
THE UNIVERS]TY OF T{ANTTOBA

THE EFFECT_S OF EXERCTSE STRESS

ON

THE RAT HEART

ñ\/Itr

BRENDA LOVERIDGE

A Thesis
Submitted to the Faculty of Graduate Studies
in Partial Fulfillment of the Requirements for
the Degree of iifaster of Science.

Department of Physiology

Winnípeg, lvÍanitoba
Date : Apri1, 1980.



THE EFFECTS OF EXERCISE STRESS

ON

THE RAT HEART

BY

BRENDA I'IARGARET LOVERIDGE

A thesis submitted to the Faculty of Graduate Str¡dies of

the University of Malritoba in ¡rartial firlfilllnelit of the requirements

of the degree of

MASTTR OF SCIENCE

..¡

o 1980

Pernrission has been granted to thc. LIBRARY OF THE UNIVER-

SITY OF MANITOBA to lc'nd or se'll copies ol'this thesis, to

the NATIONAL LIBRARY OF CANADA to nricrofil¡n this

thesis and to lend or sell copies of the filnr, a¡id UNIVERSITY

N,llCROFÌLl\{S to pLrblish an abstract of this tllesis.

The author reserves other publicatiou rights, and neither the

tltesis ¡lor extensive extracts frorn it nray be printed or other-

wise reproduced without the author's writtell penlission.



To I{y Farni 1y



ACIC{OüILEDGM,ENTS

I am grateful to Dr. Dhalla for providíng ne

with the opportr-rnity and facilities to pursue this project.

lr'fy sincere apprecíation is extended to Dr. Pawan Singal for

his guidance throughout my research, his patience and his I

continued encouragement. I value his assistance tremendously.

Itfy thanks to Dr. R. Hoeschen and Dr. R. l.{ann for

their guidance and support.

Dr. Dhillonts assistance in the technical aspects of

this project was invaluable, as rvas the patience and urrtiring

efforts of lifus. Ahronson in typing this manuscript. I

appreciate them both very much.

Finally, than-ks to the students in the E>çerimental

Cardiology Group for their friendship and encouragement during

my studies.



ABSTRACT

Although it is generally believed that exercise is beneficial

for an individual, experimental data in support of this view is less

than conclusive. In this regard, we have studied two inportant aspects

of the effects of chronic exercise on the heart 1) Is exercise good

for the peart pgl !e? 2) Does chronic exercise irnprove the capability

of the heart to withstand a subsequent stress? For this purpose rats

rvere subjected to an exhaustive four week swjrmning prograrmne,twice

dally, five days a week atâwater ternperature of 22o C. The sedentary

rats were maintained at normal cage activities. At the end of four

weeks most of the exercise stressed as well as Sedentary TatS were

injected with different concentrations of isoproterenol (20,40 or 80

ng/kÐ and the remainder of the animals not injectedwith isoproterenol

seryed as controls. Electrocardiography (EKG), serum enzyme analysis

and heart histology were performed on all rats to assess the beneficial

and/o'r detrj:nental effects of chronic exercise.

At sacrifice, the exercise stressed control anirnals had

significantly lower body weights, increased wet heart weights, md

increased heart weight/body weight ratios as compared to the sedentary

rats. Furthermore, these untreated control rats exhibited a significant

j¡crease in the amplitude of the R wave. Although heart rate (HR) was

slightly decreased in the exercised rats, this was not significant.

Serum glutamic oxaloacetic transaminase (SGOT) was elevated in the

exercise control group in the absence of any alteration in lactate

dehydrogenase (LDH) and creatine phosphokinase (CPK). Focal necroses

and increased collagen formation was apparent in hearts fron exercise



stressed controls on light microscopic examination.

Following injection with isoproterenol, the exercise stressed

rats sholved no increase in heart weight/body i^,'eight ratios in contrast

to signíficant increases in the sedentary anjmals treated with

isoproterenol. The exercised treated animals exhibited a significantly

greater tachycardia response to isoproterenol within 15 minutes of the

drug admi-nistration. Subsequently, the EKG's showed progressive slor'iing

of heart rate and conduction defects in exercised rats. In contraSt,

some of the sedentary tTeated rats demonstrated ventricular arrhythmias

progressing to ventricular fibrillation. I'{ortality was significantly

gïeater in the exercise stressed group but appeared to be associated w.ith

slmptoms of pulmonary edema. Serum CPK, LDH and SGOT rvere all significantly

elevated in sedentary and exercise stressed rats injected with 80 mg/kg

isoprocerenol. Horvever, SGOT was significantly higher at a1-I doses of

isoproteïenol in exercise stressed rats. At all doses of isoproterenol,

hearts from sedentary treated rats demonstrated greater histological

damage than did hearts from exercise stressed animals.

These data indicated that the stressful exercise protocol induced

myocard.ial necrosis in the control rats which appears to have produced

an adaptation that protected. the myocardir¡n fron further damage when the

exercised rats were erçosed to another stress (isoproterenol). Thus,

exercise appears to be detrimental as well as beneficial to the heart.

Further research into the intensity and type of exercise is required

to define the linits which rvil1 result in only beneficial effects.
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I INTRODUCTION

Acute as well as chronic exercise protocols are a form of

stress. Acute exercise induces many of the same cardiovascular reponses

attributed to other forms of stress such as heat, cold or psychological

factors. Chronic exercise,on the other hand, induces cardiovascular

compensatory adaptations rvhich nay include increased sprpathetic tone

and heart hypertrophy. I{hether these adaptive changes in response to

chronic exercise are detrímental or beneficial remains to be elucidated.

Furthermore, horv these adaptive effects in response to chronic exercise

can be nodified if this stress is combined with some other stress is

also not lcrown.

The effects of chronic exercise have been the subject of a

great many studies in both hr¡nan and animal models. The beneficial

effects are generaTTy attributed to an improved pr-mrping efficiency of

the heart through an increased stroke volume and a lower resting heart

Tate, and. through peripheral cardiovascular adaptations. These in-

clude enhancement of skeletal rnuscle metabolism and performance and

an enhanced skeletal muscle oxygen extraction.

In animal models, both beneficial and detrimental effects of

exercise on the heart have been observed. Generally, the detrimental

effects have been observed in exhaustive exercise programnes or in

programnes where the exercise was associated with other stresses, such

as intense heat or cold. In exercise protocols where other forms of

stress are minirnized, the adaptation in cardiac performance has been

considered beneficial.
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- - There has been a paucity of work exanining the combined

effects of exercise and other stressors. The literature that is

available suggests that exercise combined rvith other stressful in-

fluences, in contrast to exercise alone, mãY be detrinental to

cardiac perfonnance.

The purpose of this investigation r,vas to exarnine the effects

of exercise stress on cardiac performance.

An exhaustive swjmring exercise protocol was enrployed. The

cardiovascular response of the exercised rats in Conparison to

sedentary animals was monitored by employing electrocardiography, serum

enzyme analysis and histological examination. The response of the

exercise stressed rats to various doses of isoproterenol was also

studied.



II LITERATURE REVIEIV

THE EFFECTS OF CFIRONIC E}ERCTSE ON THE i{EART

A) GNERAL

Exercise training produces profound biochemical, morpho-

logical and functional changes in the cardiovascular systen. The

effects of chronic exercise on the autonomic nervous system, on

myocardial structure and firnction, and. the responses to hypoxia

and ischemia rvi11 be reviewed.

The animal nodels which have been most extensively employed

to study these effects are the rat and the dog. Exercise studies

utilize two najor modalities, treadmill running (I(ranes et a1,T976;

Barnard et a1, 797I; Maher et al, 1972; Sordahl et a1,7977; Dowe11,

et a1, 1977; Carew et al, 1978; Schaikle et a1, 1979) or swimming,

(Baker et aI, 7964; Dawson et aI, 1968; Penpargkul et aI, \970;

l{ilkerson et a1, 797I; Bhan et al, L972; Scheuer et a1,1974; Bhan et

aI, 1975; Holloszy et a7, 7976; Bershon et a7, 1977; Penpargkul et

a7, 1977; Penpargkul et a1, 1978). There are several problens in

conparing the results obtained in different species and different

exercise models where duration, intensity and the frequency of

training protocols vary. The effects of swimning protocols will be

revier,ved. Reference to treadnill findings will be presented to

further support or to refute the effects fou-rd in srvim trained

aninals.

B) EFFECTS ON AUTONONI]C NERVOUS SYSTET{

It{iyagi et a1 (1979) observed that the stress of exercise

and the stress of hlpoxenia both equally induced synqrathetic nervous

system excitation. They measured catecholamine levels in the coronary



si¡rus a4d arterial plasma in marr and found no significant d.ifferences

betleen either stressor. Scheuer and Tipton (7977) referred to exercise

as a "disruption of a honeostatic relationship that has been caused by

bodily movementr'. The cardiovascular effects resulting from a stress

activated synpthetic response are the same regardless of the type of

stress but the netabolic effects are specific to the stress situation

(Leblanc, 1969).

Increased central nen/ous system (CNS) resting norepinephrine

1eve1s have been observed in exercise trained rats (Brown and Van

Huss, 1973). If norepinephrine modulates central sympathetic tone

this may represent a higher maintained 1eve1 of sympathetic output

in conditioned animals as compared to sedentary animals.

Brorn¿n et a1 (1973) further observed that exercise training

evolced a greateï depletion of brain norepinephrine than shock stress

to sedentary'rats and suggested that exercise evoked a greater

syirpathetic discharge than shock stress.

DeSchr¡rer et al (7972) reported that chronic exercise

induces a decrease in the s1m4'rathetíc neurotransmitter, norepinephrine,

in cardiac tissue. They also observed a close relationship betrveen

the intensity of exercise and. cardiac catecholamine depletíon and

foi¡rd that there was no difference in,myocardial norepinephrine levels

in animals trained by either spontaneous or forced nmning (DeSchryver

et a7, 1972). In other studies, DeSchr¡rer et a1 (1968)observed that

the catecholamine Tesponse is reversible and that on cessation of

training, normal levels are restored within six days.

Crews et a1 (1967) and Maher et a1 (7972) found that

cardiac endogenous catecholamine stores rvere unchanged following



exerci-s_e. Creivs et a1 (1967) swim trained rats and then studied

cardiac fi-rrction in an open chest in vivo preparation. Intravenous

irijection of 3 ng/kg of epinephrine elicited a decrease in isometric

systolic tension development of the right ventricle. Similarly,

Maher et al (1972) observed a negative inotropic effect when isolated

trabeculae muscle from treadmill exercised rats was exposed to a bath

containing 0.3 mg/mf norepinephrine. Crews et al (L967) suggested

this hyposensitivity nøy refiect a relative refractoriness of the .1

myocardium to increased circulating catecholamines during muscular

exercise and that this decreased sensitivity to catecholamines

deprives the heart of an inportant compensatory mechanism which the

sympathetic nervous system usually provides.

fn contrast to the report of Crews and co-worl<ers (L967)

Nyatt et a1 (1978) observed that training enhances the sensitivity

of cardiac rm-rsc1e to catecholamines.They suggest the results of

Crews et aL (1967) may have been affected by the anesthesia and

thoracotomy for open chest in vivo observations. I!.!att et a1 (1978)

formd an increased adenylate cyclase activity follolving isoproterenol

administration i¡r trained cats. He suggested the affinity of

adenylate cyclase for isoproterenol was unchanged by training but

that the maximum velocity of interaction was greater. Dowell and

Tipton (1970) found that hearts from trailed rats beat faster after

infusion or irljection of isoproterenol than hearts from non-trained

aninals

Salzman et a1 (1970) exercise trained mice and fornd that

the ventricles of these rnice were more sensitive to high doses of

exogenous epinephrine than sedentary controls and tlÌat males u/ere
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more sensitive than females. H-o;^/ever, the r-rptake of catecholamines by

the slmpathetic nerve endings in the myocardium was decreased. The

decreased uptake of catecholamines suggests that more of the catecho-

lamines may be free to act on other receptor sites and exert their

influence on the heart (Salzman et a1,1970).

Resting bradycardia is a widely accepted result of physical

trahing progralnmes in anirnal nodels (Lin and Horvath,I97Z;Carey and

Tipton,1976; Hughson et al ,Ig77; Doivell et a1 ,Ig77;Schaible et a1 ''

1979). The exact mechanisn for the development of bradycardia in

conditioned anirnals is unclear. However, current evidence clearly

indicates that an alteration in autonomic nervous system activity

plays a significant ro1e.

Hughson et a1 (1977) for.u-rd that rats maintained on treadmill

exercise exhibited decreased intrinsic sino-atrial rate and that

this phenomenon occurred independently of any increased parasynpathetíc

activity. Atropine did not block the decreased intrinsic activity in

exercised rats but rather enhanced it. These authors further noted

that the chronotropic effects of norepinephrine on isolated atria

removed from exercised rats were significantly attenuated although

the response to acetylcholine.was unaltered.

Lin and Horvath (1972) swim trained rats to produce a brady-

cardia Tesponse. They fornd a greater decrease in synpathetic

tone than parasympathetic tone following training, but also observed

that both synrpathetic and. parasynpathetic actlrty rvas decreased in

exercised anirnals as corTpared to sedentary rats. Bolter et al (1973)

in srvim trained rats found a marked subsensitivity to acetylcholine

and concluded that this represented an increasedtonicvagal cardiac

inhibitory activity. FIe also noted that with total autonomic blockade
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r,/ith atropine and propranolol, isolated atrial preparations removed

from trained aninals had significantly lorver spontaneous rates than

atria removed from untrained animals.

c) IUyOCARDIAL FITPERTROPFIY

l{yocardial hypertrophy is another frequently observed result

of an exercise training prograïûne (Krames, et a1, 7967; Leon and B1oor,

1968; Penpargkul et a1 , Lg70; I,Vilkerson et a1 , I97L; Bhan et a1 ,1972;

Sclreuer et a1, 1974; Carerv and Covell, 1978; Hickson et a1,1979). -

Holvever, some authors have found no increase in ventricular mass in

dogs trained by treadmill rururing (Sordhal et al, 1977; Dowe11 et a1,

1977). They further reported that in the absence of ventricular

hypertrophy the maximal rate of ventricular pressure developrnent

was increased. Tibbits et a1, (1978), also found no significant

myocardial hypertrophy in rats trained on a treadmill. They further

suggested that swirmning produces hypertrophy because itplaces a

more significant stress on the heart.

In contrast, Carew et a1 (1978) observed significant left
ventricular hl.pertrophy in exercise trained greyhounds, but no change

in resting contractllity or in contractility indices at increased

end-d.iastolic pressures as compared. to normal dogs. Rats trained

on the treadmill have alsobeenshov¡n to develop nyocardial hyper-

trophy (Krames et a1, L967). However, they measured isonietríc

pressure development of the left ventricle in vivo and did not find

any differences in nnximun pressures betrveen exercised and. control

animals. Scheuer and Tipton (L977) stated that forced nrnning

resulted in a greater increase in heart weight than spontaneous rurrning.

Increâsed. heart r,veights have been observed repeatedly in swirn trained



rats (3han et a1, 1972; Scheuer et a1, 1974; Scheuer and Tipton,

1 0771

Leon and Bloor (1968) found that myocardial hypertrophy

occurred in continuously exercised rats, but not in ani¡rals on an

intermittent training prografime.

Hypertrophy is considered to be a compensatory mechanism

resulting fron a sustained period of hyperftrnction (Meerson,1g74).It

hasbeen.suggested that exercise protocols of moderate intensity do not

produce nryocardial hypertrophy whereas more stressful exercise pro-

grarffnes do induce hlpertrophy (Bershon et aL, 1977).

In view of the contradictory reports regarding the development

of myocardial hypertrophy induced by exercise training, ar increase

in nuscle mass should not be considered a sensitive i-ndex of training

responses in aninals.

t\Ihen myocardial hypertrophy is observed in animal models,

it involves an increase in collagen formation as wel-1 as an enlargement

of nryofibrils (Grove et al,1969;Bartosova et aL, 1969;Skosey et a1,

1972; Zak, L974; Morkin et a]-, L974; l'{eerson et a1 , 1974). The contri-

bution of each to the increase in mass is variable depending partially

at least on the type of stimurlus inducing hypertrophy, the length of

its action (Bartosova et a1, 1959) and the age of the animal (Bartosova

et a1, 1969; 2ak,7974). Bartosova et a1 (1969) observed a marked

increase in wet heart weight and in collagen formation in trvo and a

half monthold rats subjected to a six rveek treadmill exercise programme.

However, they found no increase in either wet heart weight or collagen

forniation in eight and a half month o1d rats trained on the same

progïatnme. Flypoxia is a porr,erful stinrulus to fibroblast activity and
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i¡creased collagen formation in the heart (Bartosova et al, 1969).

Zak (7974) reported that in adult rats under rvork overload only

hyperplasia of the cor¡rective tissue ce11s occurred and that in

groiving aninals hlperplasia of both myocytes and cormective tissue

ce1ls occurred. In adult rats exísting myocytes increased in volume

not ín m¡nber (Grove et a1, 1969; Carerv et al, 1978).

lvleerson et a1 (1974) (1978) statedthathypertrophy of the

myocardíurn as an adaptive mechanism is relative, and that a long i

period of extensive hypertrophy is usually followeð by a more rapid

aging of the myocardium

D) SUBCELLUI"AR CFIANGES

Leon and Bloor (1968) exercise trained rats by swinrning in

28420 C water. They observed a significant increase in coronary

artery diameter with training. As we1l, they observed focal necroses

j¡r the nyocardium of animals subjected to a síx day a rveek progranme,

whereas, intermittently exercised rats did not exhibit myocardial

lesions. They suggested that a relative hypoxia due to the increased

rnetabolic demands during exercise served as the stimulus for the

developed vascular changes and that the focal necroses resulted fron

a relative coronary insufficiency. The lesions consisted of

hya1-ization of muscle fibers, loss of myofibril br¡¡rdles, and an ex-

tensive mononuclear ce1lu1ar infiltrate indicating that the lesion

was in the later phases of healing.

It is generally accepted that cardiac mitochondria have

the reserve capacity to meet the energy demands of most exercise

training protocols without conpensatory adaptations. No changes in

nitochondrial cytochrome C oxidase, ATPase activity or calcium content
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has beeñ obserued in srvjm trained rats (Penpargkul et a1,1978).

Dohnm et a1 (1972) also fourd no difference in heart nritochondrial

oxygen uptake in treadmill trained rats. sordhal et al (7977) and

Dorvell et a1 (7977) reported that trrlil<e skeletal muscle, the heart

does not undergo an adpative increase in respiratory capacity as a

result of exercise training. They found the activities of mitochon-

drial enzymes, the concentration of cytochrorne c oxidase and the

protein expressed per gram of heart were inchanged follolving trainiäg.

ln contrast to moïe mod.erate exercise training, exhaustive

exercise has demonstrated swelling and disnption of cardiac mitochon-

dria (King et a1 , 7970; Banister et al,Ig71-; Doirm et aI, I7TZ).

The adverse effects disappear approximately twenty-feur hours after

the exhaustive exercise session (Banister et al , rg1r). In contra-

diction to these findings, Terjung et a1 (rg7s) observed that a single

bout of exhaustive exercise employing both swi¡mring and treadmill

modalities, resulted in no change in the respiratory capacities or

citrate synthase activity of the heart mitochond.ria. He also found

normal nritochondrial yields and normal appearance of mitochondria on

electon microscopic examination.

E) EXERCISE TRAINING AND RESPONSES TO I{YPOXIA AND ISCHEMIA

Carey and Tipton (1976) founö that treadrnill trained rats were

able to maintain a higher leve1 of cardiac perforrnance (dp/dt max)

follorving hypoxia. They suggested that training may increase ïeceptor

sensitivity to released anð,/or circulating catecholanines, ffid that this

may be related to the inproved perfonnance of traíned aninals during

hypoxia. Scheuer et a1 (7972) found that hear:ts from rats conditioned

by swinming have enhanced punping ability lvhen subjected to hypoxia.'
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They observed that conditioned hearts develop the same systolic
pressure from a lor,ver end diastolic pressure than hearts from

sedentary rats. However, under ischemic conditions traíned animals
demonstrated a rnore rapid decline in nyocardial performance than
sedentary animals (Carey and Tipton ,19.T6) .

F) St\rrIß{rNG EreRCISE

1)

The swi¡rning protocols designed to investigate only _

exercise responses involved swinming rats at u/ater tempera-

tures betrveen s3-s7o c. Extensive research has been con-

ducted utilizíng this exercise nodel. Bershon and scheuer

(7977) swim trained rats for eight r,¡eeks and then measured

left ventricular and aortic pressures, and. cardiac output in
an in vitro isolated rvorking heart model. From these

measurenents, they approximated. values for external lvork. They

demonstrated an increased cardiac performance in exercised

rats as compared to sedentary an)mals at the sane end diastolíc
pïessuïe and volume, and. at a:jr atrial pïessures recorded

bettveen 5 and. Z0 cm HZO. They further recorded an increased

ejection fraction, peak systolic pressuïe, peak aortic f1ow,

cardiac output and stroke work in cond.itioned hearts. rt was

concluded that the enhanced pumping performance r^/as due to
a change inventricular muscle furction. Faster rer-axation

was a prorninent effect of physical training (Bershon et a1,

1977; Penpargkul et a1, 1g7B). This inproved relaxation aay
be related to the greater calcium uptake and binding in the
sarcoplasnic reticulum (sR) of exercise trained rats (penpargkul

et a1,L977). Penpargkul et al , (rg77) obseryed that cardiac
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microsomes from conditioned hearts transport calcium to a

greater extent than microsomes from sedentary rats' In

contrast, Sordhal et al (L977) fou-rd no differences in rates

of calcium uptake or binding by the sR in treadmill trained

dogs. They also observed a decreased rate of release of

bor¡rd calciun fron the SR .

Exhaustive exercise in rats has been found to depress

calcii.un uptake by the sR by approximately 50 percent and to

lower calcium stimulated ATPase activities [sembrorvich et a1,

L977; and Hashi¡roto et a1, 1978). Maher et a1 (L972) also

found exhaustive trea&Ti11 exercise in rats produced a marked

depression of myocardial performance.

Interestj:rg1y, Sordhal et al (1977) observed no sig-

nificant difference in mitochondrial calciim uptake in trained

dogs. However, he found that the mitochondria from trained

dogs failed to take tp all the calcium present, and released

calcium more rapidly than did control animals'

Other investigationsby Bhan and Scheuer (T972 and1975)

and, lVilkerson et a1 (1971) have found increased actomyosin

and myosin adenosine triphosphatase (ATPase) activities in

conditioned ltearts. The improved contractility of the left

ventricle may be related to alterations in calciun transport

mechanisms or to inproved intrinsic ftfrctioning of the

contractile proteins (Bahn et al, Lg72). Crews et a1 (1967)

also found increased myocardial contractility in exercíse

trained ïats. Tibbits et aL (1978) in Lanthanum studies on

isolated papíllary nuscle fron treadrnill trained rats suggest
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ân enhanced extracellular calcium availability in trained.

animals and suggested that this increased calciun may play

a role in the iniproved myocardial performarce.

Schaible et a1 (1979) for.¡nd that the increased rates

of relaxation and the increased actomyosin ATpase activities
lvhich occurred in swin trained rats did not occur in tread-

mi1I trained animals. Dowell et al (rgZ7) also found normal

ATPase activities in treadmill trained dogs who d.enonstrated

an increased myocardial contractile performa¡.ce. This suggests

possible differences in the biochemical adaptations between

swinmring and treaùni11 training protocols.

It appears indesputable that alterations in calcium

transport occur as a result of exercise training. Horvever,

the precise mechanism or mechanisms and the contribution of

each to enhanced or diminished performance remains unclear.

Furthermore, a greater jncrease in oxygen consunption,

cardiac output and cardiac work has been osberved ir con-

ditioned hearts subjected. to increasing atrial filling
pressures compared to hearts from sedentary rats (penpargkul

et al ,1970). The inproved dynamic ïesponses r^/ere considered

to be due, at least in partr,to the improved coronary blood

flow in trained hearts allowing enhanced mechanisms of

oxygen de1ivery.

?ì Qr.'i*inn E-^-^-i -^ ^-J Tr.-^+L^*: ^ Õ¿--^^^s/ uvy!¡,u,r!,. -xercise and Flypothermic Stress

Water temperature is

as the exercise modality.

between 33o C and 37o C to

critical when enploying swinrning

Ïre temperature must be maintained

obtain a thermoneutral environment


