

of the vagus innervating the carotid glomus of the oat (von 

Euler, 1940, In Young, I960). The homology of the carotid arch 

of mammals with the vessels of the first gill arch of fish, 

indicates the possibility of oxygen receptors in the gill vessels 

of fish. The work of Shelton (see Hughes end Shelton, 1962) 

however, has demonstrated the independence of the response of the 

branchial pump of fish to decreased oxygen concentrations in the 

respired water from receptors innervated by the IXth and Xth 

cranial nerves. It appears, therefore, that there are some 

differences in the response of respiration in fish and mammals to 

decreased oxygen content in the ventilation stream.

The fish heart differs from the tetrapod heart in both 

anatomical and physiological characteristics. The heart of 

fishes consists of four chambers in series, and because the 

respiratory and systemic circulations are also in series rather 

than in parallel as in tetrapods, none of the blood contained in 

the heart is fully oxygenated, and all of the blood pumped by 

the heart passes through the respiratory circulation before 

continuing round the body. Added to tnese differences unere is 

no sympathetic innervation of the fisn heart, ano. the distribution 

of cardiac muscle fibres which are capable of automatic rhythmical 

contractions appeaigmore widespread.
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Even in the absence of a direct sympathetic innervation, 

acceleration of the heart rate is a common occurrence in many 

teleost fish. This is produced partly by the removal of 

vagal inhibition and partly by some other non nervous mechanism. 

In this respect it is of interest to note that in the dog and 

man much of the increased heart rate due to exercise may be 

ascribed to the central inhibition of vagal tone (Boff, 1955). 

Indeed, although the level of tonic activity appears to be much 

lower in fish than in mammals, there seem to be many similarities 

in the parasympathetic innervation of the hearts of fish and 

tetrapods. Cyclic vagal inhibition of the heart associated 

with a certain phase of the respiratory cycle has been demon­

strated in elasmobranchs (Satohell, I960) as well as in teleosts, 

and both are possibly comparable with sinus arrhythmia recorded 

in many mammals, in which there is a diminution of vagal tone 

during inspiration, due to central inhibition of the cardiac 

centre. This results in an increase in heart rate during 

inspiration and a decrease during expiration. In all oases the 

response is most obvious in the resting animal. It would seem, 

therefore, that increased parasympathetic inhibition of the heart 

rate during a certain phase of the breathing cycle is a reflgx 

common to many vertebrate groups. Reflex inhibition of the 

heart produced by rises in blood pressure (Mott, 1951) and 

asphyxial conditions (Scholander et al, 1962) are other vagal 

reflexes that are apparently widespread throughout many verte­

brate classes.
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The sympathetic regulation of heart rate in mammals 

is less clear cut than parasympathetic control, the heart, in 

general, being only one of several target organs in a generalised 

sympathetic discharge. This, and the absence of any sympathetic 

innervation in the heart of fishes, suggests that sympathetic 

control of the heart is an addition to the more distinct and 

ancient parasympathetic regulation of the vertebrate heart.

The fish heart with its diffuse distribution of rhyth­

mically active muscle fibres is somewhat similar to the developing 

heart in a chick embryo. At first the chick heart is a simple 

straight tube, but gradually, as the myocardium grows back over 

this tube, the ventricle, atria and then sinus develop. Before 

the atria form the ventricle beats alone at a very slow rate, 

but when the atria develop they assume the role of pacemaker 

because the rate of contraction of the auricle is higher than 

that of the ventricle, and the beat rate of the whole heart is 

increased. The intrinsic rhythmicity of the sinus venosus 

when formed is in turn greater then that of the auricle, and so 

it usurps the position of the pacemaker and once again the rate 

of the whole heart is increased. Similarly, in the fish heart, 

the pacemaker region is not a discrete group of myocardial cells 

which alone have the power of contracting automatically and 

rhythmically, but is determined by which group of active fibres 

has the highest intrinsic rate.
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The relationship between cardiac output, stroke volume 

and heart rate is complex. It was thought that in mammals, 

increased venous return, producing an increase in stroke volume, 

was an important factor in augmenting cardiac output. This 

concept was largely based on results obtained from the heart­

lung preparation. More recent work, however, has demonstrated 

that in the intact animal the significant factor in increased 

stroke volume is not increased diastolic distension of the heart, 

but a more complete emptying of the heart during systole (Rushmer, 

i960). It has also been shown that during exercise increased 

heart rate is the significant factor in producing a larger 

cardiac output in the intact dog, and that this is normally 

associated with a constant stroke volume (kushmer, 1959) and 

an increase in the difference between oxygen tensions in the 

venous and arterial blood.

The relationship between these factors in the Intact 

fish, although of considerable importance in the interpretation 

of many of the results of this thesis, is not known. Activity 

in some fish does result in an increased heart rate, but stroke 

volume augmented by either an increase in venous return or a 

decrease in ventral aortic pressure, although not a common 

control mechanism in tetrapods, may be of Importance in fish.

The regulation of respiration and heart rate in teleosts 

is in certain respects similar to that of other vertebrate groups,



which to some extent is a reflection of the common ancestry 

of all these groups. Fish, however, are a very specialised 

group in their own right, and have very successfully colonised 

aquatic environments. It is therefore not surprising that 

specialisation to these particular environments is reflected 

in some of the physiological mechanisms of the regulation of 

breathing and heart rate in fish.



95

Section X

Sub A,tT

The experiments were carried out on tench, roach, dace, 

chub, eels, trout and goldfish.

MS 222 Sandoz, handling and activity produce an increase 

in the heart and breathing rates of the intact fish. The res­

ponse of the heart to MS 222 is not due to a direct effect of 

the anaesthetic on the heart tissues, nor is it entirely depen­

dent on the nervous innervation of the heart.

In the resting fish the heart tends to beat during the 

mouth closing phase of the breathing cycle, which in the tench 

is due to cyclic inhibitory activity in the vagus associated 

with the mouth opening phase. The level of tonic activity in 

the vagi is generally lower in fish than in mammals, and is 

increased during a respiratory cough, when breathing stops, 

and when the water flow over the gills is stopped, or contains 

very little oxygen. The tench heart is innervated by a 

cardiac branch of the vagus; thia contains fibres which, when 

stimulated, slow the heart. Increases in heart rate are only 

partially produced by the removal of vagal inhibition.
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Deoreaaed ozygen content in the water inoreaaea the 

frequency and amplitude of the breathing moTementa in the tench. 

The resulting increase in ventilation volume maintains a sufficient 

quantity of oxygen at the respiratory surface for the metabolic 

requirements of the animal. The heart rate is unaffected until 

the oxygen concentration falls below 3 mg/litre, when it is 

inhibited.

Sigh carbon dioxide concentrations in the environment 

produce an increase in heart rate and breathing amplitude, but 

a decrease in breathing rate. The increased heart rate offsets 

the Bohr effect. The responses of the breathing apparatus, in 

the absence of carbon dioxide receptors exposed to the medium, 

are thought to be related to high carbon dioxide tensions in the 

tissues.

The distribution of rhythmically active autogenic fibres 

are widespread in the heart tissues. Ventricular fibres have 

a typical pacemaker potential which is increased during vagal 

inhibition; the repolarisation^oAthe systolic action potential, 

however, is not facilitated but lengthened during this period.
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